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PREFACE 
 
 
Biomechanics is the application of mechanical principles (statics, strength of materials 

and stress analysis to the solution of biological problems of living organisms. This includes 
bioengineering, the research and analysis of the mechanics of living organisms and the 
application of engineering principles to and from biological systems. This research and 
analysis can be carried forth on multiple levels, from the molecular, wherein biomaterials 
such as collagen and elastin are considered, all the way up to the tissue and organ level. This 
new and important book gathers the latest research from around the globe in the study of this 
dynamic field with a focus on issues such as; art biomechanics, understanding corneal 
biomechanics, biomechanical remodeling of the diabetic gastrointestinal tract, biomechanics 
in children with cerebral palsy, cell biomechanics for orthopaedic implants, and others. 

Chapter 1 - While biomechanics has achieved successes in many fields involving 
locomotion, motor learning, skill acquisition, technique optimization, injury prevention, 
physical therapy and rehabilitation, one area has heretofore been scarcely represented in the 
literature – Arts Biomechanics. Biomechanics clearly has significant potential for application 
in the performance arts, such as music and dance, since skills needed for these activities are 
visibly related to the human musculoskeletal and nervous systems. In such areas, Arts 
Biomechanics should begin by focusing on skill analyses and acquisition necessary for the 
performance of the artistic act. Subsequently it should engage in a deeper discourse that 
explores the relationship between these and the desired aesthetic outcome. Less apparently, 
biomechanics may also enhance the analysis and comprehension of other arts, such as 
painting, where gesture is often embedded in the artwork by means of symbolism, tradition, 
the process of art creation, or as an inherent product of the existential nature of humanity.  

Chapter 2 - The Ocular Biomechanics Group was established in 2002 with one clear 
target; to develop a virtual reality model of the human eye that can be used effectively and 
reliably to predict ocular response to surgery, injury and disease. This ambitious, and 
seemingly illusive, target helped plan our activities over the last 6 years and will still be 
focusing our efforts as the authors strive to create the necessary knowledge using 
experimental methods, build the predictive tools using programming and analysis means, and 
validate the findings in both the laboratory and the clinic. This chapter presents an overview 
of our biomechanical studies from laboratory material characterisation to finite element 
numerical simulation. The chapter describes what has been achieved and points at the 
remaining gaps in our knowledge. It explains that while much remains unknown in ocular 
behaviour, the authors are now in a good position to use available knowledge to progress 
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predictive modelling and use it in actual applications such as improving the accuracy of 
tonometry techniques, planning of refractive surgeries and design of contact lenses. The 
discussion focuses on the cornea, although scleral biomechanics receive some mention. The 
chapter also refers to microstructural, biomechanical and topographic studies conducted by 
other research groups. Coverage of these studies has been necessary to provide a more 
complete image of current understanding of corneal biomechanics. 

Chapter 3 - Osseointegrated implants are actually replacements for natural teeth, and, like 
natural teeth, they are exposed to various forces. The success of osseointegration is based on 
the clinical outcome; clinicians must ensure that the stresses that the superstructure, implant, 
and surrounding bone are subjected to are within the tolerable limits of the various 
components. Structural compatibility is the optimum adaptation to the mechanical behavior of 
the host tissues. Therefore, structure compatibility refers to the mechanical properties of the 
implant material, such as elastic modulus, strength, implant design and optimal load 
transmission (minimum interfacial strain mismatch) at the implant/tissue interface, which is 
the key to the successful functioning of the implant device. 

This chapter reviews some of the reaction, properties and characteristics of the bone and 
explains how the bone-implant interface will react under loading condition. The chapter also 
includes characteristics, properties and other important information about the implant 
biomaterials and implant coating. 

Chapter 4 - Gastrointestinal tract sensory-motor abnormalities are common in patients 
with diabetes mellitus with symptoms arising from the whole GI tract. Common complaints 
include dysphasia, early satiety, reflux, constipation, abdominal pain, nausea, vomiting, and 
diarrhea. The pathogenesis of GI symptoms in diabetes mellitus is complex in nature, multi-
factorial (motor dysfunction, autonomic neuropathy, glycemic control, psychological factors, 
etc.) and is not well understood. Histologically, many studies have demonstrated prominent 
proliferation of different GI wall layers during diabetes. During the past several years, several 
studies demonstrated that experimental diabetes induces GI morphological and biomechanical 
remodeling. Following the development of diabetes, the GI wall becomes thicker and the 
stiffness of the GI wall increases in a time-dependent manner. It is well known that 
mechanosensitive nerve endings exist in the GI tract where they serve a critical role for tissue 
homeostasis and symptom generation. Mechanoreceptor-like structures such as 
intraganglionic laminar nerve endings and intramuscular arrays have been identified. The 
changes of stress and strain in the GI wall will alter the biomechanical environment of the 
mechanosensitive nerve endings, therefore, the structure as well as the tension, stress and 
strain distribution in the GI wall is important for the sensory and motor function. 
Biomechanical remodeling of diabetic GI tract including alterations of residual strain and 
increase in wall stiffness will alter the tension and stress distribution in the vicinity of the 
mechanosensitive afferents with consequences for perception and motility of the GI tract.  

Chapter 5 - The gastrointestinal (GI) tract is functionally subjected to dimensional 
changes. Hence, biomechanical properties such as the stress-strain relationships are of 
particularly importance. These properties vary along the normal GI tract and remodel in 
response to growth, aging and disease. The biomechanical properties are crucial for GI motor 
function because peristaltic motion that propels the food through the GI tract is a result of 
interaction of the passive and active tissue forces and the hydrodynamic forces in the food 
bolus and remodeling of the mechanical properties reflects the changes in the tissue structure 
that determine a specific motor dysfunction. Therefore, biomechanical data on the GI wall are 
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important to understand the pathogenesis to the GI motor-sensory function and dysfunction. 
Moreover, biomechanical studies of the GI tract pave the way for further mathematical and 
computational modelling. Biomechanical studies of the GI tract will advance our 
understanding of GI physiological function, diseases such as dyspepsia and visceral pain, and 
GI dysfunction due to systemic diseases. Furthermore, integrated GI simulation models will 
be beneficial for medical education and for evaluation of the efficacy and safety of new drugs 
on GI function. 

Chapter 6 - The force produced by skeletal muscle is controlled by the electrical signals 
being sent from motor neurons to muscle fibers. These electrical signals, which are known as 
action potentials, can be recorded as they travel along the muscle cell membrane and are 
referred to as an electromyogram (EMG) signal. It has been more than a century since the 
first recording of a voluntary EMG signal was reported, and today it has become a classic 
technique for evaluating and recording the activation of skeletal muscles during human 
movement. In recent years, the advent and development of transcranial magnetic stimulation 
has re-invigorated EMG research, and it is now possible to safely and painlessly evoke EMG 
signals directly from the motor cortex of conscious humans. This chapter reviews the 
recording and measurement issues associated with EMG and its respective applications. 
Particular attention is paid to its role in understanding the neuromechanics of human 
movement. 

Chapter 7 - Children with cerebral palsy (CP) lack the higher-level motor skills present in 
age-matched typically developing (TD) children. The development of postural control is 
critical to the acquisition of increasingly complex motor skills as well as to the production of 
coordinated motor behavior, such as locomotion. This chapter examines recent developments 
in understanding the abnormal postural control in children with CP and assessments of the 
effectiveness of rehabilitation techniques using biomechanics measurements. The authors 
show that the delayed and impaired development of postural control in children with CP is 
not only due to the immaturity of central nervous system but also abnormal postural 
alignment and muscle force production.  

Children with CP often have difficulty maintaining stability when facing unexpected 
threat to balance. The authors present studies comparing reactive balance control in children 
with spastic diplegic cerebral palsy (SDCP) and TD children using support surface 
perturbation and show that a number of factors contribute to poor balance control in children 
with SDCP. 1) There was a temporal disorganization of joint torque activation. 2) There was 
a spatial disorganization of the joint torque profiles. 3) Children with SDCP also showed 
slower speed to reach peak torque value. In addition, the authors show that when TD children 
were asked to mimic crouched stance as that seen in children with SDCP, they exhibited 
abnormal postural control as well, indicating that musculoskeletal constraints are also 
contributors to the atypical postural muscle response patterns seen in children with SDCP. 
These findings suggest that the neuromuscular response patterns of some children with SDCP 
may be appropriate strategies for their musculoskeletal constraints secondary to deficits in the 
neural system. 

In this chapter the authors also discuss the culmination of our findings in relation to 
clinical applications in the management of musculoskeletal impairments to improve postural 
control in children with SDCP, and the significance of using biomechanical measures to show 
a direct relationship between the impairments of the musculoskeletal system and reactive 
postural control as well as possible coping strategies used by children with SDCP. The 
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authors examine the current biomechanical research used to ascertain the effectiveness of two 
therapeutic interventions purported to affect the musculoskeletal system for the improvement 
of function in children with SDCP, ankle foot orthoses (AFO) and strength training.  

Finally, the authors examine the gaps in current clinical research when assessing the 
effectiveness of interventions to reduce the musculoskeletal impairments constraining static, 
reactive, and dynamic balance control in children with SDCP. 

Chapter 8 - The knowledge of corneal biomechanical properties of cornea has gained 
importance in recent years. Investigators have been trying to find easy and practical ways to 
establish these biomechanical properties but to date have had to rely on corneal thickness 
measures to give an idea of corneal biomechanics. This review explores what is known about 
the biomechanical properties of the human cornea.  

An overview of corneal thickness measurements, its impact on measurement of 
intraocular pressure and its importance in various disease states is discussed. The recent 
advent of the Ocular Response Analyser, an in-vivo measure of ocular hysteresis and corneal 
resistance factor and the pulse waveform associated with this will be discussed. The 
importance of this machine with respect to corneal biomechanics will be presented. 

Chapter 9 - This chapter addresses a fundamental aspect of musical performance in string 
players: how the physical ―geography‖ of the instrument and bow, and the anthropometric 

dimensions of the player interact to produce the stereotypic motor behavior. 
Several factors determine movement, but, unlike most biomechanical tasks, the 

determining outcome here is acoustic. Both upper extremities are involved in the performance 
but in very different ways. 

The left arm governs the contact position of the fingers on the string, and hence the pitch 
of a note. The spatial relations of the instrument to the body, the contact point of the finger on 
the string, the length of the fingerboard, and the dimensions of the arm determine a unique 
posture, and thus the muscle activation patterns, for the left arm for each individual player. 
The left arm has quite different postures in relation to the body and the instrument for cello 
players in comparison to violinists. 

The bowing (right) arm draws the bow across the string. Its travel velocity is the principal 
determinant of loudness, but its distance from the bridge, the contact position along the bow 
length, bow pressure, and its angle of attack on the string leave a noticeable effect on the tone, 
or timbre. Bowing movements are essentially determined by the flexion and extension of the 
elbow, with subtle motions of the shoulder and wrist to keep the bow moving in a straight line 
perpendicular to the string. Given a fixed spatial relation between the body of the performer 
and the instrument, the posture of the arm for a given bow/string contact point is uniquely 
determined. 

In addition, the force of gravity plays a role in the control of movement. The authors 
show, however, that it affects cellists and violinists in very different ways. Left arm 
movements of cellists are more affected by gravity than those of violinists; whereas gravity 
affects the right arm more in violinists.  

In this chapter the authors focus on a series of specialized topics: 1) control of the left 
arm during shifting movements; 2) fine control of the left arm during corrections of intonation 
errors; 3) coordination between the upper arm and forearm; and 4) coordination between the 
left and right arms. 

Chapter 10 - There exist several invasive and noninvasive methods to measure the 
contact hip stress but due to their complexity only few have so far been tested in clinical trials 
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with large numbers of participating subjects. Consequently, the use of contact hip stress 
measurements in orthopaedic clinical practice is still in its experimental phase.  

Biomechanical studies of human hips based on the analysis of 2-D pelvic radiographs 
have turned out to be a reasonable compromise between the measurement accuracy and the 
feasibility in clinical setting. Clinical studies have shown significantly higher values of hip 
stress in adult dysplastic hips when compared to normal hips. It has been found that the 
cumulative hip stress independently predicts the WOMAC score after 29-years of follow up 
in dysplastic hips and does so better than morphological radiographic parameters of hip 
dysplasia or the resultant hip force alone. The preoperative value of the contact hip stress and 
the magnitude of its operative correction have been found predictors of the long term success 
of the Bernese periacetabular osteotomy. Elevated shear stress in femoral neck, but not 
elevated hip contact stress, has been found to be a risk factor for slipping of the capital 
femoral epiphysis. A statistically significant correlation between the contact hip stress and the 
age at the total arthroplasty has been shown in a group of hips with idiopathic hip 
osteoarthritis. 

Through advances in 3-D imaging with MRI and CAT scan, visualisation of the femoral 
head coverage and pelvic muscle attachment points has improved considerably. However, the 
need to supplement the morphological hip status with biomechanical analysis remains. The 
current trend is to combine the kinetic gait measurements of the resultant hip force with 3-D 
imaging of the hip weight-bearing surface in order to better estimate the contact hip stress for 
a given activity/body position. The added value of such measurements over 2-D pelvic 
radiograph analysis has not been established yet in clinical trials. 

Chapter 11 - Resistance exercise has long been used to promote musculoskeletal health 
with the application of training regimens for the clinical treatment and prevention of low back 
pain growing in popularity over the last couple of decades. A variety of exercise modes have 
been utilized in an attempt to stimulate and promote increases in muscle function of the 
lumbar extensors. This chapter examines the current state of knowledge regarding the 
application of external pelvic fixation during trunk extension exercise and its importance on 
the concomitant increase of functional outcomes such as muscle strength, muscle activation 
patterns and compensatory muscle growth.  

Chapter 12 - Most revisions of total joint replacements are due to implant loosening, 
which is mainly caused by wear particles (―wear disease‖) and inadequate primary implant 

stability. The optimised integration of cementless total hip and knee endoprostheses into the 
bone stock is the most adequate approach to achieve secondary implant stability and to 
prevent implant loosening. Secondary stability is characterized by bone ingrowth of the 
implant and decreases the amount of relative implant motion between the implant and bone 
stock. It has also been suggested that prostheses which are fully occupied by bone cells are 
less susceptible to infection. The economic impact of implant loosening is immense, hence 
orthopaedic implant manufactures refine their products continuously. 

Many technical developments have improved the survival rate of endoprosthetic 
implants. Modern materials and surface modifications such as coatings help to reduce wear 
rates, promote cell ongrowth or prevent infections. The cell adhesion of bone cells onto 
implant surfaces has not been thoroughly investigated so far. However, different methods to 
measure cell adhesion have been described. Some workgroups investigate short-term 
adhesion or proliferation of bone cells on implant materials in-vitro, but little is known about 
the long-term adhesion. Proliferation or short-term adhesion cannot predict how strong the 
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bonding between bone and implant will be. In most cases, cost intensive animal studies have 
to be performed in order to gain expressive data. Hence, it is important to assess the bone cell 
adhesion forces in an adequate experimental setup in- vitro. 

The exploration of bone cell adhesion on surfaces of orthopaedic implants encourages the 
development of bio-compatible, bio-active and anti-infectious surfaces. The authors have 
developed a test device, based on the spinning disc principle, which allows quantitative 
measurements of osteoblastic cells on implant surfaces. First results show differences in 
adhesion forces depending on the substrate. In future assessments different bio-active and 
anti-infectious surface modifications will be analyzed regarding bone cell adhesion prior to 
animal studies.  

Chapter 13 – The aim of this chapter was to establish and compare the patterns expressed 
on the fast model of motor learning of children and adults executing a fast and accurate task. 

The acquisition of a new motor skill follows two distinct stages with continued practice: 
first, there is an early, fast learning stage in which performance improves rapidly within a 
single training session; later, there is a slower learning stage within the time period of several 
sessions of practice. Motor learning is characterized by a specific set of changes in 
performance parameters. These changes occur gradually in the course of a learning period. 
While the decreases or increases in these parameters have been documented in a variety of 
tasks, it remains to be determined whether the time of fast learning is different for children 
and adults. Therefore the main aim of this study was to establish if there are differences in 
reaction time, average and maximal velocity, trajectory, and accuracy as well as the 
variability of these parameters during motor learning. The tasks involved 5 series with 20 
repetitions in each.  

Chapter 14 – Fit is one of the most critical factors affecting footwear comfort. Blistering, 
chafing, bunions and pain may be the result of poor fitting shoes. In long run, it may cause the 
foot skeleton deformity. 

In order to find out the proper fitting of footwear, it involves getting to know the size of 
feet, shoes, and the subjective perception for the shoes selection. Traditional method in 
measuring the feet size is to measure the length and width of the feet which can be obtained 
easily by tape measure and devices like Brannock. However these are considered to be 
insufficient for good footwear fitting. Furthermore, researchers were also encountering 
problem in quantifying fit as it is rather subjective which was also suggested to be affected by 
shoe wearing experience such as tightness and looseness of the shoes. Therefore researchers 
are exploring new method in measuring footwear fit, both objectively and subjectively. 

Chapter 15 – Usually, biomechanical models used for human motion analysis are 
oversimplified, especially for  clinical  analyses (Helen Hayes model). The calculated net 
joint forces and torques are sensitive to the input data:  segment kinematics and body segment 
inertial parameters. It is therefore necessary to improve these input data using new methods 
and  models adapted to the  population and movement of interest. The general problem is 
divided into three parts:  (i) minimization of soft tissue artefacts, (ii) joint centre location and 
(iii) identification of the personalized body segment parameters. 
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ARTS BIOMECHANICS – AN INFANT SCIENCE: 

ITS CHALLENGES AND FUTURE 
 
 

Gongbing Shan and Peter Visentin 
1Department of Kinesiology,  

2Department of Music,  
University of Lethbridge, 

4401 University Drive, Lethbridge, Alberta. Canada, T1K 3M4 
 
 

1. OVERVIEW 
 
While biomechanics has achieved successes in many fields involving locomotion, motor 

learning, skill acquisition, technique optimization, injury prevention, physical therapy and 
rehabilitation, one area has heretofore been scarcely represented in the literature – Arts 
Biomechanics. Biomechanics clearly has significant potential for application in the 
performance arts, such as music and dance, since skills needed for these activities are visibly 
related to the human musculoskeletal and nervous systems. In such areas, Arts Biomechanics 
should begin by focusing on skill analyses and acquisition necessary for the performance of 
the artistic act. Subsequently it should engage in a deeper discourse that explores the 
relationship between these and the desired aesthetic outcome. Less apparently, biomechanics 
may also enhance the analysis and comprehension of other arts, such as painting, where 
gesture is often embedded in the artwork by means of symbolism, tradition, the process of art 
creation, or as an inherent product of the existential nature of humanity.  

There are many challenges facing the integration of the Sciences with the Arts. On a 
fundamental level, the principles and goals of one often seem at odds with the other. In 
reality, neither science nor art is antithetical to the other.  

 
"The most beautiful experience we can have is the mysterious. It is the fundamental 

emotion that stands at the cradle of true art and true science. Whoever does not know it and 
can no longer wonder, no longer marvel, is as good as dead, and his eyes are dimmed. It was 
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the experience of mystery -- even if mixed with fear -- that engendered religion. A knowledge 
of the existence of something we cannot penetrate, our perceptions of the profoundest reason 
and the most radiant beauty, which only in their most primitive forms are accessible to our 
minds…I am satisfied with the mystery of life's eternity and with a knowledge, a sense, of the 

marvelous structure of existence -- as well as the humble attempt to understand even a tiny 
portion of the Reason that manifests itself in nature."(Einstein, 1931) 
 

However, the self-perceptions of artists and scientists may be problematic. Scientists take 
reductionist and reasoned approaches to the world: there is a position/argument; it is 
structured in logical steps; a topic sentence names and proves each idea in the discourse; and, 
the discourse is aimed at a specific result. For the scientist, these give feelings of comfort, 
power, and/or control over the phenomenon. Conversely, the artist is less interested in the 
factual and desires to convey the emotional and sensual; reductionist, topical arguments are 
considered antithetical to the creation of good art; too precisely formulated a conceptual 
structure is perceived as negating mystery and limiting artistic possibilities; and, the result is a 
product of the moment – an ever shifting target in time-based performance art. Repeatability 
is only a desirable quality in that it can be a measure of skill level.  Hence it shows little in 
terms of creative ability. The artist wants power and control over others‘ perceptions of the 
phenomenon; each individual audient‘s experience of the art responding to and thus 

validating the artwork and, by extension, the artist. Perhaps it is the way in which scientists 
and artists perceive their own roles that a binary view pervades their respective disciplines – 
something is or isn‘t. Given this seeming dichotomy, the question arises ―Why bother with 

Arts Biomechanics?‖  
The issue that provides the main inertia to expand this nascent field of biomechanics 

comes from artists. It is a medical one. Epidemic rates of debilitating injury (48-76%) occur 
in performing arts such as music and dance (Brown, 1997; Fry, 1986, 1987, 1988; Fry, Ross, 
and Rutherford, 1988; Hagglund, 1996; Hartsell and Tata, 1991; Lockwood, 1988; 
Middlestadt and Fischbein, 1989; Zaza, 1992, 1998). Unfortunately, there is currently little 
quantitative research examining the aetiology of performance injuries. Existing strategies to 
address injuries are largely qualitative and ―experience‖ based. And they are normally 
employed only after injury has occurred. Even as artists are becoming increasingly aware 
regarding their physical needs, career longevity and injury downtime are becoming pervading 
arts industrial issues. Only recently have researchers begun to explore scientific approaches, 
such as human performance engineering, to trace causal factors related to human bone, 
muscle, and nervous systems injuries in the performing arts (Chesky, Kondraske, Henoch, 
Hipple, and Rubin, 2002; W. J. Dawson, 2003, 2007; Solomon and Solomon, 2004). Finally, 
artists themselves are slowly turning toward science to provide preventative answers and not 
merely remedial ones. From a phenomenological point of view, the performing arts share 
many characteristics, including health risks, in common with other skill-oriented activities 
(Chesky et al., 2002; Lehmann and Davidson, 2002; Wilson, 1986). Commonalities between 
athletic and artistic performance seem obvious, particularly in the area of motor skill analysis, 
acquisition during skill learning and performance. Like athletes, elite musicians practice, with 
many hours of repetition, to perfect complex motor control sequences. However, music 
students are seldom introduced to basic principles of movement science and physiology that 
underpin that activity. This is largely because the focus of music teaching is artistic and 
outcome driven rather than process oriented – this is a difference between practicing and 
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training. While some teachers are knowledgeable regarding efficient use of the body for the 
benefit of good performance, many are not. In many parts of the world, classical musicians 
today are taught in a manner virtually indistinguishable from that used 50 years ago. Nowhere 
in the world could the same be said for elite sport.  

As such, it seems logical to build on the successes of Sports Biomechanics in the service 
of the Arts. Motor learning, skill acquisition and learning while minimizing injuries constitute 
the main research focuses of Sports Biomechanics (Ballreich and Baumann, 1996). However, 
there is a fundamental ethical difference between these two fields. Whereas Sports 
Biomechanics typically directs is energies to achieving specific, goal-driven, quantifiable 
results that are valued for their repeatability (e.g. faster, higher, stronger, etc.), Arts 
Biomechanics must be satisfied with guiding the process without appearing to identify an 
absolute goal – for reasons of artistic and creative freedom. The emphasis of each is on 
training, but Arts Biomechanics needs to contribute to a demystification of the learning and 
skill acquisition processes, so that artists can realize their full potential and survive their 
chosen vocation.  

 
―My early love affair with dance gradually had been replaced by a struggle to become 

what I could not be. I had selected teachers who felt it was their responsibility to tell me over 
and over what was wrong, rather than helping me generate the knowledge that would give me 
tools to make things right‖ (Evans, 2003) 
 
Clearly, the need to consider artistic values as well as scientific ones creates particular 

challenges for the field of Arts Biomechanics. Facing these challenges is, in our opinion, best 
served by a multidisciplinary approach – one where research does not simply adopt a 
scientific or artistic practice, but engages in discussion that ultimately transcends the 
viewpoint of each discipline. Meaningful and relevant research results will be those where 
science informs artistry rather than attempting to modify it.  Currently, music and dance are 
the two dominant areas of biomechanics research in the arts. For this reason, discourse below 
will primarily focus on these disciplines. The main effort of this chapter is to summarize the 
state of Arts Biomechanics in the following areas: 1) skill analysis, acquisition and pedagogy, 
2) injury risk identification, quantification, prevention and compensation strategies, and 3) 
Innovative uses of the tools of movement science in the analysis and creation of art. Further, 
this chapter will provide discussion that identifies some of the challenges facing Art 
Biomechanics, elaborate on its potential and identify some future directions.  

 
 

2. PERFORMANCE SKILL ANALYSIS AND ACQUISITION 
 

2.1. Historical Overview 
 
Documentation pertaining to instrumental performance and dance has a long history. In 

terms of modern classical performance traditions, documentation that incorporates 
information on mechanics and motor skills begins as early as the 16th century for instrumental 
performance and the 17th century for dance (Hilton, 1997; Kolneder, 1993). Its very existence 
can be considered evidence of a general desire to improve overall quality of music/dance 
performance, both stylistically and technically. Most of the documents are pedagogical in 
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nature and they are clearly not targeted at the mature or virtuoso performer. For example, in 
his seminal treatise on learning to play the keyboard, Carl Phillip Emanuel Bach clearly states 
his intent.  

 
―…keyboard instruction could be improved in certain respects to the end that the truly 

good which is lacking in so much music, but particularly keyboard music, might thereby 
become more widespread. The most accomplished performers, those whose playing might 
prove instructive, are not to be found in such numbers as might perhaps be imagined.‖ (Bach, 

1759)  
 
In terms of classical dance, the beginnings of ballet and classical notation are associated 

with the Court of Louis XIV of France (1639-1714) (Hilton, 1997). Iconography, dance 
manuals and descriptions of the desired aesthetic provide some of the first rudimentary 
(bio)mechanics information for analysis and acquisition of dance skills (Figure 1 and 2). 

 

 

Figure 1. Choreography of a Minuet providing rudimentary instruction on placing the feet. The original 
source is from an English dance manual by Kellam Tomlinson, and documents the influence of French 
culture in the 18th century. 
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Figure 2. A choreography of steps from ―Balet de Neuf Danseurs‖ by Feuillet. Paris, 1700. 

Collectively, such sources contain fundamental instruction on music/dance and their 
contemporary aesthetic goals. They include postural descriptions, instruction pertaining to 
skill acquisition such as: fingerings in basic positions, embouchure (for wind instruments) and 
bowing techniques (for strings), and they describe the phenomenology of physically 
interacting with a musical instrument (how to hold it, the consequences of certain muscular 
tensions, tablatures revealing mechanical insights, etc.). Choreographed movement in dance  
also create a gestural map for both the performer and dancer, since the music must maintain 
aesthetic of bodiliness required in dancing (Bach, 1759; Hilton, 1997; Mozart, 1756; Quantz, 
1752; Tromlitz, 1791). Clearly, these point to an awareness of the mechanics of the human-
tool interface, whether that interaction is with an instrument or a physical space.  
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Further, almost on a century-by-century basis, one can observe a progression to more and 
more systematic approaches toward artistic performance. Documentation pertaining to violin 
performance can be considered exemplary in this regard. Earliest documentation, from the 
16th century, was descriptive, providing relatively little instruction on technique. The 17th 
Century included some of the earliest tutors. They contained fundamental postural 
descriptions and instruction on music basics: string tunings, fingerings in basic positions, 
elementary bowing techniques. Included are some instructions on bow direction, accents, and 
attempts to describe articulations and expression. Tablatures (musical fingering charts) 
revealed insights into pedagogy. Information on style and technique may also be gathered 
from music that incorporated performance indications by the composer. The 18th Century rise 
of a middle class and a corresponding increased interest in education lead to maturation of 
instruction methods and pedagogy. More methods and music were published. Contents 
became more detailed with broader variety of musical examples and more instructions how to 
coordinate techniques in order to play expressively. Some compositions dealt with specific 
technical difficulties or material for specific skill acquisition.  

The 19th Century showed evidence of a paradigm shift (Baillot, 1835). There was a move 
from general education and a ―collective consciousness‖ to a focus on individual training and 
virtuosity. The period marked the beginnings of music pedagogy as a science. 

 

 

Figure 3. Position of the right arm and wrist held closer to the body when the violinist plays sitting 
down. The neck of the violin is then held slightly lower. Position of the hand, wrist and fourth finger in 
extensions (top-right). Forced and improper position of the hand, wrist and fourth finger in extensions 
(bottom-right). 
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Documentation used a new tone emphasizing the development of technique as a means to 
achieve the highest degrees of artistry. The focus was on technical training (Figure 3). During 
the period, a gradual increase in notion of finding the ―best‖ way to practice can be observed. 
Some writers advocated a ―mechanical approach‖ to the instrument with attempts to apply 

scientific methods to describe these mechanics. Others began to approach the subject of 
performance psychology. Regarding anatomy and physiology, methods to this point may be 
summarized as rudimentary. They were experience/practitioner-based with superficial 
descriptions of postures or (bio)mechanics (Baillot, 1835). Attempts to include an 
understanding of anatomy and physiology were a development of late 19th and early 20th 
centuries.  

Over the course of the 20th century, there was a continued development of systematic 
teaching methods. Also, there was an increasing trend toward learning from the standpoint of 
different disciplines: physiology, psychology, (bio)mechanics. Some training exercises were 
developed (at times by individuals who may have had little to no ―practical‖ experience 

playing music – e.g. medical doctors, physiology professors) that pushed mechanics to 
conceptual and physiological limits. As can be seen in Figures 4-6, the body was typically 
treated as a machine which could be trained, or programmed, through repeated and structured 
movement variations (Hodgson, 1958). 

Most 20th-century writings that attempted to document teaching methods of ―successful‖ 

practitioner/pedagogues failed to deal with fundamental psyco-physiological learning, 
biomechanics, or neural control except in superficial terms (G. B. Shan, Visentin, 
Wooldridge, Wang, and Connolly, 2007). For example, after mentioning postural or internal 
motor control factors in general terms, most typically continue with experience-based 
description of techniques and their application in selected passages of repertoire. Thus, they 
are written in such a way that only those who have experience with the phenomenon and the 
aural tradition being described can sympathize with the descriptions.  

 

 

Figure 4. Illustration considering the curve which results from the identified ordering of notes, while 
using a down bow. The two dotted lines give variations in the track followed by the hand. 
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Figure 5. The figure shows a possible elliptical path (marked 1, 2, 3, 4), traversed by the heel of the 
bow during the playing the identified two notes. 

 

 

Figure 6. Small loops occurring in the bow-hand that result from string crossings for the identified 
scales. String crossings occur on an ―up-bow‖ for the figure on the left and on a ―down-bow‖ for the 

one on the right. 
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Clearly, in the 21st century, there can be a role for the field of biomechanics in terms of 
the pedagogical process. Demystification of the mechanics of fundamental skills, and 
direction regarding the best way to learn them, is in the best interests of these disciplines – 
especially if it can lower injury rates and/or improve the physical health and well-being of 
performing artists. Currently, Arts Biomechanics in its infancy as a field of study.  

 
 

2.2. Challenges Faced by Arts Biomechanics 
 
Notwithstanding efforts to address important artistic concepts through written 

documentation, the performance arts has and continues to perpetuate its traditions mainly 
through an apprenticeship learning model. Advanced teaching/learning typically occurs in a 
one-on-one environment and arts education relies heavily on aural traditions, with 
pedagogical frameworks by and large limited by conventions and aesthetic values passed 
from teacher to pupil. Participants in such a model typically take great pride in the 
provenance of their traditions – often validating their approach by tracing their artistic lineage 
from teacher to teacher to one or another of the legendary ―greats‖ of the past. Such a mind-
set frequently inspires a mystical and, in some cases, a near-religious reverence of the teacher, 
artistic traditions, concepts, and acquired skills. Nearly everyone who is involved in the 
performing arts can, through personal experience, cite anecdotal evidence confirming this 
assertion. 

In such a system, and since the performative arts are heavily influenced by the need for 
an audience, performance and pedagogy are driven by external validation. Frequently, a 
teacher‘s quality is judged by the successes of his/her ―prize‖ students. As artistic success or 
failure is often determined by micro-increments of ―talent‖, this can lead to an emphasis on 

immediacy of skill acquisition, sometimes at the expense of sound learning practices 
(Visentin, Shan, and Wasiak, 2008). According to Ruggiero Ricci, one of the 20th century‘s 

premier violinists: 
 

―Teachers are ruining a lot of kids. Parents love to say ‗my kid plays the Mendelssohn 

Concerto‘ so they take their child away from a teacher who knows better and gives him to one 

who will push him. … they are the real criminals in this business‖ (Schwartz, 1983). 
 

Notwithstanding this somewhat arcane approach, numerous examples of success within the 
model reinforce the perceived legitimacy of its practices.  

However, there are significant problems with such simplistic attitudes and rationales. 
First, in order to be scientifically defensible, the ―talent‖ must either be an innate 

characteristic of individuals, somehow defined by their genetic makeup, OR it must be a 
byproduct learned behaviors and environmental circumstance. At any given point of time, it is 
relatively easy to observe levels of skill development and ease of skill acquisition (talent) for 
individuals within a group of learners. In one scientific study, subjects were sorted into two 
groups based on expert assessments of their ―talent‖ (Levitin, 2006). After following the 
groups for several years, results proved discrimination on the basis of ―talent‖ to be a false 

determinant of success over the long term. Learning/practice was the ultimate cause of 
achievement, and not innate ability. Hence, a focus on the learning process needs to dominate 
arts pedagogy. 
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Further, success as defined by the performance is a measure which oft-times fails to 
concern itself with the long-term health and development of the artist. Since the medical 
literature shows overwhelming evidence of vocational disaster over the ―long-haul‖ due to 

technique-related injuries, there has been an increased interest in improving pedagogical 
practice in the performing arts. Past studies have shown that 48% - 76% of professional 
musicians need to stop performing for extended periods due to occupational injury (Brown, 
1997; Fry, 1986, 1987, 1988; Fry et al., 1988; Hagglund, 1996; Hartsell and Tata, 1991; 
Lockwood, 1988; Middlestadt and Fischbein, 1989; Zaza, 1992, 1998). As a result, old 
platitudes such as ―the way to Carnegie Hall is practice, practice, practice‖ have evolved into 

―the way to Carnegie Hall is practice, rest, practice‖ (Kaplinski, 2003). Further, traditional 
practices, such expecting students to engage in long hours of repetitive work often with little 
consideration for its efficiency or biological implications, are now recognized as part of the 
problem, even if there is a reluctance to changing the mind-set. The performing arts appear to 
be ready for more scientific collaborations. 

Arts Biomechanics can play an important role in challenging the inertia of tradition that 
exists in the performing arts. By supplying quantitative rather than empirical evidence for 
improving pedagogy, this sub-discipline of applied biomechanics can improve understanding 
of physiological phenomena, motor control, the motor learning process and internal loading 
implications for the body during practice and performance. And, with care, it can do so 
without being perceived as a threat to the artistic end-product. Ultimately, this is the most 
significant practical challenge for Arts Biomechanics. 

Unfortunately, there is currently little quantitative research in Arts Biomechanics. One 
reason for this may be that both the performing arts and biomechanics are highly specialized 
studies each with their own cultures. These cultures may have language barriers (the same 
words can have different disciplinary meanings, and hence loading), goal differences 
(personal and subjective experience is desired for one and quantitative observation of a 
process that leads to specific goals for the other), and/or conflicts between their needs (the 
arts require flexible outcomes that accommodate changing tastes/ideas and the sciences desire 
outcomes that are essentially quantifyable/immutable). Further, from the standpoint of arts 
pedagogy, because of anthropometrical variation between teacher and student, it can be the 
tendency for an arts teacher to focus on stylistic outcomes, which in turn obliges the student 
to find their own motor control means to that particular end. Arts Biomechanics can inform 
the teacher/pupil interface, supplying common ground so that a teacher can adjust his/her 
understanding to a student‘s individual anthropometry, and so that the student can better 
comprehend the teacher‘s instruction. Biomechanics has great potential to provide linkages 
between science and the arts. Clearly, collaborative work is needed in order to bridge 
disciplinary divergences. In short, Arts Biomechanics needs to be an integrative force, a 
nexus for communication that is not merely coordinative of differing views but accounts for 
both perceptual experience and scientific quantification at all stages of the work. This is the 

most significant conceptual challenge in the application of biomechanics to the arts. 
Finally, the overview of this chapter began by identifying some philosophical challenges 

for Arts Biomechanics. Individuals within the arts and the sciences have a vested interest in 
maintaining the fundamental precepts and traditions which define the relationship between 
discipline and practitioner. For the artist, quantification and transparency represent threats to 
individuality and artistry. For the scientist, subjectivity is something that merely has not yet 
been objectified. Changing attitudes to foster recognition of the potentially symbiotic 
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relationship and finding convergences that can link these ethics are the most significant 

philosophical challenges for Arts Biomechanics. 
In any motor skill endeavor, skill acquisition can be categorized into three primary 

stages: cognitive, associative and automotive (Magill, 2001). Clearly, given the cultural 
characteristic of the performing arts and applied biomechanics disciplines, the greatest 
potential for collaboration between the two seems to lie in addressing the cognitive and 
associative stages of the learning process. Such an approach does not challenge artistic 
values, and it builds on the strengths of biomechanics as a means to understand and further 
motor skill development. Additionally, it has potential to effectively address injury prevention 
through quantitative research examining the aetiology of performance injuries. Since most 
existing strategies to address injuries are largely ―experience‖ based and they are normally 

employed only after injury has occurred, it appears logical to begin with an examination of 
pedagogy‘s contribution to this problem. Arts Biomechanics has an important role in this 
regard (Visentin et al., 2008). To this end, Arts Biomechanics as a field of study has begun 
with the following two questions in mind: ―can we identify, describe, and quantify qualities 
that lead to artistic success while minimizing the potential of performance injury?‖ and ―how 

do we communicate these qualities broadly to the appropriate audience?‖ 
 
 

2.3. Arts Pedagogy; What Can We Learn from Biomechanics Applications? 
 
The use of biomechanics-based motor learning in sports pedagogy has proven highly 

successful in improving human performance (Ballreich and Kuhlow, 1980; Magill, 2001). Its 
focus has usually also been on enhancing physiological limits of athletes. Superficially, sport 
and the performing arts may appear to have more or less in common, depending on the art. 
For example, the athletic aspects of dance are obvious whereas those of music performance 
often are not. All rely upon the training of human motor skills and the development of gross 
and fine motor control. But, in music and dance the focus is not always overwhelmingly on 
pushing physiological limits as it is in sports. Rather it is about controlling the process during 
the performative act. If we continue with a sports analogy, in this regard arts performance can 
be likened more to acrobatic kinds of sports than to those which rely mainly upon speed and 
power. In arts performance, fine motor control seems to be a necessarily dominant concern. 
Fundamentally, both sports and arts performance involve motor learning and the sublimation 
of neural control to effect a desired physical outcome. In music, although success is judged by 
an ―aural‖ outcome, it is a product of physical gestures. In dance, the result is a visual one 
that is obviously guided by gesture. Since sports biomechanics is at an advanced stage of 
application, it seems sensible to adopt and modify its already proven successful 
methodologies to the context of the performing arts.  

The perspective it can provide may contribute to a general demystification of the 
teaching/learning process in the arts with a corresponding improvement in overall 
pedagogical success as measured by both learning outcomes and injury prevention. When 
adapting a sport-based motor-learning model to the arts, one must consider its 
multidisciplinary character.  
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Figure 7. A comparison of the resources used in the pedagogical processes of sport and music.  

In sports, intervention of related disciplines to influence pedagogy and learning is a 
mature science; a team of specialists guides the learning/training. Interdisciplinary research is 
commonly understood to hold significant potential for improving performance. In performing 
arts education, responsibility rests primarily, if not solely, with the teacher who may only 
have minimal training in some of the multiple required areas of competency (Figure 7). Even 
in the area of arts medicine, prevention is an underutilized strategy for artists. Mostly, 
medical attention is only sought for injury remediation.  

The consequences of poor health and wellness practices for performers can be 
devastating. They include pain, injury, long-term disability, and even career-ending 
pathologies. With regard to the intervention of related disciplines, arts pedagogy is in a state 
of development similar to that of sports pedagogy about fifty years ago. Learned behaviours 
in the arts are dominated by the vision of the end result. In this regard it is fair to draw from 
sport history (fifty years ago) as accurately representing and predicting the needs in the arts. 
One sports anecdote that universally receives sympathy, acceptance and affirmation when 
presented to the performing arts community involves Tom Simpson, British cyclist and world 
professional road racing champion in 1965. His mind-set can be summarized by his two most 
famous quotes. An advocate of performance enhancing drugs, he is noted as saying ―if ten 

will kill me, give me nine‖. And his final words as he lay dying from cardiac arrest at the top 
a mountain during a race were ―put me back on my bike‖ (Fotheringham, 2002). Arts 
practitioners empathize with this ―pushing the limits‖ attitude. 

Accordingly, the first aims of those who investigate Arts Biomechanics have been to 
begin exploring the utility of methodologies and technologies already successfully employed 
in mature fields of kinesiology and sports medicine to examine arts performance. The bases 
for most of these explorations have been grounded in two fundamental practices of 
kinesiology: motor control and motor learning. Not only do these provide a methodological 
means to analyze movement, cognition and the learning process, they provide an improved 
basis for discourse through an established commonality of idiom and terminology. Simply, 
they provide a means for us to all speak the same language. 

 
A Motor-Learning Model 

Two foundational theories provide important perspective on skill acquisition in the 
performing arts. The first, Ballreich‘s model for motor learning identifies three requisite 
elements for success: (a) accurate characterization of the skill to be acquired, (b) skill transfer 
between dissimilar bio-systems, and (c) skill acquisition without injury (Ballreich and 
Baumann, 1996).  
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1. Characterization of the skill. Characterizing the skill to be acquired involves 
scientific analysis to identify and describe motor control patterns (i.e. the interaction 
and coordination of the neural and musculoskeletal systems). Methodologies from 
kinesiology such as motion analysis are ideally suited to this purpose. Motor control 
patterns common among expert performers can be generalized, establishing 
―markers‖ which can be used as references in the pedagogical process. Using this 
approach, characteristics of high-level performers can be contrasted with those 
observed in learners. Such a quantification of fundamental skills begins to address 
the most practical challenge in the arts – a clear understanding of motor control 
patterns needed to communicate the desired outcome. 

2. Skill transfer between dissimilar bio-systems. For a successful motor learning model, 
fundamental skills must be understood in such a manner that the teacher can transfer 
the principles to the student regardless of physical differences. The most significant 
pedagogical weakness in ―experience-based‖ teaching approaches is the fact that not 
everyone is the same anthropometric shape. Simply, the teacher‘s experience does 

not really apply. Clear characterization of skills and marker-based learning can 
facilitate skill-transfer between teacher and student by providing a general model of 
the specific kinematic gestures vital to skill acquisition. However, for successful skill 
transfer, ―universal‖ characterizations need to adjust for the ―particular‖, 

compensating for anthropometric differences among learners. For this to occur, a 
sufficient body of Arts Biomechanics research is required to inform teachers‘ 

practical experience. 
3. Learning without injury. By directing attention to specific motions or neural control 

patterns that novices must assimilate into their technique, skill transfer can occur 
efficiently and effectively; reducing the assimilation time needed to acquire each 
skill or technique, and thus reduce the risk of Repetitive Stress Injuries. 

 
The second theory addresses skill development at the different stages of the learning 

process. Relatively simple, the Fitts and Posner model has been proven effective in the 
discipline of kinesiology (Magill, 2001). It identifies three general stages: cognitive, 
associative and autonomous.  

 
1. Cognitive. The beginner focuses on cognitively oriented problems. Performance is 

highly variable, showing a lack of consistency from one attempt to the next. Often, 
learners are confused about what they need to do in order to improve. 

2. Associative. Cognitive activity changes because the learner has begun to associate 
multiple references in order to guide the outcome. Through training and repetition 
learners begin to make fewer gross errors as they refine and combine the multiple 
skills acquired in the cognitive stage of the process. 

3. Autonomous. Here the skill becomes almost automatic or habitual. Learners can 
perform with repeated degrees of accuracy, without conscious thought. 
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Figure 8. The stages of motor learning adapted from models of Ballreich and Magill.  

Both of these models address different aspects of motor learning. One deals with 
biomechanical factors influencing the process of motor learning and the other concentrates on 
the process of skill development (Ballreich and Baumann, 1996; Magill, 2001). Collectively, 
these two models have important implications for the development of pedagogical practices in 
the arts. Figure 8 is a combinatorial model, representing Ballreich‘s model for motor learning 

on the vertical axis and Fitts and Posner‘s skill development model on the horizontal one 

(Visentin et al., 2008). In our opinion, rationalizing this model for arts pedagogy requires 
careful consideration and a nuanced understanding of disciplinary discourse within the arts. 
One way in which application of the model may differ from a sports one lies in the emphasis 
that must be placed at each stage of the learning process. Given arts pedagogy‘s tendency 

toward teleology, new ideas need significant evidence (e.g. improved performance outcomes) 
before they will be adopted. This requires: 1) clarity of definition, 2) convincing 
methodology, 3) consistent means of situational comparison, and, 4) solutions that do not 
compromise the artist‘s perceptions of the end product. Such a rationalization holds 
significant potential for improving arts pedagogy.  

This has clear ramifications for the respective roles and responsibilities of both teacher 
and pupil. In the cognitive stage, the onus is on the teacher to clearly and accurately 
characterize the skills to be acquired using instructional strategies such as modeling, clear 
explanations, analogies, and a vocabulary that accurately describes the phenomena. In the 
associative stage, teacher and student work more collaboratively toward the ―particular‖. 

Compensation based on individual anthropometrics needs to be melded with aesthetic goals 
during this stage, as external (e.g. biofeedback instructions from the teacher) and internal 
processes (e.g. student‘s modifications to motor control according to the teacher‘s 

instructions) are consciously assimilated. Multiple skills must be coordinated together at this 
stage. In the autonomous stage of the process ―naturalization‖ occurs as skill control moves 
from the conscious to the sub-conscious. Here, the onus for successful learning is mostly the 
student‘s responsibility and the teacher‘s role becomes more focused on remediation. As skill 
control becomes automatic, performers are freed to direct their attentions more toward 
aesthetic, creative and artistic outcomes, which requires both forward planning and flexible 
response to the circumstances of the moment. The quality of instruction and practice as well 
as the amount of practice are important factors during all these developmental stages.  

Arts Biomechanics has the potential to positively affect the performance arts through 
influencing the pedagogical process. It builds upon already proven scientific models of motor 
learning, adapting these to acknowledge artistic process and values. In the first two stages of 
the learning process, it can directly influence the quality of teaching/learning that occurs. This 
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can accelerate the skill acquisition process and minimize the necessity of trial and error 
practice. This will make the process a more enjoyable experience for the learner. This is a 
motivational prerequisite since it frees a performer to transfer his/her attention from motor 
control to artistic representation, indirectly improving artists‘ perceptions about the third stage 
of the process.  

Further, because arts performance involves long-term training, the dangers of 
vocationally related injury due to poor pedagogical practice is very high. In this regard Arts 
Biomechanics can highlight injury prevention as a fundamental ethic at each stage of the 
motor development process. It can provide realistic and practical pedagogical strategies that 
encourage changes in attitude and behavior. The benefits of this will be improvements to 
artists‘ health, wellness and career longevity as well as enhanced self-perception of their 
artistry.  

 
 

2.4. The Tools of Arts Biomechanics Research 
 
The scientific quantification of motor skills in arts performance is about decade old (G. 

B. Shan and Visentin, 2003; Visentin and Shan, 2003). Prior to this, qualitative and some 
quasi-quantitative image and video-based research exists in several formats; drawings, 
photographic images, photographic time or multiple exposures, and video (Hilton, 1997; 
Hodgson, 1958; Moyse, 1973; Palac, 1992; Tulchinsky and Riolo, 1994a). Existing research 
has primarily been concerned with skill description as it relates to musical 
values/interpretation and rudimentary analyses. Most of it can be found in medical, 
pedagogical, and in cognitive/behavioral neuroscience (e.g. Music Perception) journals. As 
such, biomechanics is mostly used as an indirect or supporting means to examine disciplinary 
questions in these areas. As a primary area of study, Arts Biomechanics is still young. 
Clearly, the technologies and methods of biomechanics are an attraction to researchers from 
many disciplines, but the questions these researchers propose would likely be different than 
those a biomechanist would proffer. In Arts biomechanics, the technology must be adapted to 
the context of the arts. But, more importantly, the ―right‖ research questions need to be asked; 

a condition that requires collaborative methodology. Since performing artists are intimately 
involved with their art, objectivity can best be provided by an external observer. However, 
since the artistic product is inherently dependent on the relationship between artist and 
performance, analytic objectivity has functional limitations. 

A review of the most recent literature reveals that research groups looking at the 
performing arts are becoming more multidisciplinary. The reason for this is simple. Given the 
complexity of the questions being asked, it is unrealistic to expect a single discipline to 
provide the required artistic understanding, scientific expertise, and technological know-how. 
Arts biomechanics as a new area of study can directly contribute in significant ways to the 
latter two of these needs. Because it influences the health and wellness of performers, it 
indirectly influences artistic outcomes as well. Biomechanics brings multiple tools and 
scientific methodologies to bear on research which can be easily adapted to arts applications. 
Currently, three technologies have dominated arts performance analysis: 3-D motion capture 
(MoCap), force measurement, and electromyography (EMG). These technologies give rise to 
additional tools, such as biomechanical modeling and multidimensional signal analysis of 
simultaneous measurements (Visentin and Shan, 2004). The levels of sophistication currently 
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being demanded in human movement and performance research requires synchronized 
information from multiple technologies in order to address more and more complex 
questions.  

 
Motion Capture 

3-D motion capture can be used to track movement of any object. It does so by using 
multiple cameras to view and triangulate the positions of markers that are placed on the item 
(Figure 9). Some motion capture systems use passive reflective markers and others use active 
optical markers (diodes). No matter the system, motion capture relies on multiple cameras 
being able to see each marker since, for complex movements selected points can easily 
become occluded by the measured object‘s orientation. At least two cameras must be able to 
see each marker at all times for accurate reconstruction of XYZ coordinate data. 

Using sophisticated software, precision motion capture measurements can be assembled 
in 3-D computer space, supplying kinematics (positional data, distances, velocities, and 
accelerations) of the movement. For human subjects, markers need to identify functional 
anatomical points, such as joints (Lundberg, 1996). Typically a special garment that 
effectively eliminates the relative movement of clothing and skin, but without restricting 
motion, is worn by subjects; markers are appropriately positioned on this garment. For 
example, upper body movement can be quantitatively characterized using markers placed on 
trunk and joints as follows: the Sternal end of Clavicle, Xiphoid process of Sternum, 7th 
cervical and 10th thorax vertibra, for the trunk; right and left Acromion, lateral Epicondyle, 
and Styloid processes of Radius and Ulna for the arms, and; 3rd metacarpal and finger joints 
for the hands. Head orientation can be determined by placing markers on the head. Frequently 
additional reference markers are used to determine segmental rotation. If any equipment is 
used during the activity, its movements can be captured by placing markers on the items. In 
all instances at least three markers are needed for each measured body segment and each 
piece of equipment in order to determine both positional translation and rotation. 

 

 

Figure 9. 3-D motion caption of Grande Jeté (Ballet): the set-up of the 9 cameras and a sample frame 
(G. Shan, 2005). 
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Biomechanical Modeling 

From changes in position over time, computer analysis takes simple kinematic data and 
translates it into skeletal and muscular movement using the fundamental precepts of physics 
and anatomy. This is biomechanical modeling. In such biomechanical modeling, inertial 
characteristics of the body are estimated using anthropometric ―norms‖ found through 

statistical studies (Shan and Bohn, 2003). Effectively, biomechanical modeling can serve as a 
platform for data analysis, providing the means to integrate information collected multiple 
measuring systems such as motion capture, force measurements and EMG. 

Task-specific biomechanical models are used for each activity. Modeling techniques such 
as dynamic and inverse dynamic analysis allow researchers to establish joint coordination 
(motor control patterns), internal loads (moments and forces) and muscle working patterns 
(loading types). This information is used to study interactions between humans and their tools 
(e.g. a violinist and his bow or a golfer and her club), the interface of the body with its 
surroundings (e.g. dancing) muscle group timing/coordination (e.g. multi-joint tasks such as 
piano playing), and neural control (Timing article-peter). For example, studies by Shan and 
Visentin (2003 and 2004) analyzing violin performance used 30 reflective markers to track 
professional violinists‘ left and right-arm skills. Cameras were placed in a circle around the 
subjects, creating a capture volume of approximately 3m  3m  2.5m. Of the thirty markers, 
24 were placed on the upper body of each subject and 3 were positioned on each the violin 
and bow. Marker trajectories were used to reconstruct a biomechanical model of violin 
performance. (Figure 10).  

 

 

Figure 10. The set-up of 3D motion capture system and the 10-segment biomechanical model of violin 
playing. 
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Electromyography 

Electromyography is a seductive technology because it provides researchers easy access 
to data about the physiological processes that cause muscles to generate force, produce 
movement and engage in the countless functions that allow humans to interact with their 
world. By placing electrodes on the surface of the skin directly above the longitudinal and 
medial-lateral centre of a muscle, minute electrical activity can be detected during muscle 
contractions. These seizure potentials can be directly correlated with the intensity and 
duration of muscle activity. As such, EMG supplies researchers with a means to determine the 
timing of neural control and to fractionate the response process of coordination among muscle 
groups. 

EMGs main attraction is that we can to some extent examine what happens to muscles 
inside the body using non-invasive means. In absolute terms, seizure potentials measured by 
EMG are very small and an amplifier must be used to enhance electrical signals, which 
typically register under 10 millivolts. Further, the amplitude of the signal is dependent on the 
physical characteristics of the subject (e.g. skin conductivity, thickness of fat layers between 
muscle and skin, training-dependent neural control, etc.). So, comparison of raw data among 
subjects is senseless. Most significantly EMG signals are stochastic (random) in nature. These 
would seem to be significant challenges to EMGs utility. But, processing provides a means to 
overcome such barriers.  

In order to interpret EMG data, which is a relative (subject dependent) rather than an 
absolute value (subject independent), a variety of processing protocols exist. Enveloping is 
the one most commonly found in the literature (Winter, 1984; Nandedkar and Sanders, 1990; 
Shiavi, Frigo and Pedotti, 1998). The enveloping process involves full-wave rectification of 
raw EMG signals and low-pass filtering (Figure 11). Such filtering improves EMG sensitivity 
as a diagnostic tool by keeping dominant components of the signal and eliminating unstable 
ones. According to the literature, a 6 Hz filter Fast Fourier Transformation (FFT) low-pass 
filter is typical for human activities (Arsenault, Winter and Marteniuk, 1986; Shiavi et 
al.1998). 

Enveloping provides a stable signal for researchers. However, it must be noted that such 
signals are non-quantitative measures of neural-musclar activity. Signal intensity cannot be 
used as a comparative value between subjects, or even between trials of the same subject held 
on different days, since it is impossible to exactly replicate placement of electrodes and other 
conditions that influence the quality of EMG signals. Hence in order to provide quasi-

quantification and possibility of comparison between trials, a normalization process is 
required. Normalization expresses all measurements as a percentage of a chosen reference 
value. For EMG, commonly used references include: 1) the maximum signal level during a 
trial, or 2) a Maximum Voluntary Contraction (MVC) determined in a separate trial under 
high-load conditions. Using the first of these provides results of questionable quantitative 
utility since the ―reference‖ may vary from trial to trial. The second approach establishes the 

physiological limits of the muscle under static contraction, a value which will not change 
from trial to trial. This allows researchers to examine muscle load intensity in percentage 
terms of the subject‘s MVC (or physiological limits). Such a value can provide a reliable 

means of comparison among different subjects and trials.  
 
 



Arts Biomechanics – An Infant Science 19 

 

Figure 11. EMG of rectus abdominis during voluntary breathing – the process establishing enveloped 
and normalized EMG for quasi-quantification. 

 

 
Figure 12. Rectus abdominis activity at different pitches. 

Figure 12 is a composite of three different trials measuring the rectus abdominis activity 
of a professional opera singer (mezzo-soprano). The rectus abdominis MVC was determined 
in a separate trial under high loading conditions. The protocol involved two sets of singing 
four short onsets (intonation of a pitch) followed by a sustained tone produced on the same 
pitch.  
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There was approximately three seconds of rest between the sets. The same protocol was 
used at three different pitch frequencies – high (black), medium (dark grey) and low (light 
grey) for a typical mezzo‘s vocal range.  

In terms of vocal production, analysis of Figure 12 supplies rich details. Normalized 
EMG measurements are particularly revealing and the consistency/repeatability between sets 
provides evidence of high levels of training. Clearly, different pitch levels required 
significantly different amounts of physical effort from the singer. At low and medium pitch, 
there was almost no noticeable difference in physical effort between short onsets and long 
sustained tones. Interestingly, for low and medium pitch there was almost no difference in 
rectus abdominis activity during periods of singing or rest. Physical effort remained under 
20% of the subject‘s MVC.  

At high pitch, the story changes significantly. Peak levels of EMG were above 60% of 
the MVC. This represents a physically demanding task. For the four short onsets, a clear 
pattern existed – first onset lower and remaining three higher – one that may be explained in 
terms of the individual‘s technique. Notably, the period of rest for the high frequency trial, 
showed lower values than the periods of rest for the other two ―easier‖ ones (low and 

medium).  
Further, the part of the trial where a tone was sustained began with an onset of about 40% 

of MVC and gradually increased to peak levels of the short onsets as the breath of the singer 
was expended. These two facts suggest a subconscious pre-planning on the part of the singer, 
since experience would tell her that an increase of physical effort was going to be required 
during the generation of a sustained tone. This has implications for vocal pedagogy, since the 
singer was not perceptibly aware that such patterns were developing. Clearly, in spite of its 
quantitative limitations, EMG can provide significant information in terms of skill analysis 
and evaluation of training. 

 
Force Measurements 

Force measurements provide quantitative measures of the interaction between a human 
body and its surroundings. They may be determined using platforms, small sensors, arrays of 
sensors, or in a myriad of other ways specifically required by the conditions of testing.  

In arts biomechanics, force platforms can be used to quantify ground reaction forces and 
weight transfer during activities such as dancing or balancing. Figure 13 shows a ballet 
pirouette.  

The yellow arrow shows the force vector of the ground reaction force in relation to the 
dancer‘s inertial centre of gravity. Not only can such information be used for pedagogical 
purposes, it has potential industrial significance for design of ballet footwear and for injury 
prevention and risk management regimes. (Chockley, 2008; Shippen and May, 2008; Shippen 
and May, 2009; Solomon and Solomon, 2004) 

Small sensors in a variety of configurations can be used to answer task-specific research 
questions. Examples in arts biomechanics includes installation in keyboards (Parlitz, Peschel, 
and Altenmuller, 1998), in mouthpieces of wind instruments (Devroop and Chesky, 2002), 
and on places where performers fingers or thumb come into contact with an instrument 
(Nemoto and Arino, 2007). The data gathered gives information about finger pain, efficiency 
and effectiveness of physical effort and the effects of long-term training.  
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Figure 13. Measurement of ground reaction force using platform during dancing (Shippen, 2009). 

 
Synchronized Measurements 

Together, data collection systems such as the ones described supply information on how 
individuals interact with their environments and tools. The data delineates cognitive and 
neuromuscular processes used while preparing to produce and during the execution of an 
action. Synchronized systems – those where data from multiple systems are measured and 
time-coded simultaneously – are the best means to analyze and understand the complexities 
of human performance because they provide multiple perspectives of the same phenomenon. 
The real challenge lies in find meaningful ways to integrate these various perspectives into a 
holistic view. From an analytic standpoint, it is problematic that inputs can include many 
different time variables (energy, force, linear and angular positions, speeds, accelerations, 
bio-signals), each of which may be measured in different units, sampling frequencies and 
scales. Thus, for meaningful quantitative research, a central analytical tool needs to serve as a 
nexus for comparing and correlating the multiple signals that are generated. Biomechanical 
modeling provides just this means (Figure 14). 

In summary, synchronized systems coupled with biomechanical modelling reveal more 
anatomical and biomechanical perspectives than measurements alone. 3D motion capture 
system supplies the spatial position, velocity, and acceleration of limbs and/or joints. EMG 
captures muscle activity, which can be utilized to fractionate the response process and get 
intensity and timing of neural control as well as the coordination between and among muscle 
groups. Force measurements reveal the interactions between subject and environment. Video 
other means provide a traditional external view for motion analysis reference. Biomechanical 
modeling links the coordination of the joints with neural controls (muscle activities). In total, 
synchronized systems present a more global technique to measure, analyze and understand 
any human motor skills. 
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Figure 14. Biomechanical modeling as a platform for integration. Modeling supplies the means to 
connect and compare multiple inputs. Single-headed arrows represent inputs that are measured. Double 
arrow heads represent those that both influence and are influenced by the model (Visentin and Shan, 
2004). 

 
2.5. Samples of Pedagogic Applications 

 
Section 2.3 began with a discussion of the principal challenges faced by Arts 

Biomechanics as a field of study and ended by identifying two questions that Arts 
Biomechanics can begin to answer. The first of these, ―Can we identify, describe, and 
quantify qualities that lead to artistic success while minimizing the potential of performance 
injury?‖ directly addresses pedagogy. Its goal of reducing the potential of performance 
injuries will ultimately be unsuccessful unless it provides information for improving 
pedagogy. Both teachers and learners are primarily interested in much more primitive 
questions, such as ―How can I teach/learn skills faster?‖ Concerns for injuries typically come 
low on both students‘ and teachers‘ priority lists until they have actually occurred. By 
engaging in research that addresses both effectiveness and efficiencies in performance, Arts 
Biomechanics can begin to influence attitudes. If performing artists believe there is a 
faster/better way to do something, they will listen. But, research in Arts Biomechanics will 
have to provide practical and convincing scientific evidence, clear language and definitions, 
and a means to re-evaluate and improve pedagogy in ways that do not compromise artists‘ 

perceptions of the end product – their art. 
Unfortunately there are relatively few examples of quantitative research in the literature. 

One example, related to violin, gives a glimpse of the potential of Arts Biomechanics 
applications in pedagogy (Visentin et al., 2008). In the study the authors set out to determine 
whether or not it was possible to accurately and objectively characterize and generalize some 
biomechanical skills related to violin performance. Both smooth and bounced bowing 
techniques were examined at various speeds and on all four strings of the violin. The goal was 
to accurately identify postural and kinematic landmarks, kinetic ―feel‖, and motor control 
patterns (i.e. ranges of motion of single joints and dynamic interactions among joints) that 
might characterize the movements of expert performers. From a pedagogical standpoint, 
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consistencies observed among expert subjects of differing anthropometric proportions can 
provide ―markers‖ that should be easily employable in teaching. 

 

 
Figure 15. Right elbow and shoulder flexion/extension. Ranges of motion (ROMs) are measured by 
peak to trough differentials (Visentin, Shan and Wasiack, 2008).  

The results of the study showed that, for the two identified bowing techniques, finer 
motor control movements, such as those found in the wrists, were highly variable among 
subjects. However, shoulder and elbow movements, those joints that dominated gross motor 
control, provided generalizable patterns. Using these, several pedagogical markers were 
identified and quantitatively described. These markers provide information about posture, 
positions, and time-based dynamic interactions among joints during performance. 

Figure 15 shows both that there were absolute changes in the amplitudes of the joints 
measured and that the control pattern changes of the two joints appeared to be complimentary 
– one ROM gets bigger as the other gets smaller. From G string to E string overall shoulder 
flexion/extension angle decreased and shoulder flexion became more active and the ROM 
increased. The elbow acted in exactly the opposite manner. This is one example of 
establishing a compound ―marker‖ for a multi-joint task; one that can be used during the 
teaching/learning process. 

Additionally, through biomechanical modeling the study identified tempo-dependent 
phases of motor control. Three discrete control pattern phases were found for both smooth 
and bounced bowing (G. B. Shan et al., 2007; Visentin et al., 2008). Forward dynamic 
analysis revealed each phase to have distinct combination of kinematic factors. The first 
phase was marked by increased bow acceleration and speed (indicators of exertion), while 
travel distance of the bow decreased (reaction showing a compensation). The second phase 
was characterized by constant bow acceleration, revealing workload to remain steady, while 
distance and speed decreased (showing efficiency gains). And the third, revealing an 
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approach to physical limits of the player, showed bow acceleration, speed and distance to all 
gradually approach their respective plateaus (Figure 16).  

 

 

Figure 16. Kinematic factors showing three discrete phases of motor control defined by two critical 
points (vertical dotted lines). From left to right: increasing physical effort, optimization, and 
approaching physiological limits (Shan and Visentin, 2003).  

Although there are relatively few examples in the pedagogy literature, other sources 
contain information that also has pedagogic implications. The problem with this is that the 
venue of the information might preclude reaching those who are most influential in the artistic 
practice – performers and teachers. One such example comes from the medical literature (G. 
B. Shan and Visentin, 2003). The study was directed toward quantifying biomechanical 
factors related to Repetitive Stress Injuries (RSIs). Findings suggested that music education 
would benefit by applying biomechanics in the teaching and learning process. For example, 
Figure 17 represents a trial typically found among professional violinists. The elbow heights 
of the subject were normalized as a percentage of his body height.  
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Figure 17. Vertical movement of left and right elbows during a typical 32-second trial. A two-octave G 
major scale was performed, beginning on the G-string cycling to E-string and back (G. B. Shan and 
Visentin, 2003). 

This kind of kinematic analysis shows asymmetrical control between left and right side of 
the body. Elbow heights were near static on the left (approximately 68% BH), while the right 
showed a complex dynamism. Right elbow ROMs were remarkably greater on the E-string 
(9.3% of body height) than on the G-string (6.9% of body height). The implications for 
pedagogy are significant. When teaching about bowing, the teacher‘s efforts need to convey 
the dynamic nature of the right elbow; its position depending on both string played and part 
of bow used. Further, teachers need to be aware of how the kinematic chain actually works. 
The mechanism that raises and lowers the elbow is actually the shoulder. Failure to clearly 
express such markers can slow the learning process, limit the student‘s potential, or be a 

fundamental cause of eventual injuries. 
A marker-based teaching approach can provide insight into how it actually feels to play 

the violin. As these studies suggested, such methodology may have significant implications 
for development of new pedagogy models for learning performance skills on the violin. 
Connecting objective data with subjective perception or ―feel‖ is one way to accelerate the 
motor learning process. Teachers and students alike want to reduce the time required for skill 
acquisition and an evidence based approach decreases the time students must spend 
―experimenting‖ to establish basic coordination control. Clearly, more studies are needed to 
develop such models, not only for the violin, but for other instruments, for dance and for the 
related arts. A recent study examining university level trumpet players also alludes to the 
value of quantitative analyses for the development of new approaches to pedagogy (Devroop 
and Chesky, 2002).  

The selected examples show Biomechanics to be ideally suited for such task. Marker-
based approaches to performance pedagogy have the potential to increase the efficiency and 
effectiveness of skill acquisition. In this way, Arts Biomechanics is a new application of well-
established ideas. These ideas can guide the formative stages of learning and influence arts 
professionals and teachers. But, to be successful, it needs to meet the ―Art‖ on its own terms. 
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To do so, Arts Biomechanics must be willing to engage in a deeper discourse that explores 
the relationship between motor-control patterns (the ―quantitative‖) and the subjective aspects 
of the art – the desired aesthetic outcomes; thereby preserving natural variability and 
individuality of artistic ―style‖.  

 
Future Directions 

Arts Biomechanics is a field in its infancy. In can challenge traditional practices in arts 
pedagogy by successfully employing quantitative techniques to objectively describe 
physiological and biomechanical phenomena associated with fundamental performance skills. 
Systematic scientific inquiries hold the potential to provide answers to important multifaceted 
question such as those posed at the beginning of this section. However, arts performance is 
different from most day-to-day human motor activities. All arts performances are influenced 
by a complex set of factors related to the performers‘ personal aesthetic sensibilities and 

perceptions. Quantitative analyses can challenge these self-perceptions. The studies identified 
in this chapter show ways to establish a science-based approach to pedagogy. Such 
methodologies can increase the efficiency and effectiveness of skill acquisition, which will be 
welcomed by the arts industry – but only if they provide practical and convincing scientific 
evidence, clear definitions, and a means to reevaluate and improve pedagogy in ways that do 
not compromise artists‘ perceptions of the end product. It remains to explore the usefulness of 

Arts Biomechanics in the study of multiple Arts. A more comprehensive body of research 
could potentially revolutionize how performance skills are taught.  

 
 

3. INJURY RISK QUANTIFICATION AND PREVENTION RELATED TO 

ARTISTIC PERFORMANCE 
 

3.1. Overuse Syndrome 
 
Overuse syndrome is a ―catch-all‖ term for many different types of repetitive stress 

injuries (RSIs). Among performing artists, a myriad of injuries occur. Because artistic success 
or failure is often determined by micro-increments of ability, the smallest injury can 
negatively affect the performer and the artistic outcome. For example, an injury that affects 
the range of motion of someone‘s big toe by 10% would go unnoticed by an office clerk. 
However, for a prima ballerina, it could be the beginning of the end of a career. Pathologies 
can include: tennis elbow, shoulder injuries, rotator cuff injuries, focal dystonias, tendonitis 
and lower back pain and more (Fry, 1987; Zaza, 1992, 1998). Although repetitive movement 
may typically be the mechanism of these injuries, causal factors are deeply rooted in the Arts 
veneration of their traditions, pedagogic and artistic. 

Reported rates of vocational injuries among performing artists are very high. Among 
musicians, affect between 50% and 76% of professionals (Fry, 1988; Fry et al., 1988; Zaza, 
1998). Considering that this applies to musicians with injuries serious enough to affect their 
vocational activity, often for extended periods and sometime career-ending, these statistics 
are staggering. There are three general categories of injury commonly diagnosed and RSIs 
accounts for over half of these. Given the high incidence of RSIs, the industry has recognized 
the need for developing efficient and effective prevention and risk-management strategies. 
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Currently most efforts in this regard are still in the early stages of research. Biomechanics has 
been contributing in the areas of accurate and quantitative description, understanding the 
nature of the physiological loading, and linking epidemiological studies to the observed 
activities. The aim has been to minimize or prevent injuries by reducing biological loading. 
Since Arts performance activities often involve the whole body, and demand high degrees of 
both fine and gross motor control, an examination of their complex biomechanical processes 
may lead to generalizations about RSIs that apply to other complex human activities.  

Definitions influence research questions, design and structure. Therefore, it is necessary 
to review traditionally held definitions in order to ensure that they are sufficiently nuanced to 
direct researchers in the design of their studies. RSI has been traditionally defined as the 
excessive use of body parts so that the accumulation of micro- trauma exceeds human 
physiologic limits (D. M. Dawson, Hallett, and Millender, 1990). It has been understood for 
quite some time that basic factors influencing the etiology of RSIs include: (1) genetic 
makeup of indificuals; (2) performing technique; and (3) time  intensity of activity (Fry, 
1987). Recent studies, identified below, improve upon these basic definitions. 

 
 

3.2. Biomechanical Modeling as a Platform to Understand OS 
 
The details of this section are drawn from an article published in the journal Medical 

Problems of Performing Artists (G. B. Shan, Visentin, and Schultz, 2004).  
Injuries that occur from repetitive use significantly differ from those that typically occur 

from load-related accidents or during sports. In the case of the latter, injuries are essentially 
due to load impacts suddenly exceeding human physiological limits - limits that are 
theoretically possible to evaluate, and are relatively easy to diagnose. On the other hand, 
activities that cause RSIs have characteristic loads well below human physiological limits and 
injuries result from multiple micro-trauma, the effects of which accumulate over time. A 
gradual and imperceptible onset of injury shows RSIs to challenge human physiological 
tolerance - a factor that is difficult, if not impossible to quantify. Even though it may be 
tacitly understood by those who actually deal with such injuries, some current definitions still 
fail to articulate this distinction. Using the term ―physiological limits‖ in connection with 

―micro-trauma accumulation‖ is misleading. RSIs are entirely different than impact injuries 
because of the time-based and cumulative nature of the pathology. Thus, for meaningful 
quantitative research, a central analytical tool needs to serve as a nexus for correlating the 
multiple signals that are generated and for situational comparison. 

In the case of sport injuries, biomechanical modeling has successfully served as this 
nexus for assessment, remediation and prevention purposes (Ballreich and Baumann, 1996; 
G. B. Shan, 1999). It seems the next logical step to employ biomechanical modeling as a 
platform in the service of RSI research. However, generalized models must first be proven to 
be theoretically valid for the human body, and then modified to accommodate the conditions 
that accompany RSIs. Ultimately, it is hoped that this will lead to research that can clearly 
explore the concept of physiological tolerance where: 1) a temporal factor (the process of 
micro-trauma accumulation) is evaluated, 2) rates of recovery during periods of relative 
inactivity or rest are considered, and 3) increased understanding of the evolutionary nature of 
OS injuries will result in changed attitudes in the workplace and a focus on the development 
of prevention strategies. 
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Figure 18. Biomechanical model for quantification of musculo-skeletal loading and muscle 
lengthening/shortening. 

As it is the mechanical work performed by OS patients that obviously causes observed 
damage, an evaluation of ―work‖ appears to be a logical first step. Biomechanical modeling 
permits quantification of both the characteristics of the human body during activity and of the 
workload levels (G. B. Shan and Visentin, 2003; Visentin and Shan, 2003). It is the tool best 
suited to this task and can be used to make connections between the data generated by 
multiple assessment techniques (Figure 18). Simply, biomechanical modeling allows us to 
understand what happens inside the body using information gathered from outside the body. 

 
 

3.3. The Theory of Biomechanical Modeling as It Applies to OS 
 
The following discussion is based on several biomechanical studies (G. B. Shan et al., 

2007; Visentin et al., 2008; Visentin and Shan, 2003, 2004). Using motion capture 
technology, activities can be analyzed using biomechanical modeling. Anatomical positions 
can be obtained, the skeletal structure and simple positional data can be translated into 
skeletal movement using the fundamental precepts of physics. In such modeling, inertial 
characteristics of the body are estimated using anthropometric ―norms‖ found through 

statistical studies (G. B. Shan and Bohn, 2003; Winter, 1990). Combined with motion capture 
information, these allow the calculation of load intensity (which can be described using a 
variety of parameters measured at the periphery of the body) resulting in factors such as: 
force, work, moment, (angular) velocity or acceleration and Head Injury Code index (HIC) 
(C. M. Gadd, 1966; Hennig and Lafortune, 1991; Kosiak, 1959). Biomechanical modeling 
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allows muscles to be added onto the skeletal frame using anatomical knowledge regarding 
normal attachment points. Thus, muscle lengthening and shortening can be determined in 
connection with skeletal movement. From these, 1) internal loads (bone-to-bone contact force 
and muscle force, rotation caused by joint moment) can be quantified and, 2) when correlated 
with electromyographic signals, muscular work patterns (eccentric, concentric, isometric) can 
be determined.  

All ―modeling‖ involves simplifications of reality. The method‘s strength is that it 
provides a means to understand complex systems without becoming lost in detail. In the case 
of the human body, the key justification for using biomechanical modeling as an analytical 
tool hinges on the accuracy of internal load calculations based on the fundamental precepts of 
Newtonian physics (classical mechanics). To establish the contextual validity of the 
calculations, several steps need to be taken:  

 
a) the various forms of mechanical work (W) as they pertain to classical mechanics 

must be established 
b) a generalized form must be devised 
c) the generalization must be justifiable and applicable to all cases for biological 

reactions in the human body 
d) the system must be related to RSI specific conditions. 
 

3.3.1. The Physics of Mechanical Work 

Depending on the situation, work (W) may be mathematically represented as:  
 
 Work of force F over distance d W=Fd 
 Work of force F at velocity v over time period t: W=Fvt 
 Work of moment M at lever arm length l: W=M/ld 
 Work for accelerating (a) a mass m from 0 to velocity v: W=½mv² 
 Work for accelerating a mass m to momentum p: W=½p²/m 
 Work for accelerating mass m by force F over time period t: W=½(Ft)²/m 
 Work against friction 
 (c is a coefficient, n depends on the kind of friction): W=cvnd 
 
Note: for the sake of simplicity, all vectors are considered constant and parallel or 

orthogonal to each other. 
 

3.3.2. The Generalized Form Related to Work 

In order to overcome the diversity of form observed above, it is possible to establish a 
generalized form covering many (or possibly all) cases through the following steps: 

By appropriately substituting d = v t and v = at and p = mv, these expressions can be 
expressed in alternate forms as follows:  

 
W=Fd  becomes W=Fvt 
W=Fvt  remains  W=Fvt 
W=M/ld  becomes W=(M/l)vt 
W=½mv²  becomes W=½mavt 
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W=½p²/m  becomes W=½mavt 
W=½(Ft)²/m becomes W=½Fvt 
W=cvn

d  becomes W=cvn
vt 

 
In summary, unlike variables such as force, which cannot in this case be practicably 

considered a parameter due to its time-dependent nature, W may be used as a parameter, 
establishing a single value for a given process. In each of the above: 

 
 there is a case specific Variable of Intensity (VI) - which may include force, moment, 

stress, velocity, acceleration – plus transforming variables 
 they are weighted differently by using an activity-specific exponential factor n  
 loading duration t is taken into account (which may also have an exponential factor, 

m). 
 
Thus, the final mathematical representation in all cases is: 
 
W=CVIn

 t )m  
 

where C is a coefficient constant, n and m are integers and VI is the case-specific variable of 
intensity.  

It should be noted that, in addition to Work, three other parameters are also frequently 
used for predicting biological reactions: momentum (P), load duration (t), and maximum 
stress (MS). For demonstrating a common structure, they can be written in unusual ways 
using force as a common factor. Substituting these: 

 
P=F1

 t  
 
t= F0

 t . 
 
MS= cF(t)ndt .   
 
NOTE: In this last equation,  the maximum force determines the value of the integral. 

With high n, injury occurs as t0 and mechanical load approaches or exceeds physiological 
limits (Hennig and Lafortune, 1991). This is the condition of impact injuries. 

From the above it can be seen that all have the structure: 
 
CF(t)ndt)m  
 

when W, P and t are written as integrals.  
 

3.3.3. Biomechanics and Biological Reactions in the Human Body 

As the above are purely mechanical, it may be questionable that they really describe the 
reaction of a biological system. To demonstrate this, static work is most cited for showing the 
difference between mechanical and biological systems in terms of loading. When holding a 
mass, mechanical work is zero; physiological work is not. But this is an inadequate 
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illustration as it confuses the techniques of ―arresting‖ and ―active holding‖. For example: 
when standing with bent knees physiologic work is needed, but when standing with 
straightened (arrested) knees, work is much less.  

In consideration of this, empirical in-depth biomechanics studies yield parameters of 
biological reaction (PBRs), which are remarkably different from those yielded by mechanical 
ones. Examples from the literature include: 

 
 The Gadd Severity Index a2 . 5dt=const, predecessor of the similarly defined Head 

Injury Criterion HIC is widely used for predicting skull damage, where a certain 
constant is believed to be related to a certain degree of damage (Administration, 
1996; Barth, 2000; C. Gadd, 1966; McLean and Anderson, 1997; USA, ; 
USGovernment). 

 Re-evaluation of data indicating the p/T-limit where ulcers were seen when pressure 
p was exerted to the skin of dogs over time T revealed that the best PBR describing 
the limit is p1 . 2 const. (Kosiak, 1959). 

 Load which causes increase of bone density is best described by andt , where n 
varies between 4 and 12, depending on the situation. (Nicol, 1998). 

 World records in running are described with very high precision by vndt=const. 
The distance range studied was 12.5m to beyond a marathon and could be divided 
into four ranges with highly constant n in each range. Between ranges, the n varied 
from 0.006 to 0.229. As running a world record describes the maximum load that can 
be bourn in this situation. This formula is a PBR too. (Nicol, 1996, 1998) 

 
In spite of the differences, it can be seen that these studies result in PBRs which have a 

structure in common with the mechanic ones: 
 
 VIndt)m=constant 
 
The differences are that:  
 
 in mechanical PBRs, m may be an integer larger than zero, whereas biomechanical 

PBR require m=1  
 in the case of biomechanical PBRs, n does not have to be an integer because the 

empirical data may show a ―best fit‖ to require a non-integer.  
 besides PBRs that can be written as integrals over the whole duration of VI, 

biomechanic PBRs are used which relate to only a part of the activity duration. The 
criterion of Hennig and Lafortune (1982) is an example. It looks only at the range 
between the onset and the maximum of the VI.  

 
3.3.4. Characteristics of the PBR related to OS 

As it is the mechanical work performed by OS patients that obviously causes observed 
damage, a work-related model of injury risk has validity. For OS the PBR can be made 
situation (activity) specific by examining internal and external loads and integrating their 
influence into risk assessment. Injury risk predictions may thus be a product of this PBR. 
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Whereas impact injury theory examines loads that exceed physiological limits, OS occurs 
under different circumstances and requires an investigation of physiological tolerance. 

The following simple model of OS is considered: 
 
 OS is the result of the accumulation of micro-trauma 
 activity causes micro-trauma damage over time 
 biological repair takes place during periods of relative inactivity 
 the cycle of 2 and 3 above is repeated multiple times 
 with the result that the micro damage accumulates because the repair cycles are 

insufficient for complete recovery 
 finally, a critical limit is exceeded, macroscopic injury may be diagnosed, and the 

physiological tolerance of the individual is surpassed. 
 
In quantitative terms, the following fundamental premises may be used: 
 
1. Since damage (D) = MicroDamage   , it is obvious to put damage 

proportional to time T, because microdamage may be considered a constant that 
depends on the loading situation and on the properties of the biological system (both 
of which change minimally). 

2. As repair  (R) = R   T. The repair parameter R may be considered constant too. 
(As an alternative, R can increase or decrease as total damage changes due to the 
ability of the biological system to exercise repair under different conditions – i.e. the 
body may become more or less capable of repair at different levels of injury. 
Considering R to be constant represents a midpoint between these alternatives.). 

3. Cumulative Damage (CD) is thus the difference between damage and repair. 
 
CD=DT  RT. 
 
Figure 9 shows the development of CD over a single cycle where slow repair over a long 

time leads to complete repair (blue lines), a single cycle where fast repair over a long time 
leads to complete repair (green) and repeated loading cycles (red) where CD finally exceeds 
the critical CD value (orange). 

From this and other current studies (Visentin et al., 2008; Visentin and Shan, 2004), the 
following hypotheses may be made: 

 
1. that loads leading to Overuse Syndrome (OS) have qualitative and quantitative 

factors, both of which must be considered when undertaking risk assessment and 
developing prevention strategies 

2. that qualitative factors are related to the type of load (impact, fundamental, static, 
quasi-static, or dynamic) and the quantitative factor is related to the magnitude and 
duration aspects of the loading 

3. that, at comparable load levels, static or quasi-static loads are more injurious than 
dynamic ones; making quality of load a primary factor to consider when assessing 
injury risk 
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4. that the intensity of a series of dynamic load cycles with small intermediate recovery 
phases may be considerably higher than the intensity of static load of equal duration 
without causing injury 

5. that risk is directly related to the PBR and Intensityn  Duration of Activity, and 
6. that Intensity and n are influenced by quality and quantity of load. 
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Figure 19. Cumulative damage scenarios from cycles of micro-damage and repair (Visentin et al, 2004).  

In quantitative time-dependent terms, the PBR is directly related to activity Intensity (I), 
which is contingent on the patterns of the load for the activity in question. Therefore: 

 
PBR  (I)ndt. 
 
For RSIs, the intensity of activity is very low, work patterns change over time, and 

duration is the prime factor. Such conditions make RSI research extremely complex since 
establishing injury risk requires that: 1) intensity (I) be measured for the activity; 2) duration 
of activity be integrated into the risk calculation, resulting in a context-specific PBR; and 3) 
that rates of repair during periods of rest be considered. Unlike impact injuries where there is 
virtually no time between loading and injury (t0), repair cycles during periods of relative 
inactivity may not be neglected in the case of OS. In representing this model mathematically, 
the repair parameter (R) must be considered. Thus, Accumulated Micro-Trauma (AMT) is the 
net of these two biological processes: 

 
AMT = (I)ndt  Rdt 
 
All research must be based on some fundamental theory. This work establishes a more 

nuanced general form to guide RSI research in the future.  
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3.4. Current OS Studies Related to Music Performance 
 
Systematic research into artists‘ vocational injuries is relatively young. The primary 

venue for knowledge transfer has been the journal Medical Problems of Performing Artists. It 
has a 27-year history examining epidemiology and remedial treatments for artists‘ injuries. It 
has long been acknowledged that prevention was an important, but under-addressed area. To 
promote research in prevention, the journal has been very accepting of cross-disciplinary 
research that provides vocational views and/or points in the direction of remediation. 
Quantitative biomechanics studies have been an important part of providing linkages between 
epidemiology, remediation and prevention since 2003. The earliest of these studies examines 
biomechanics of violin performance (G. B. Shan and Visentin, 2003; Visentin and Shan, 
2003). Prior to this, some qualitative biomechanics work was included and, although it 
implicitly showed the potential to influence prevention, the results of the studies were 
essentially just descriptive (Tulchinsky, 1995; Tulchinsky and Riolo, 1994b). One of the 
missing elements was a theory or framework guiding future steps in the process.  

Richard Dawson, one of the founders of Medical Problems of Performing Artists, has 
published two retrospectives documenting the kinds and numbers of studies found in the 
international literature pertaining specifically to artists‘ injuries (W. J. Dawson, 2003, 2007). 
These provide insight into the state of research involving biomechanics and the Arts. Of 2385 
studies identified by Dawson (between 1997 and 2006), only 23 involved biomechanics. The 
vast majority of these used the techniques and technologies of biomechanics to examine 
causal factors leading to repetitive stress injuries. Below are some examples of Arts 
Biomechanics research in the literature:  

The body of work by Shan and Visentin has been formative in establishing a sequential 
series of steps and a fundamental theory underpinning the utility of Arts Biomechanics in RSI 
research (G. B. Shan and Visentin, 2003; G. B. Shan et al., 2004; G. B. Shan et al., 2007; 
Visentin et al., 2008; Visentin and Shan, 2003, 2004). From phenomenological description to 
multidimensional signal analysis, Arts Biomechanics was shown to hold significant potential 
in the areas of loading quantification and injury risk management. Equally important, it was 
shown to have potential in the areas of changing vocational attitudes and pedagogy. One of 
these studies identified three factors influencing the relationship between muscle loading and 
RSIs: load quantity (intensity), quality (static versus dynamic), and duration (time) (Kuipers, 
1998; Taylor, 1996; Visentin and Shan, 2004). Regarding load quantity, the study showed 
muscle activity during violin performance to be within the ―safe‖ range as typically identified 
by the sports biomechanics literature (Peterson and Renström, 1987). Given the frequency of 
injury among violinists this is obviously not the case. Shan and Visentin‘s work also 

considered load quality and duration. Using multidimensional signal analysis, loading 
patterns (qualities) in the muscles and joints were correlated with both load quantities and 
injury rates. Because violin performance is an asymmetrical activity, this provided a means of 
comparison between static and dynamic loading. Results had implications for the relative 
risks of static vs dynamic loading and began to quantify relative levels of risk. They also 
pointed toward pedagogical strategies aimed at prevention. Generally speaking, since static 
loading is more dangerous than dynamic (for the etiology of RSIs), the study suggested 
means to minimize static conditions or postures, and encourage dynamic motor control. 
Further the body of work addressed the issue of disconnects between performers bodily self-
awareness during performance and the quantitative reality of the phenomenon. For example, 
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violinists are typically taught that the left elbow should have a degree of lateral movement to 
accommodate playing on different strings. This improves performance outcomes in the areas 
of tone production and pitch tuning. Unexpectedly, they found that performers generally 
locked their shoulders in a highly adducted position; a posture that creates static conditions 
and increases the risk of injury to the left shoulder (Visentin and Shan, 2003).  

In another violin study by Rabuffetti et al. (2007), the effects of using different violin 
shoulder rests during performance were quantitatively described. The positions of markers 
placed on the player‘s body, violin and bow, permitted a kinematic analysis of position 

changes resulting from the use of different shoulder rests. The study identified that, since the 
instrument has a fixed geometry, the performer adapts to the instrument throughout the 
learning process. Shoulder rests are one of the few tools available to adapt the instrument to 
the performer. Rabuffetti et al concluded that ―optimization of the violin setup cannot be 
based on objective evidence only (anthropometric size, violin features, type of repertoire, etc.) 
but still requires a trial-and-error approach.‖ Motion analysis was used as means to provide 
information that might accelerate this process (Rabuffetti, Converti, Boccardi, and Ferrarin, 
2007). 

In a study of trumpet mouthpieces, Devroop and Chesky (2002) examined 
intraoralpressures, and compression of the mouthpiece against the embouchure. The basic 
assumption was that these physical elements contribute to performance related medical 
problems among trumpeters. Results reinforced concerns regarding risk for performance-
related medical problems, including rupture of the orbicularis oris muscle, tooth 
displacement, head and neck lesions, embouchure dystonia, and temporomandibular joint 
(TMJ) and jaw pain. In spite of the fact that many pedagogues and performers had attempted 
to explain some of the mysteries surrounding mouthpiece forces the study contended that 
their relationship was still not fully understood because these explanations were based upon 
empirical evidence and not quantitative measurements. The study confirmed that laboratory-
based research can be effective in searching for answers to real-world problems of performing 
artists (Devroop and Chesky, 2002). 

In a 3-dimensional biomechanics study of pianists hand and finger movement patterns, 
Virgilio et al. (2007) analyzed the movements recorded using a multi-camera motion capture 
system. A complex musical sequence, 16 measures of a Bach Minuet, was used as a test 
protocol for estimating the actual load imposed on joints during playing, as well as to assess 
the influence of experience on the actual movements. The central hypotheses blended 
concepts of injury prevention and pedagogy – that different patterns of movement would be 
used depending on the player‘s experience and that pianists could use different techniques to 

reach the same results. The study identifies that: 1) the movements required for piano playing 
usually involve low impact loads that do not exceed physiologic limits of human body, but 
their repetition may provoke microtrauma leading to overuse injuries; 2) Experience may 
allow a pianist to modify the motor patterns used for a performance, allowing the highest 
accuracy with minimum effort; and 3) that ―didactic techniques should always teach the 

students how to reduce—or better, to avoid—professional disorders‖ and ―the use of a wrong 

technique may accelerate the development of overuse stress injuries‖. Such work underpins 

the premise that prevention is a matter of risk management during the teaching and learning 
process (Virgilio, Chiara, Emilia, Paolo, and Sforza, 2007). 

Together, these and the other available few examples all directly or indirectly suggest a 
need for more research in the area of optimizing practice time and pedagogy with regard to 



Gongbing Shan and Peter Visentin 36 

both efficiency (skill acquisition time) and effectiveness (learning while managing injury 
risk).  

 
 

3.5. Future Directions 
 
Based on the current state of Arts Biomechanics research, there remains a considerable 

amount of work to do. Bridging the gap between quantitative research and empirical 
experience – thus providing vocationally meaningful research results – requires a marriage 
between the quantitative powers of science and the empirical/vocational strengths of the 
performing Arts. Multidisciplinary collaborations hold the potential to do exactly that. 
Integrative multidisciplinary research can provide outcomes that have practical application by 
co-opting the involvement and efforts of performers, teachers, medical practitioners, and 
biomechanics researchers. Even though term ―multidisciplinary‖ has become catch-phrase of 
some currency, multidisciplinary research is considerably more difficult to do than might 
initially be expected. Perhaps this accounts for the dearth of research in the area. In Arts 
Biomechanics, multidisciplinary research requires the integration of the sciences, fine arts and 
education. Researchers must engage in dialogue about disciplinary perspectives throughout 
the process, working directly with practitioners and accounting for perceptual experience at 
all stages of the work. In short, it is a challenging but rewarding endeavour. 

Arts Biomechanics has a particularly important role to play in the area of injury 
prevention, risk management and remediation. The authors see this as a three stage process. 
Context is established through integrating the multiple perspectives provided by MACRO 
studies (kinematic, kinetic, and EMG research). Such methods reveal quantitative ―external‖ 

(motor control pattern and intensity of load) parameters and qualitative internal ones 
(normalized EMG). They provide the first stage of a holistic approach to establish the true 
nature of biological loading. Additional explorations of OS must include the examination of 
context-relevant accumulations of micro-trauma on the MICRO level. This second stage of 
biomechanics research involves applying MACRO conditions in MICRO-level research. We 
speculate that existing technology can be used to determine the process of muscle fibre 
damage and patterns of activity-specific muscular trauma. The third stage must examine 
muscular regeneration under different circumstances. Recovery during stages of relative 
inactivity (rest) is a vital factor for risk management.  

 
Stage 1. Determination of Realistic Loading Conditions 

3-D motion capture, biomechanical modeling, and EMG provide multiple viewpoints for 
researchers and medical practitioners. Multi-dimensional quantitative analysis integrates their 
several perspectives and allows a systematic evaluation of biological loading. The main 
difficulties in this stage come from the high number and heterogeneity of signal components 
in terms of sampling frequencies, units of measure, diversity of generally accepted practice in 
dealing with the varied raw data, and interpretation of the results. Individually and 
combinatorially, using several measurement techniques permits quantitative description of 
factors related to the mechanism of injury. Kinematic modeling confirms group effects among 
muscles through positional description (an external perspective) and muscle length changes 
(an internal view). Dynamic and inverse dynamic modeling based on kinematic 
characteristics establish quantity of load, and quantify some factors related to quality (impact, 
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fundamental, static, dynamic). EMG determines the presence and general level of loading 
(e.g. relative muscle activity) with the normalization process pointing toward the 
physiological limits of the individual. Muscle lengths in combination with EMG and kinetic 
results create a clearer picture of the working pattern of the muscles. The main task in this 
phase is to measure diverse Arts performance contexts. 

 
Stage 2 – Micro Examination of Muscle Fibre Under Realistic Conditions from Stage 1 

Imaging techniques such as LM, TEM, and MRI are frequently used to examine already 
injured muscle areas but not the actual process of injury10 (Brandser, Elkhoury, Kathol, 
Callaghan, and Tearse, 1995; Komulainen, Takala, Kuipers, and Hesselink, 1998; Rubin et 
al., 1995; Uchiyama, Tamaki, and Fukuda, 2001). Traditional microscopic techniques have 
long been used to categorize morphological changes in stressed muscle tissue. Until two 
decades ago, the modalities available to image injuries for muscle and muscular attachments 
were plain radiography and to a lesser extent ultrasound. Plain radiography is ineffective 
because of its limited tissue contrast (Sundar and Carty, 1994). Ultrasound is highly operator 
dependent and has a limited view of soft tissue. More recent developments include computed 
tomography that can only obtain images in the axial plane and magnetic resonance imaging 
(MRI). In particular, MRI has recently become the modality of choice for imaging muscles, 
tendons and ligaments.  

Muscle research using animal models shows that injuries can be detected using 
histological and MRI methods (Biral et al., 2000; Kanbe et al., 1998; Smith, Plyley, Rodgers, 
and McKee, 1997; Thompson, Balog, Fitts, and Riley, 1999). These studies focus on impact 
(or near-impact) loading, static loads at high levels of intensity, eccentric (lengthening) 
conditions, and end-state examinations of the muscles (Koskinen et al., 2002; Stauber and 
Willems, 2002; Vijayan, Thompson, Norenberg, Fitts, and Riley, 2001). Such methods do not 
mimic the conditions that lead to OS, where loads are normally far below ―impact‖ levels, 

load patterns vary over time, and injuries are the result of micro-trauma accumulation. We 
suggest that, using realistic loading conditions determined in MACRO research, MRI 
techniques could be used to track the accumulation of micro-trauma using in-vivo methods, 
examining muscle deterioration over longer loading durations.  

 
Stage 3. Determination of Accumulated Micro-Trauma 

Based on the current success of MRI in MICRO-level imaging of existing injuries (Rubin 
et al., 1995; Steinbach, Fleckenstein, and Mink, 1994), a time course series could be used to 
determine the effect of repetitive stimulation on a muscle, and the rate at which micro-trauma 
accumulates. Micro-level studies may also be able to explore rates of repair during cycles of 
rest. In Section 3.3 (The Theory of Biomechanical Modeling as It Applies to OS) OS was 
mathematically represented time-dependent terms as follows: 

 
CD = (I)ndt  MRdt 
 
Since both of these factors involve internal biological processes, research must focus on 

determining activity-specific values for I and n in the first of these integrals and on MR for 
the second. 
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Prevention first requires meaningful measures and then comparison to the real world. 
Arts Biomechanics permits the integration of information from multiple inputs with a 
quantitative, time-based evaluation of load. It provides linking perspectives between the 
process and the endstate of OS and is the only method currently available that can do so. It 
remains to fully apply Arts Biomechanics in the service of determining factors associated 
with OS. 

 
 

4. APPLICATIONS OF MOVEMENT SCIENCE TECHNOLOGIES IN THE 

CREATION OF ART 
 
Movement science as a field can sometimes contribute to the arts in unexpected ways. 

Because innovation is a driving force in both science and art, technology can create 
conceptual bridges between Art and Science. In the previous sections of this chapter, Arts 
Biomechanics was seen to provide a means to characterize intersections between body 
movement and Artistic creation. Technology provided analytic tools and biomechanics 
provided a means to understand and interpret the data. This relationship can be extended to 
the creation of art, whether it involves actual movement or provides an analytic perspective of 
existing artworks. Technology frequently carries potential beyond its intended applications, 
but artists, composers, performers, and scientists need to work together in order to harness its 
latent possibilities in the service of the creation of art. Ultimately audiences will be the judge 
of an artwork‘s success or failure. Technology‘s role needs to be carefully considered so that 

in does not merely serve as a layer of complexity, confounding communication between artist 
and audience. Rather, the aim of technology should be to enhance the intensity and relevance 
of the artistic concept. The purpose of this section is to provide discussion of several such 
links. 

In the visual arts, creative motivation typically derives from artists‘ emphasis of their 

own individuality and their subjective interpretations of phenomena. As such, the end product 
can be understood as an effort to represent different aspects of the human experience, as they 
perceive it. This, in fact, is not just an artistic concept, it is a scientific one, too. Both science 
and art are contingent upon having a means of ordering one‘s perception of the world and of 
expressing that perception. Science does so with numbers and formulae while the visual arts 
does so with images and sculpture. Using the approaches of science, movement analysis 
technology can provide a link between artistic representations of human movement and our 
experiential understanding of the bodily condition. The following discussion tracing some of 
the influence of movement science on the visual arts is based on an in-press manuscript by the 
authors (Shan, Visentin and Harnett, 2009). 

Historically, representing time-based event of human movement in an image or sculpture 
has been a challenge to artists. Pre-photography, human movement was typically represented 
by capturing a single critical point during the unfolding of a gesture. Such stop-action 
representation often exaggerated the phenomenon in order to emphasize an ―affect‖ that 

would elicit empathy in the viewer; such art typically relies on the viewer‘s experiential 

knowledge (of their own bodily condition) or on iconography and/or cultural loading.  
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Figure 20. Diskobolos of Myron (circa. 460 BC). 

For example, Myron‘s classical representation of a discus thrower (circa. 460 BC) is, 
from an anthropokinetical standpoint, hardly realistic. Yet, its representation of athleticism 
and dynamism are understood; the contorted, unnatural body position as a means to show 
power and effort has become iconographic (Figure 20).  

 
"What work is there which is as distorted and elaborate as that Diskobolos of Myron? But 

if anyone should criticize this work because it was not sufficiently upright, would he not 
reveal a lack of understanding of the art, in which the most praiseworthy quality is this very 
novelty and difficulty?" Lucian III: The Lover of Lies (1916) translated by A. M. Harmon 
(Webpage of the University of Chicago, 2006).  
 
Until the 20th century, affective representations of human movement are the norm. 

Developments in technology – the advent of photography – inspire some of the most 
profound changes in 2-D image-making. Photographic techniques were employed by both 
scientists and artists. The work of Edward James Muybridge may have been scientific 
investigations, but they had a huge impact on the art world. Muybridge used multi-camera 
stop action photography (Figure 21 and 22) and multiple exposure techniques (Figure 23) to 
initiate a scientific approach to human movement studies (Cavanagh, 1990; Solnit, 2003). 
Further developments using photography to capture and analyze human movement can be 
found in the work of: 1) Etienne-Jules Marey, who worked with high-speed photography at 
the same time as Muybridge, capturing multiple images with one camera on one photo plate 
(Braun, 1992); 2) Wilhelm Braune and Otto Fischer, who created elaborate 3-D models and 
performed thorough gait analyses using 4 cameras and subjects marked with Geissler tubes 
which emitted current that could then be seen on film (Cavanagh, 1990); 3) Nikolaj 
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Bernstein, who developed precise kinematic procedures using cyclography, a technique 
employing film that was slowly moving through a camera with a mirror placed at a 45 degree 
angle to the optical axis, thereby creating a picture that gave a frontal and lateral view of the 
subject (Medved, 2001); and others – using techniques such as strobes, multiple and time 
exposure (Plagenhoef, 1971). Biomechanical analysis using modern-day, motion capture 
technology and can be considered a direct outgrowth of this work. 

Directly influenced by photography, early 20th-century Futurist painters such as Umberto 
Boccioni and Gino Severini began to experiment with these ideas, creating works (Figure 24, 
Dynamism of a Dancer [1912]) that compressed the principle of multiple exposure imagery 
into ―kaleidoscope art of force lines, vectored shapes and mobile patterns‖ (Hunter, Jacobus, 

and Wheeler, 2004). 
 

 
Figure 21. Multi-camera stop action recording of a pole-vaulter, by Muybridge. 

 

 

Figure 22. Multi-camera stop action of a nude descending a staircase, by Muybridge. 
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Figure 23. Multiple exposure photography documenting human movement, by Muybridge. 

 

Figure 24. Gino Severini - Painting: Dynamism of a Dancer [1912].  
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Displaying multiple fragmented essences in a single visual image, these artworks 
approach an expression of time and position designed to represent a perception of the human 
experience, by combining the traditional idea of stop-action affective representation with 
Muybridge‘s multiple exposure techniques. 

In each of these instances, the artwork can be understood to capture a sequential 
expression of how we experience existence; one where technology has influenced our 
existential perception of the world. American Modernist art sometimes strips down the 
imagery to its bare essentials, leaving only gesture. For example, Franz Kline (Kline, 1950) 
condenses gesture into a single frame of reference (one that may not be anthropokinetically 
accurate, but is bodily expressive), and contemporary artist Tanya Harnett builds the 
dynamics of a 3-D space through layered subject matter, gesture, and historical reference, 
using them as a stage for a photographic image that compresses time, x-y-z dimensionality 
and cultural reference into a flat-surface gestural work. Harnett‘s Nude Descending a 

Staircase (Figures 25 and 26) is a direct reference to Marcel Duchamp‘s work of the same 

title, who acknowledged the influence of Etienne-Jules Marey‘s motion capture studies. 
When such works are viewed, they can be understood as a metaphors and commentaries on 
the human experience.  

 

 

Figure 25. Nude Descending a Staircase (Tanya Harnett, 2008, reprinted with permission of the artist). 

 
4.1. 3D Motion Capture Technology on Visual Art 

 
If photographic techniques tested the limits of visual culture in the early 20th century, 

film, video and more recent developments in computers (3-D motion capture, virtual reality, 
etc.) do so in ours. Cognition in these dynamic environments also relies upon the empathy of 
the viewers. 
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Figure 26. Nude Descending a Staircase (Tanya Harnett, 2008, reprinted with permission of the artist). 

These newer technologies are relatively easy to use and they diminish demands formerly 
made on content creators; simply, because video media unfolds sequentially, it is easy for 
viewers to believe in its verisimilitude. With respect to motion capture technology as an 
extension of video media, four fundamental and consequential questions arise: 1) Can 3-D 
technologies facilitate analysis and categorization of dynamic, time-based motions? 2) How 
much representative information is needed in order to evoke an event‘s unfolding over time 

(affects of human movement)? 3) What implications does the technology have for artistic 
image making? And, 4) can we begin to speculate about cultural context as a factor 
influencing gesture?  

 
 

4.2. 3D Motion Capture and the Visual Arts: Theoretical Considerations 
 
Gesture communicates information, the meaning of which is driven by empirical 

experience. Perceptions of gesture as an unfolding of time-based events are intrinsically 
integrated with the form and function of human movement. Since viewers of a 2-D image 
have experienced their own bodily gestures as a time-based event, they are inclined to 
empathize with any such implications in an artwork. The aesthetic experience and 
understanding of a visual image is both spatial and temporal. Hence, visual communication is 
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linked to the personal experience of the viewer, where culture, iconography and/or visual 
analogy can play a role.  

Motion capture provides the means to accurately record movement in 3-dimensional 
computer space. The technique differs significantly from actual photography. First, the 
information gathered is not an actual image, rather it is a collection of trajectories generated 
by pre-defined, user-determined points. Second, the viewer‘s choice of perspective is not 

controlled by camera placement because it can be altered after the motion has been captured. 
Images synthesized from motion capture trajectories may be used to analyze characteristics 
that are objectively representational of time and bodiliness. These may be considered 
signature elements of human movement. 

 
 

4.3. Exemplary Experiments 
 
Notwithstanding type of activity, trajectory-based images generated using motion capture 

suggested qualities that may be an aid to establishing signature elements of human movement. 
The uniqueness of each activity can be understood by relational emphasis on factors such as 
stability (balance, body position/posture), athleticism (weight, speed, power/vigor), quality of 
movement (control, smoothness/abruptness), and dimension of the movement (excursion). 
Selected examples, described below, showed how 3-D motion capture could aid discourse 
about perceptual characteristics of human movement. Examples are drawn from sports and 
dance. 

Figures 27 and 28 shows trajectories associated with a side kicking technique in Tae 
Kwon Do. Its main characteristics were:  

 
Stability: trunk trajectories had relatively small, near-linear excursions and they tended to be 

clumped in one area of the image. The largest trajectories (legs and feet) visibly occurred 
on a plane rather than in a volume. Clear presence of a centre, circled by rotational trunk 
trajectories suggested weight, balance and a centripetal centre. 

Athleticism: Long trajectory lines of the legs, particularly the feet contrasted the ―low-
energy‖, shorter lines of the trunk, lending the impression of a speed differential and a 
directed power. Orientation of the foot and leg trajectories was in contrast to those of the 
rest of the image, showing dynamism. 

Quality of movement: Continuities of trajectories were smooth, showing controlled gestures, 
except for acute-angle structures that occurred at the apex of the foot excursion. Abrupt 
changes of the direction indicated thresholds of the activity or bodily limits where energy 
of the movement was released. Generally compact excursions of trajectory lines showed 
the movement to be occurring in a limited space, suggesting bodily control. 
 
Figure 29 shows a soccer kick, viewed from above. Its key characteristics were: 
 

Stability: Most trajectories appeared to be aligned in one general direction and have nearly 
similar lengths. Relatively parallel to one another, trajectories (particularly trunk and 
head) showed a state of controlled balance. 
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Athleticism and dimension: Swirling trajectories of the arms were related to energy and 
athleticism. The double structure of these swirls indicated building and release phases of 
the movement. It also gave scale to the overall gesture. 

Quality of movement: Abrupt changes in trajectory direction (points of curvilinear 
discontinuity) showed the release of pent-up power, a quality related to dynamism. 
 
Figure 30 shows a signature generated by a Grand Jeté from classical ballet.  
 

Stability and quality: A dense mass of trajectories, and a planar orientation in the central 
trajectories of the image (trunk) were evidence of balance and control. These contrasted 
trajectories (e.g. arm) where excursions had a rotational focal point (i.e. shoulder) and the 
regularity of the curvilinear path clearly indicated fluidity and speed. These signature 
characteristics can be related to balancing. 
 

 
 

 

Figure 27. Side view of Tae Kwon Do side kick with body trajectory lines included (above). Sequential 
stop-frame reconstruction of the movement (below). 
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Figure 28. Tae Kwon Do side kick (front-back view) with body trajectory lines. 

 

 

Figure 29. Soccer maximal instep kick (top view) with body trajectory lines. 
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Figure 30. Ballet Grand Jété with body trajectory lines. 

Figure 31 shows a fundamental skill of classical Indian dance. In Indian Dance, hand 
gestures and steps are executed according to highly codified traditions.  

 

 
 

 

Figure 31. Indian classical dance (front View) with body trajectory lines. Sequential stop-frame 
reconstruction of the movement (below). 
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Different combinations of gestures and movements provide a huge vocabulary through 
which stories can be depicted in surprising detail, perhaps intended to surpass the spoken 
word (Barboza, 2006).  

 
Stability and control: The clearly formal structure of trajectory lines showed controlled 

movement. Layered densities of line showed elements of architectural symmetry, 
balance, and regularity and consistency of movement. Centre of gravity was virtually 
fixed in a horizontal plane. Such characteristics, particularly the symmetrical, 
architectural references which were the result of highly codified training, could perhaps 
be seen to be cultural indicators. 

Athleticism and Quality: Continuous gesture trajectories along with no obvious points of 
curvilinear irregularity indicated dynamism to be less important. Energy expenditure was 
directed toward control rather than athleticism, which would have more indications of 
gathering and release. Generally compact excursions of trajectory lines suggested 
movements in a limited space. 
 
For human movement, the experiential nature of bodiliness is a link connecting the 

spatial and temporal. Activities such as sports, dance and performance are loaded with 
cultural mythos, whether it is the embodiment of the warrior class, religious symbolism or the 
inertia of cultural fashion. Movement signatures necessarily play a role in storytelling. This 
assertion acknowledges important differences between the concepts of ―history‖ and 

―aetiology‖. Whereas history is often viewed as developmental, which should not be 
conflated with eschatological, aetiology investigates the conditions needed for historical 
change to take place. Change occurs within the context of culture – whether biologically or 
philosophically motivated.  

Examining sports, the heritages harkens to a surrogate for warrior-class activities, 
emphasizing power and speed, with additional elements such as control and balance. These 
can be understood as signature elements of activities derived from a tradition of battle. 
Culturally, sports teams are an extension of the concept of championing, where selected 
representatives of the group pit their skills against opponents in proxy for the group as a 
whole. The signatures of Figures 27 to 29 reveal these very characteristics. 

Performing arts activities such as dance represent traditions that can also be understood 
as a proxy; one for the values of the group heritage. In the case of activity 4, Grand Jeté, 
cultural references are rooted in the Court of Louis XIV, where the foundations of classical 
ballet originate and dance was used as a political tool. As a matter of note, when he took 
power after reaching the age of majority, Louis the XIV, a virtuoso dancer, performed in an 
allegorical ballet, dressed as the Sun God Apollo, symbolizing the rising of the sun to drive 
away of the darkness of the previous political regime. From this point forward, Louis XIV‘s 

noble class involved much of their efforts in learning ballet in order to imitate the noble 
bearing of the King (Hilton, 1997). Hence, fundamental signature elements - upright bearing, 
control, naturalness and demonstrated strength through elegant fluidity - become highly 
codified; controlled symmetrical dance structures and steps analogous with the nobility of the 
King and his natural, god-given place in the universe. These elements are still present in the 
fundamentals of ballet today (Figure 30). 

Clearly, many activities can be viewed as culturally loaded. The East Indian dance 
signature (Figure 31) is visually distinctive, with characteristics that display highly codified 
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dance traditions – a stylization that captures something that is meaningful to or representative 
of the culture. In East Indian dance, iconography is very direct. Much is related to storytelling 
(religious or historical) through gesture. Formal, architectural structures, stability and control 
can be related to the rhetorical cohesion needed to tell these stories. Sociological and/or 
anthropological understanding enhanced by movement analysis technology might be one 
bridge in the exchange of cross-cultural ideas. Understanding our experience as a temporal 
bodily phenomenon creates cognitive links between information, still imagery, and cultural 
mythos as other kinds of metaphors for the human experience.  

 
 

4.4. Other Contemporary Examples 
 
The potential of movement analysis technology in the creation of art has been explored in 

several settings. Notably, Paradiso (1999) explored unconventional interfaces for individuals 
to interact with musical environments. In his ―Brain Opera‖ project responsive environments 

were built out of ―smart objects and sensitive spaces, where any kind of physical activity or 
motion can result in a sophisticated multimedia reaction‖ (Paradiso, 1999). The kinds of 
interfaces explored permitted interactive musical mappings based on the intuitive responses 
of the participants (who were also the audience). Although the authors claim that several of 
the Brain Opera's goals were achieved, the experiment has essentially proven to be a ―one-
off‖. It may have been an ambitious way of ―hinting at the possibilities now opening for 

large-scale participatory music installations,‖ however the aim seems to have been mostly an 

exploration of technological capacity and the project fell short of enhancing the intensity and 
relevance of an artistic concept. In the study, Paradiso explained this to arise from the way in 
which the ―project refuse(d) to fit into any clearly defined musical category‖. In a separate 

study, Paradiso et al. (2003) further examined the concept of interactive musical 
environments using electromagnetic tagging technology, where an ensemble of passively 
tagged objects was tracked in real time. These were tied to simple notes and musical effects 
which enabled dynamic control of musical sequences and sonic textures (Paradiso, Pardue, 
Hsiao, and Benbasat, 2003). Although technologies can advance installation-based interactive 
music environments, their communicative efficacy still rests in the ears of the audience.  

In a multimedia project incorporating music and dance. Bevilaqua et al. (2001) used a 3D 
motion capture system to produce animations from dance and, more unusually, generate a 
soundtrack from the dancer's movements. Motion capture data was used to both trigger and 
modify the timbre of sounds. The project was exploratory, challenging traditional boundaries 
between the arts (music, dance, studio art and drama) and sciences (motion analysis 
technology). The authors define their thesis as follows: 

 
―In electronic music, the relationship between sound generation and touch/gesture is 

artificially defined, contrary to the way in which sound is produced in acoustic instruments. In 
fact, the possibility of designing the interface between the gesture (or the touch) and the sound 
is a fascinating feature of digital music. Most electronic music controllers that have been 
created are based on existing acoustic instruments (for example the piano keyboard). Such 
electronic controllers have the obvious advantage to be used relatively easily by ‗traditionally‘ 

trained musicians‖ (Bevilacqua, Naugle, and Valverde, 2001). 
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In summary, such research consistently points to the need and desire for greater 
collaboration between artists and scientists. In the given examples, technology provides 
analytic tools and a means to characterize intersections between the body and artistic creation. 
Biomechanical signals link the artistic conceptualization and its interface with our 
perceptions. Such explorations are just starting. And, while the benefit may currently seem a 
bit one-sided – artists taking advantage of technology for the betterment of their art – the 
benefit really flows both ways. Technology is in a consistent state of rapid change. Artists‘ 

demands can be a catalyst for improving it. For example, in the case of 3-D motion capture, 
some of the first demands for video and sound to be synchronized with the 3-D data came 
from Arts researchers (VICON motion capture). This development is ubiquitous in the 
industry today. 

In terms of biomechanics research, there continues to be significant unexplored potential. 
Throughout history, each set of technologies has ushered its own set of changes into the way 
people interact with their environment and generate understanding. Technology may allow 
complex mapping functions to be interpreted very sophisticated ways. But, it is sometimes 
more interesting and useful to consider the artistic gesture, the potential for expression, or the 
aesthetic design inherent in the digital data generated by it. This kind of thought is a central 
tenant of the artistic process. And, to reconsider the first question posed in this chapter, it is 
one of the best reasons to ―bother with Arts Biomechanics‖. 
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ABSTRACT 
 

The Ocular Biomechanics Group was established in 2002 with one clear target; to 
develop a virtual reality model of the human eye that can be used effectively and reliably 
to predict ocular response to surgery, injury and disease. This ambitious, and seemingly 
illusive, target helped plan our activities over the last 6 years and will still be focusing 
our efforts as we strive to create the necessary knowledge using experimental methods, 
build the predictive tools using programming and analysis means, and validate the 
findings in both the laboratory and the clinic. This chapter presents an overview of our 
biomechanical studies from laboratory material characterisation to finite element 
numerical simulation. The chapter describes what has been achieved and points at the 
remaining gaps in our knowledge. It explains that while much remains unknown in ocular 
behaviour, we are now in a good position to use available knowledge to progress 
predictive modelling and use it in actual applications such as improving the accuracy of 
tonometry techniques, planning of refractive surgeries and design of contact lenses. The 
discussion focuses on the cornea, although scleral biomechanics receive some mention. 
The chapter also refers to microstructural, biomechanical and topographic studies 
conducted by other research groups. Coverage of these studies has been necessary to 
provide a more complete image of current understanding of corneal biomechanics. 
 
 

INTRODUCTION 
 
The transparent cornea is a most important component of the outer ocular tunic. It 

provides a tough protective envelope for the ocular contents and helps give the eye its general 
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shape, Figure 1. The anterior corneal surface accounts for about two-thirds of the optical 
power of the eye [1].  

 
Cornea

Limbus

Lens

Sclera

Optic nerve

 

Figure 1. Cross-section of eye globe showing some of the main components [4]. 

This important role can be defined in terms of corneal shape, regularity and clarity, and is 
a function of its refractive index. The cornea‘s contribution to ocular image formation can be 

degraded by anomalies in shape produced by disease, injury or surgery. The ability to 
understand and predict corneal response to such conditions is therefore of great clinical 
importance [2, 3]. 

The past three decades saw a rapid growth in the use of numerical modelling to improve 
understanding of corneal biomechanics and to predict ocular response to the conditions met in 
tonometry and refractive surgery. Numerical models have improved in accuracy and in their 
representation of the natural conditions of the eye. In the 1980s and 1990s, it was common to 
assume linear elastic, and homogenous material behaviour and spherical topography in 
corneal numerical models [5-8]. Since then, and with the better understanding of corneal 
behaviour and topography achieved experimentally and clinically, these assumptions have 
become unnecessary [9]. The increase in computing power over these three decades also 
made it possible to produce and execute highly nonlinear corneal models with fine finite 
element meshes and with consideration of other ocular components [10, 11]. These highly 
expensive models, which required specialised mainframe computers in the past, can now be 
conducted on commonly available personal computers. 

However, in spite of this progress, corneal numerical simulation had only a limited role in 
improving clinical practice. An example of this situation can be seen in the attempts to create 
numerical models of refractive surgery, where much attention has been given to simulate the 
procedures [12-23], but as yet no numerical model has been adopted in clinical practice to 
plan and optimise refractive surgeries. Offering a solution here might not be straightforward 
since part of the problem is related to the clinicians‘ reluctance to adopt tools and findings 

that come through a numerical route. However, much progress can be made by reviewing 
current modelling approaches, and concentrating on the areas where improvement is needed. 
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Recent developments in corneal microstructure detailing, material characterisation and 
topography mapping are offering valuable information for numerical modelling. 
Microstructural studies have identified the preferential orientation of stromal collagen fibrils 
[24-27] and the resulting anisotropy in corneal biomechanical behaviour [28, 29]. The corneal 
nonlinear stress-strain behaviour [14, 30, 31], viscoelasticity [32, 33], hysteresis [34], long-
term creep [35] and stress relaxation [36] have been measured experimentally. The 
epithelium‘s contribution to corneal biomechanics has been quantified in relation to the 
stroma [37, 38]. More recently, the inter-lamellar adhesion within the stroma, under both 
shear [39] and lateral tension [40-42], has been assessed. Much work has also been done to 
determine the anterior and posterior asphericity [43-45], and the thickness distribution of the 
cornea [46, 48]. These properties offer new opportunities to make numerical modelling more 
representative of corneal behaviour, and potentially more reliable. But the question, which 
this chapter attempts to answer, is how best to use this knowledge, and whether it is essential 
for a numerical model to consider all these properties regardless of the application at hand.  

The chapter starts with an overview of recent microstructural, topographical and 
experimental advances that provided significant improvements in our understanding of 
corneal biomechanics. A discussion is then presented on how to embed the experimentally-
obtained material behaviour in numerical simulation. Within this discussion, a general 
introduction to finite element modelling and the simplifications involved in model 
construction is presented, followed by an assessment of the effects of simplifications on 
model output and whether these effects are acceptable. The chapter ends with concluding 
statements on the way forward for corneal numerical simulation. 

 
 

CORNEAL MICROSTRUCTURE 
 
The human cornea consists of three distinct layers: an anterior epithelium, a posterior 

endothelium and a central stroma, Figure 2. Between these layers are specialised extracellular 
structures called Bowman's layer and Descemet's membrane. While the epithelium and 
endothelium are cellular, composed mainly of keratinocytes, the stroma has a distinctive 
composite structure with collagen fibrils embedded in an extracellular matrix rich in 
proteoglycans, glycoproteins and keratocytes. 

 
Anterior surface

Bowman’s layer

Stroma

Descemet’s membrane

Endothelium

Posterior surface

Epithelium

 

Figure 2. Cross-sectional view of the human cornea‘s layered construction. 
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Figure 3. Interweaving of stromal lamellae. 

The mechanical behaviour of the human cornea is dominated by the stroma that forms 
about 90% of its thickness [24, 49]. The stroma has a highly complex structure with 200-400 
superimposed lamellae, set mostly parallel to the corneal surface, but increasingly interwoven 
towards the anterior surface [25, 50-52], Figure 3. The increased lamella interweaving 
possibly leads to variation in corneal mechanical properties and swelling resistance [53]. 

Stromal lamellae are composed of fine collagen fibrils regularly spaced and embedded in 
an extracellular matrix. The fibrils within each lamella run parallel to each other, but make 
large angles with neighbouring lamellae, Figure 4. Earlier research identified two preferential 
directions within which most fibrils run in the central human cornea, namely the superior-
inferior and the temporal-nasal directions, possibly related to the action of the extraocular 
muscles [26, 27, 54-57]. Daxer and Fratzl estimated that 49% of fibrils are oriented in these 
two directions and 66% of the fibrils lie within the 45° sectors surrounding them [58]. Since 
the fibrils are thought to be the main load carrying elements of the stroma, their preferential 
orientation is likely to lead to anisotropic mechanical behaviour of the human cornea with the 
vertical and horizontal directions exhibiting superior stiffness (resistance to deformation) 
compared with other directions. 

 

 

Figure 4. TEM images of (a) collagen fibril distribution within a stromal lamella, and (b) three lamellae 
with different fibril orientations. 

More recent studies found that corneas from other species exhibited significantly 
different fibrillar collagen structures [59, 60]. The central corneas of horses, cows and 
marmosets were found to have dominantly superior-inferior (vertical) orientation, while 
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porcine, rabbit and mouse corneas had mainly circumferential orientation. This variation in 
structure was thought to be due to differences between species in the length, width and 
insertion position of the rectus muscles, and possibly also due to the existence of the posterior 
retractor bulbi muscle in all the above mentioned animals but not in humans [61]. However, 
despite these differences, a common feature that exists in both human and animal corneas is 
the gradual change in fibril orientation towards a predominantly circumferential organisation 
close to the limbus. 

Other corneal layers include the endothelium; a monolayer of specialised cells that line 
the posterior surface of the cornea and face the eye‘s anterior chamber [62]. The endothelium 

regulates fluid transport across the corneal posterior surface by allowing leakage of solutes 
and nutrients from the aqueous humor to the cornea and pumping water from the stroma to 
the aqueous [63]. The small thickness of the endothelium (≈ 2% of corneal thickness), and its 

cellular structure suggest it has low mechanical stiffness (resistance to deformation) 
compared to the stroma, although its stiffness has never been quantified [64]. 

Lining the other surface of the cornea is the epithelium which comprises about 8-10% of 
corneal thickness [64]. The epithelium functions primarily to block the passage of foreign 
material into the eye, absorb oxygen and nutrients from the tear film [1] and control the 
swelling of the stroma [65]. Similar to the endothelium, the epithelium has a cellular 
structure, which makes its mechanical stiffness low in comparison to that of the stroma. 

Between the stroma and the endothelium lies Descemet's membrane, whose physiological 
function is unknown although it may be to provide mechanical support to the endothelium, or 
to act as a fluid barrier. Its low mechanical stiffness and small thickness (ranges between 3 
and 10 μm or 0.5 to 2% of corneal thickness) suggest it has low contribution to the cornea‘s 

overall mechanical behaviour [66, 67]. 
Finally, Bowman's layer is located between the epithelium and the stroma, composed of 

strong collagen fibers and has a thickness of 8-12 μm. Similar to Descemet‘s membrane, the 

physiological function of Bowman‘s layer is unknown.  
It appears to provide strong attachment of the epithelium to the stroma in human eyes, but 

the fact that it does not exist in some mammal eyes has not been explained [68]. Earlier 
research assessed the mechanical behaviour of Bowman‘s layer and found it to be 

insignificant [69]. 
The discussion in this chapter will assess evidence relating the corneal microstructure, 

and in particular the stromal lamellae organisation, to overall biomechanical behaviour. The 
implications of this relationship on our understanding of the effects of disease, injury and 
surgery will also be covered in the conclusion section. 

 
 

CORNEAL TOPOGRAPHY 
 
The normal cornea is prolate – steepest at the centre and flattens towards the periphery. A 

section through the cornea is an ellipse that can be described using Bennett‘s equation in 

terms of two parameters; the radius of curvature at corneal apex (apical radius, Ro), and the 
asphericity or shape factor, p: 
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where x and z are coordinates of a general point, a, on the corneal surface, Figure 5. The 
apical radius, Ro, (which approximately equals the value measured in keratometry) has been 
measured in a few clinical studies, and examples of the reported average and standard 
deviation values include 7.87±0.27 and 7.77±0.20 mm [43, 44]. On the other hand, the shape 
factor, p, provides an indication of how rapidly the surface flattens away from the apex 
(centre). The average values of p for the human cornea‘s anterior and posterior surfaces have 

been found using in-vivo measurements to be 0.82 and 0.62, respectively [43]. 
 

Ro

x

z

a

X
O

Z

Corneal surface

 
Figure 5. Cross section through a corneal surface with coordinates of a general point a. 

 
CORNEAL THICKNESS DISTRIBUTION 

 
The cornea has a variable thickness that changes from minimum at or close to the centre, 

to maximum along the limbus, Figure 6. Clinical studies reported different average values, 
standard deviations and ranges of central corneal thickness, CCT, including 58054 µm 
(range = 448-713 µm) [70], 548.229.6 (493-617 µm) [71], 53531 (490-567 µm) [72] and 
551.34±40.58 µm for women and 542.34±43.84 µm for men [73]. 

 
Central corneal thickness (CCT)

Peripheral corneal
thickness (PCT)

 

Figure 6. Central and peripheral corneal thickness. 
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On the other hand, the average values of the peripheral corneal thickness, PCT, reported 
in the literature varied according to where it had been measured. The values ranged between 
600 and 700 µm for measurements taken between 15° to the corneal centre, and at the limbal 
periphery [74-77]. The relationship between CCT and PCT is yet to be established, although 
it is known that PCT is usually larger than CCT. 

 
 

CORNEAL BIOMECHANICAL BEHAVIOUR 
 
The composite microstructure of the cornea makes its biomechanical behaviour quite 

complex and poses several difficulties including: 
 
1. With the collagen fibrils being the main load carrying components of the stroma, the 

behaviour becomes hyperelastic with an initially low stiffness (resistance to 
deformation) increasing gradually under higher loads. 

2. The preferential orientation of stromal lamellae leads to anisotropic behaviour with 
the mechanical stiffness expected to be highest in the preferred directions of 
lamellae. 

3. The change of lamella orientation from the central area to become circumferential 
close to the limbus affects the directional anisotropy of the tissue at the transition 
zone. 

4. The cellular composition of the epithelium and endothelium is expected to result in 
significantly lower stiffness levels compared to the fibrous stroma. 

5. The increased corneal thickness away from the centre suggests an associated increase 
in both flexural and membrane stiffness. 

6. Stromal swelling, common during sleeping and following prolonged wear of contact 
lenses, increases the spacing between collagen fibrils and may affect the 
biomechanical behaviour of the tissue especially under loads creating flexural 
actions. 

7. The increase in lamella interweaving in anterior stroma, and the reported effect of 
interweaving in increasing swelling resistance, is expected to lead to variation in 
biomechanical behaviour between anterior and posterior stroma [78]. 

8. Diseases such as keratoconus are known to affect the cross linking between collagen 
fibrils in the stroma and lead to deterioration in corneal stiffness in the affected area. 
The correlation between the reduced cross-linking in keratoconus and change in 
mechanical properties requires further study [79]. 

9. The fast remodelling of the epithelium under external loads, such as those 
experienced while wearing orthokeratology and other types of rigid contact lenses, 
makes it difficult to study the cornea‘s long-term behaviour as in this case epithelial 
remodelling and corneal creep take place simultaneously. 

 
The discussion below presents the results of recent research studies conducted to 

characterise corneal tissue and to address some of the challenges described above. In spite of 
the significant advances that have already been made, current knowledge and understanding 
of corneal biomechanical behaviour remain imperfect and further progress is needed. 
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EXPERIMENTAL ASSESSMENT OF CORNEAL BEHAVIOUR 
 
Several experimental studies have been conducted since the 1960s to characterise the 

biomechanical behaviour of corneal tissue [7, 36, 80-90]. The material constitutive models 
(stress-strain and Young‘s modulus-strain relationships) reported in these studies have been 
compared in Figure 7 and show a wide range of variation [91].  

 

 
 

 

Figure 7. Biomechanical behaviour of corneal tissue as reported in earlier experimental studies, (a) 
Stress-strain behaviour, (b) Relationships between tangent Young‘s modulus and strain – Studies 
reported include Kampmeier [36], Nash [79], Hoeltzel [92], Bryant [7], Woo [87], Zeng [85] and 
Woolensak [95]. 
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This wide range, which is far beyond what could be acceptable in any predictive analysis 
of corneal behaviour, is thought to be related to the viscoelasticity and anisotropy of corneal 
tissue, and the effects of ageing and hydration. Studies adopting different strain rates or 
employing different testing techniques reported different material properties [79, 85, 88, 92]. 
Specimens with varying donor ages were sometimes combined in the same test group despite 
the known age-related changes in the microstructure of corneal tissue (including an increase 
in stromal fibril diameter [93] and interfibrillar cross-linking [94]) and the associated effect 
on the tissue‘s biomechanical behaviour. Corneal specimens with different swelling extents 
were also used in earlier studies despite the current incomplete understanding of the effect of 
hydration and swelling on corneal biomechanical behaviour. 

For this reason, it has been essential that the characterisation of corneal biomechanical 
behaviour be based on experimental techniques that offer tight control of strain rate, hydration 
and temperature, consider the effect of age on tissue stiffness and test the cornea in a state that 
closely simulates its normal physiologic conditions. Examples of these techniques are 
described in the next section. 

 
 

EXPERIMENTAL TECHNIQUES 
 
Two main experimental techniques are currently available to assess corneal behaviour. 

The first technique, called inflation testing, relies on supporting corneal buttons along the 
limbus, applying uniform pressure on the cornea‘s posterior surface, and monitoring the 

resulting deformation using non-contact methods, Figure 8. The pressure-deformation (p-) 
data obtained experimentally are then converted into stress-strain (-) behaviour of corneal 
tissue using shell mathematical analysis through the following steps (see Ref 96 for more 
details). 
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1 = Corneal button
2 = Pressure chamber
3 = Water tank
4 = Temperature controller
5 = pressure transducer
6 = Loading reservoir
7 = Laser beam
8 = Camera
9 = Wetting device

 

Figure 8. Main components of an inflation test rig. 

The secant Young‘s modulus, E, is first determined for a particular pressure-rise (p-) 
behaviour point as: 

 

    βηcose1ν1
tδ2

RpE βη-
2

m  ,     (2) 
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where Rm is the radius of the corneal median surface, t the average thickness assumed = ½ 
(CCT + PCT), η half the central angle of curvature (see Figure 9),  anti

1 /RRsinη  , Ri 
radius of the corneo-scleral intersection, Rant radius of the cornea‘s anterior surface, 

 4 2ν13R/tβ  , and  Poisson‘s ratio, taken as 0.49 assuming corneal tissue behaves 
as an almost incompressible material [5, 7, 36]. The strain at this behaviour point is defined 
as: 

 

   cosβeν1ν1
tE2

Rp
ε βηm  ,     (3) 

 
and the stress as: 

 
Eεζ  .         (4) 
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Figure 9. Cross-sectional view of a corneal button showing the main dimensions used in the shell 
mathematical analysis. 

The inflation test maintains the cornea close to its normal working conditions and is 
therefore considered suitable to determine the global stress-strain behaviour of corneal tissue. 
The only deviation from normal in vivo conditions is in the development of a pinned edge 
along the cornea‘s limbus, which in effect considers the sclera to be stiffer than the cornea to 
the extent that it can be approximated as a rigid material. This approximation, which is 
expected to have only a negligible effect on corneal behaviour, has been necessary to make 
possible the mathematical shell analysis of corneal behaviour, which produced Equations 2-4. 

A possible development of inflation testing involves the use of intact eye globes [81], 
which could be supported along the equator (without preventing radial deformation) and 
subjected to intraocular pressure loading through a canola inserted into the anterior chamber, 
Figure 10. However, since no mathematical solution is available to convert the 
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experimentally-obtained pressure-deformation behaviour into stress-strain relationships, the 
usefulness of this technique is still limited. 

 

 

Figure 10. Loading and boundary conditions applied to (a) corneal button specimens, and (b) whole eye 
globes subjected to inflation tests.  

The second experimental technique is strip extensometry testing, in which a strip of 
corneal tissue with a constant width is extracted and attached to the grips of a tension machine 
while monitoring its behaviour. The stresses (ζ) and strains (ε) are calculated from the load 

(T) and elongation (δ) data using the following simple equations: 
 

A/Tζ   and L/δε  ,       (5) 
 

where A and L are the specimen‘s original cross-sectional area and length, respectively. The 
simplicity of the technique makes it quite common in ocular biomechanics research but a 
number of inherent deficiencies, which can reduce its reliability, must be recognised and 
accounted for. The deficiencies originate mainly from the initially curved form of the 
specimen (Figure 11), the non-uniform corneal thickness and the termination of fibrils which 
are not aligned with the specimen orientation. 

The straightening of the specimen from its curved form results in initial strains that affect 
the behaviour under subsequent loading [97], Figure 12. The specimen‘s curved form also 

means that its edges are slightly shorter than the longitudinal centre line and this length 
variation leads in turn to non-uniform distribution of stress under loading. The variable 
corneal thickness, from a minimum at the centre to a maximum at the ends, further 
complicates the derivation of the stress-strain relationship from the test load-elongation 
results. Additionally, the relatively large thickness of the specimen poses another difficulty 
with the potential of unequal clamping of external and internal corneal layers. 
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Figure 11. Initial curved form of corneal strip specimens. 

 

 

Figure 12. Straightening of (a) an initially curved strip specimen produces stresses and strains with the 
distribution shown in (b). 

While these limitations affect the technique‘s suitability in obtaining the global material 

properties of the cornea, the technique remains viable for comparative studies such as those 
on anisotropy (variation in tissue behaviour between different anatomical directions) and 
viscoelasticity (variation in behaviour with changes in strain rate). In studies on global 
corneal behaviour, use should be made instead of the above described inflation testing. 

However, mathematical techniques have been developed to consider some of the 
deficiencies of strip testing [98], and these techniques could be useful where strip testing is to 
be used to produce an approximate estimate of the stress-strain behaviour. The effects of the 
specimen length variation and the straightening of the initially curved specimen form can be 
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handled first together. Figure 13 shows a 3D view of a strip extracted from a curved cornea 
(assumed spherical for simplicity) and orthogonal cross-sections showing the variation of 
specimen length from maximum along the centre line to minimum at the sides.  
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Figure 13. Orthogonal and 3D views of a strip specimen extracted from a corneal button. 

Reference is also made to Figure 14 which shows the strain distribution due to (a) the 
variation in length, (b) initial straightening, and (c) the combined effect. Consideration of 
these two factors starts with a modified form of the strain, ε (the derivation of Equations 6 to 

9 can be found in Ref. 98): 
 

m22
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zRα2
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       (6) 

 
where δ is the measured specimen elongation under tension load T, 2α the angle of curvature 

of the specimen, Figure 13, and Rm the radius of the corneal median surface. Distances h and 
z are depicted in Figures 13 and 14b, respectively. This form of strain is then used in an 
equation relating the applied force, T, and the resulting strain, ε: 
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where a, b and c are constants to be determined such that the best fit with the experimental 
data is achieved. With the values of the constants determined, the corresponding stress is then 
calculated as: 

 

εcεbεaζ 23         (8) 
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Figure 14. Strain distribution on the cross-section of a strip specimen. 

The effect of thickness variation from minimum at the centre, t1, to maximum at the 
clamps, t2, can be considered next in the stress calculations to develop a modified stress, ζ‘, 

of the form, Figure 15: 
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where L is the specimen‘s initial length, w the specimen width, and ζ the stress derived in 
Equation 8. An assumption of linear variation between t1 and t2 is adopted to simplify the 
development of Equation 9. The second term of the equation: 
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represents the correction caused by the variable thickness. The second term is below 1.0 and 
reaches this value only when t2 = t1. 

With these formulations, some of the deficiencies of strip testing could be addressed in 
the stress and strain calculations.  

Other deficiencies such as the termination of some collagen fibrils along the specimen 
sides and the difficulty in clamping the layered corneal tissue cannot currently be accounted 
for using similar mathematical techniques. 
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Figure 15. Thickness variation of corneal strip specimens. 

 
INFLATION TEST SETUP 

 
Inflation testing is based on supporting corneal buttons along their limbal tissue, applying 

uniform posterior pressure that simulates the intraocular pressure and measuring the resulting 
corneal deformation. The pressure-deformation experimental results are then converted 
mathematically, using Equations 2-4, to stress-strain tissue behaviour. 

An inflation test rig has been developed by the Ocular Biomechanics Group to enable 
tight control of the conditions thought to have an influence on corneal behaviour including 
hydration, temperature and load application rate. The rig is totally computer-controlled with 
all test conditions specified electronically by the user and all behaviour monitoring devices 
storing their data automatically for later analysis [30]. 

Fresh and well preserved corneal buttons are mounted onto the custom-built pressure 
chamber shown in Figure 16 using only mechanical clamps. The pressure chamber is filled 
either with saline solutions in tests lasting less than 45 minutes, or with the preservation 
medium Optisol (which can maintain tissue hydration and prevent degradation for up to 14 
days post mortem [99-102]) in longer tests. The chamber is connected to a reservoir, which 
moves vertically up and down using a small motor to control the pressure inside the chamber. 
The connection between the chamber and the reservoir passes through a large water tank 
equipped with a temperature controller to set the temperature of the pressure chamber at the 
required level. The actual pressure in the chamber is measured using an electronic pressure 
transducer that can be connected to a personal computer. A wetting device is also used to 
release a slow flow of saline solution on the cornea‘s anterior surface to prevent its drying. 

The motor attached to the reservoir is connected to a variable-voltage power unit that can 
change the motor speed within a wide range. The ability to change the motor‘s speed allows 

the representation of both slow (static) and fast (dynamic) loading conditions to assess the 
tissue‘s viscoelasticity. Creep tests can also be conducted by maintaining a constant level of 

pressure for any reasonable duration of time. Corneal behaviour under loading is monitored 
using electronic non-contact devices including a laser beam that measures corneal apical 
deformation with 1 μm accuracy, and high-resolution digital cameras to record the changes 
in cornea‘s profiles caused by pressure changes. 
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Figure 16. Overall views of inflation test rig showing the main components including (1) the pressure 
chamber, (2) loading reservoir, (3) temperature controller, (4) laser beam, (5) digital cameras, and (6) 
control computer. 
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Controlling the pressure application rate, and the tissue‘s hydration and temperature, and 
the use of non-contact monitoring devices have led to experimental results with significantly 
lower scatter compared to earlier studies which had less control of test conditions. The results 
obtained using this rig are presented below and used to quantify some of the main 
biomechanical properties of corneal tissue. 

 
 

STRIP TEST SETUP 
 
Strip testing is considerably simpler than inflation testing. Tissue strips are extracted 

from corneal buttons in the desired anatomical direction, connected to mechanical clamps and 
subjected to uniaxial tension loading in a material testing machine. However, care should be 
taken to ensure that tissue is fresh and remains well preserved, specimen extraction is in the 
right location and direction, and connection to the clamps is adequate. Corneal tissue can be 
preserved in Optisol or Eusol C for up to 14 days post-mortem. Preservation, which also 
maintains hydration, should continue during the tests as shown in Figure 17. Double blade 
devices are needed to ensure the uniform width of specimens and the accurate positioning and 
orientation of the specimen within the corneal button. 

Current technology to connect tissue strips to mechanical clamps is inadequate. Too 
much clamp tightening creates stress concentration in the specimen regions close to the 
clamps, and can initiate premature failure. On the other hand, insufficient tightening allows 
slippage and renders the results unreliable. 

 

 

Figure 17. Corneal strip specimen (1) connected to mechanical clamps (2) in a uniaxial tension test. 
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The fact that the clamps provide non-uniform clamping effect across the thickness of 
tissue (strong at the outer tissue layers and weaker at mid-thickness) is another cause for 
concern. However, until a different technique to connect strip specimens to loading machines 
is developed, mechanical clamps will have to be used with care to minimise the effect of the 
above described deficiencies. 

 
 

CORNEAL BEHAVIOUR CHARACTERISTICS 
 
The following sections discuss the corneal behaviour as obtained experimentally using 

the inflation and strip test rigs described above. In addition to human corneas, the discussion 
will cover the behaviour of porcine corneas because of their reported biomechanical similarity 
to, and suitability in some cases as test models for, human corneas. The behaviour 
characteristics covered include the immediate hyperelasticity, hysteresis and anisotropy of 
corneal tissue, and the viscoelastic properties represented in the strain-rate effects, and the 
cornea‘s creep and stress-relaxation behaviour. Also included are the epithelium‘s 

contribution to corneal biomechanics and the effects of the layered stromal construction. 
 
 

Corneal Hyperelasticity 
 
Under inflation testing, human corneas demonstrate clear hyperelastic (pressure-rise and 

stress-strain) behaviour with initial low stiffness increasing gradually under higher pressure 
levels, Figure 18. The end of the initial low stiffness stage coincides with posterior pressure 
between 15 and 20 mmHg, which is close to the normal intraocular pressure range. The 
average ratio of final stiffness (observed under IOP higher than 60 mmHg) to initial stiffness 
(under 5-15 mmHg) has been found close to 11, 9 and 5 for corneas with donors within the 
age ranges 50-64, 65-79 and 80-95 years, respectively [30]. 
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Figure 18. Typical hyperelastic behaviour of human corneas under increasing posterior pressure. 
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Figure 19. Behaviour of porcine corneas under increasing posterior pressure. 

Porcine corneas (aged 4-6 months) exhibit similar hyperelastic behaviour with a number 
of important differences [35]. The change from the initial low stiffness stage to the final stage 
with higher stiffness is more sudden and occurs around the lower pressure level of 10 mmHg, 
Figure 19. The ratio between the final stiffness (under IOP higher than 60 mmHg) and the 
initial stiffness (under 5-10 mmHg) values is about 5 on average. 

Equations with different forms have been tried to fit the stress strain behaviour of human 

corneas. The best fit was achieved with the exponential equation form  1eAζ εB   
suggested earlier [7, 87] in which ζ and ε are the stress and strain, respectively, and A and B 
are constants. A clear distinction has been found between the behaviour of specimens within 
different age groups, and for this reason, three stress-strain equations have been developed of 
the form: 

 

   1e0070.0ζ ε05
MPa   Age 50-64 years    (10) 

 

   1e0077.0ζ ε95
MPa   Age 65-79 years    (11) 

 

   1e0083.0ζ ε80
MPa   Age 80-95 years    (12) 

 
The ages considered start from 50 years as this was the minimum age of corneal 

specimens tested. Further work is therefore needed to develop stress-strain relationships for 
younger human corneas. 

The more sudden change in stiffness seen with porcine corneas made it difficult to find 
an acceptable fit with the above exponential equation form, and an alternative third-order 
polynomial form was adopted instead: 
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ζ(MPa) = - 350 ε
3 + 56 ε

2 – 0.21 ε      (13) 
 
The average porcine behaviour described by this equation is compared in Figure 20 

against those of human corneas within the three age ranges considered. Overall, porcine 
corneas appear to have lower initial and final stiffness values compared with all human 
corneal groups. 
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Figure 20. Comparison between the stress-strain behaviour of human and porcine corneas as obtained 
experimentally using an inflation test rig. 

 
Relationship between Intraocular Pressure and Young’s Modulus 

 
The complex hyperelastic form of the cornea‘s stress-strain behaviour encouraged efforts 

to find an easier, preferably linear, method to describe the behaviour. One such method is 
based on presenting the behaviour as relationships between the applied posterior pressure, p, 
(which represents the intraocular pressure, IOP) and the tangent Young‘s modulus, E. This 
method was first attempted by Orssengo and Pye and resulted in the well-known linear 
relationship [103]: 

 
E = 0.0029 p        (14) 
 
 
Similar relationships have been derived from the experimental pressure-rise results 

discussed above using a modification of Equation 2 of the form: 
 

   βηcose1ν1
tr2

RpE βη-
2

tangent 



      (15) 
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where Δp and Δr are the increases in pressure and apical corneal rise within a particular 
pressure increment, and E the instantaneous (tangent) Young‘s modulus [31].  

 

 
 

 

Figure 21. Pressure-deformation and E-p behaviour of example human and porcine corneas, (a,b) 53 
year old human cornea, (c,d) porcine cornea. 

In spite of the hyperelastic form of both the pressure-rise and stress-strain results, the 
relationship between Young‘s modulus, E, and posterior pressure, p, is close to linear. See for 
example Figure 21 which shows the nonlinear pressure-rise behaviour of a 53 year old human 
cornea and a porcine cornea, and the corresponding E-p relationships plotted for a pressure 
range of 0-75 mmHg. In both cases, the E-p relationships are almost linear. 

While the E-p results of human specimens are grouped according to the donor age, the 
porcine results are treated as one group. Within each group, the results are used to find the 
best fit with an E-p equation of the form: E = C . p + D, where C and D are constants. The 
four equations obtained are: 

 
E(MPa) = 0.0067 p(mmHg) + 0.1579 human corneas, age = 50-64 yrs  (16) 
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E(MPa) = 0.0088 p(mmHg) + 0.1914 human corneas, age = 65-79 yrs   (17) 
 
E(MPa) = 0.0107 p(mmHg) + 0.3527 human corneas, age = 80-95 yrs   (18) 
 
E(MPa) = 0.0038 p(mmHg) + 0.1449 porcine corneas     (19) 
 
The four equations are compared in Figure 22, which shows porcine corneas with lower 

E values compared to all human specimen groups. There is also a consistent stiffening effect 
with age seen in human corneas. 
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Figure 22. Comparison between E-p relationships for human and porcine corneas. 

 
Corneal Hysteresis 

 
Hysteresis is a viscoelastic property of corneal tissue characterised by the difference in 

behaviour under loading and unloading conditions, Figure 23. The unloading behaviour has 
been studied in a similar fashion to the loading behaviour and found to increase in stiffness 
with age and pressure level. The stress-strain behaviour of the human corneal tissue under 
unloading conditions can be described using the following equations [34]: 

 

   1e00004.0ζ ε359
MPa   Age 50-64 years    (20) 

 

   1e00005.0ζ ε427
MPa   Age 65-79 years    (21) 

 

   1e00025.0ζ ε510
MPa   Age 80-95 years    (22) 
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Figure 23. Typical stress-strain behaviour of corneal tissue under both loading and unloading 
conditions. 

An earlier study has considered the unloading behaviour down from different posterior 
pressure levels, and found the behaviour to be almost independent of the pressure at which 
unloading starts [34], Figure 24. This particular feature makes the unloading behaviour easy 
to characterise and implement in the numerical simulation of corneal response. 

A direct measure of hysteresis can be obtained experimentally as the difference between 
the areas under the loading and unloading stress-strain behaviour curves of corneal tissue. 
Figure 25 depicts experimental results obtained earlier showing a consistent reduction in the 
magnitude of hysteresis with corneal donor age [34]. The same figure shows a gradual 
decrease in the areas under both loading and unloading stress-strain curves with age – a 
finding which can be related to the higher stiffness (and hence lower maximum strain) 
associated with increased age. 

 

 

Figure 24. Average unloading behaviour of 80-95 year old corneas, (a) Unloading from three different 
pressure levels plotted from an arbitrary starting corneal rise of 0.3mm, (b) The three patterns plotted 
after shifting the behaviour lines with unloading from 55 and 110 mmHg. 
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Figure 25. Comparisons between areas under stress-strain loading and unloading curves for corneas 
with different ages, (a) Sketches showing areas under behaviour curves, (b) Tests under fast pressure 
application rate of 37.5 mmHg pressure per minute, (c) Tests under slow pressure application rate of 
3.75 mmHg pressure per minute – Plots show error bars denoting ranges of variation between 
specimens within the same group. 

 
Corneal Anisotropy 

 
Strip specimens extracted from human corneas have been tested to determine corneal 

mechanical anisotropy [28]. The specimens were taken from the vertical, horizontal and 
diagonal (superotemporal-inferonasal and superonasal-inferotemporal) directions and 
comparisons of their stress-strain behaviour were held, Figure 26. Vertical specimens were 
found to be slightly stiffer than horizontal specimens (by 8% on average) and significantly 
stiffer than diagonal specimens (by 49% on average). This mechanical anisotropy is 
compatible with the known preferential orientation of collagen fibrils of corneal stroma in the 
vertical and horizontal directions described in Section 2. 

Similar work on porcine corneas found little difference between vertical, horizontal and 
the two diagonal directions [104]. The differences between the mechanical stiffness of strips 
taken in the four directions were statistically insignificant and below 3% on average. This 
apparent mechanical isotropy of behaviour was consistent with the microstructure of porcine 
corneas in which stromal collagen fibrils were dominantly circumferential, and with no 
preferential orientation in either the vertical, horizontal or diagonal directions. 
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Figure 26. Experimental assessment of the mechanical anisotropy of human donor corneas within 
different age groups. 

 
Epithelium’s Contribution to Corneal Biomechanics 

 
The epithelium is the outermost layer of the cornea, comprising about 10% of its 

thickness. It functions primarily to block the passage of foreign material into the eye, absorb 
oxygen and nutrients from the tear film [1] and control the swelling of the stroma [65]. Little 
work has been done to quantify the epithelium‘s contribution to corneal biomechanics, 
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although researchers have tended to discard the epithelium‘s contribution as insignificant [7, 

92, 105]. 
Recent research used experimental testing of human corneas before and after removing 

the epithelium and found that, on average, the epithelium was approximately 10% the 
stiffness of stromal lamellae of the same thickness [38].  

In order to compare the two sets of pressure-rise relationships (with and without the 
epithelium), the two lines with the largest and smallest rises were identified within each set 
and plotted together to mark the boundaries of behaviour seen with and without the 
epithelium.  

These lines were compared in Figure 27a, which shows little difference between the two 
groups, although specimens with intact epithelium appeared to be slightly stiffer (i.e. 
experiencing less deformation for the same pressure) than the other group. More precise 
comparisons were obtained by considering the average stiffness values at specific pressure 
levels between 10 and 100 mmHg. In this case, stiffness was defined as the posterior pressure 
in mmHg required to produce an increase in corneal central rise of 1 mm. The stiffness 
comparisons shown in Figure 27b demonstrate consistently higher average stiffness values 
associated with the specimens with intact epithelium.  

However, the ratios between corresponding values remained within 1-3% in all cases, and 
these differences were not statistically significant (P>0.05 from t-tests) due to the 
considerable overlap of the test pressure-rise results. With intact corneas exhibiting higher 
stiffness by 1-3% than corneas without the epithelium, and with the epithelium being about 
10% the corneal thickness, the stiffness of the epithelium is estimated between 9 and 27% that 
of the stroma. 
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Figure 27. Comparison of pressure-rise behaviour between corneas with and without the epithelium – 
Results of statistical analysis of differences between the two specimen groups are included on figure in 
the form of t-test P values, (a) Range of pressure-rise results for all specimens tested, (b) Average 
values of stiffness calculated at specific levels of posterior pressure. 

 
Stromal Inter-Lamellar Adhesion 

 
The corneal main layer, the stroma, is analogous to a stack of 300 sheets of copy paper 

that have some ability to slide relative to each other if subjected to shear [9]. Lack of 
knowledge of the shear behaviour affecting the relative movement of stromal sheets (or 
lamellae) led to the exclusion of this feature from numerical simulations [106, 107]. Earlier 
simulations concentrated on global behaviour, in which it was possible to assume 
homogenous biomechanical properties (with no consideration of inter-lamellar shear) derived 
from tests involving intact corneas. These modelling approaches would not be suitable for the 
simulation of keratoconus for instance, with its abnormal inter-lamellar cross-links [108, 
109], and refractive surgery procedures involving the severing of anterior lamellae. 

A number of earlier studies determined through experimental means the adhesive tensile 
strength of the connection between stromal lamellae [40-42]. Strip specimens extracted from 
human stromal tissue were split at their ends to break the connection between two stromal 
lamellae, Figure 28. The ends were then clamped and pulled apart, effectively subjecting the 
interface between stromal lamellae to direct tension. This test, conducted on 68 human 
specimens resulted in inter-lamellar tensile strength values between 0.069 and 0.077 MPa. 
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Figure 28. Testing of corneal tissue to determine the adhesive tensile strength of the connection 
between stromal lamellae. 

Further tests subjecting square specimens of stromal tissue to direct shear quantified the 
shear behaviour of stromal tissue [39]. The behaviour was found to be nonlinear and had the 
following exponential form: 

 

 1e009.0η 74.1          (23) 
 

where  and  were the shear stress and shear strain, respectively. This result allowed an 
indirect assessment of the assumption of stromal isotropy. If isotropy is maintained, the 
behaviour patterns under shear and surface tension would have been interrelated. This 
possibility is checked in a simple test, in which an approximate value of shear modulus, G, of 
0.03 MPa was obtained from the shear stress-strain Equation 23 (0.02 MPa shear stress 
divided by 0.65 strain). With an assumed value of Poisson‘s ratio, , of 0.49 (based on 
considering corneal tissue an incompressible material [7]), the material‘s Young‘s modulus, 

E, would be estimated as E = G [2 (1 + )] = 0.09 MPa. This value is considerably lower than 
those reported in earlier experimental studies [30], indicating that the assumption of stromal 
isotropy was invalid. 

 
 

Corneal Long-Term Behaviour 
 
Behaviour under long-term loading can be determined using two main tests, namely; 

creep and stress-relaxation. In creep tests, specimens are kept for a period of time under a 
constant level of load or stress while monitoring the gradual increase in deformation. On the 
other hand, stress-relaxation tests involve subjecting specimens to a certain load, then 
maintaining the resulting deformation for a period of time while monitoring the gradual 
decline in stresses, Figure 29. 
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Figure 29. Overview of the stress and strain progression in (a,b) creep and (c,d) stress-relaxation tests. 

The creep behaviour of human corneas attached to the inflation test rig and subjected to a 
constant posterior pressure was found to differ with age as shown in Figure 30 and to follow 
Equations 24-26 [35]: 

 
  1e1016ε 1- tlog2.28-6

creep 
  age = 50-64 yrs    (24) 

 
  1e1061ε 1-t log2.23-6

creep 
  age = 65-79 yrs    (25) 

 
  1e1081ε 1- tlog2.11-6

creep 
 age = 80-95 yrs    (26) 

 
where t is the creep time in seconds. A similar equation was developed for porcine corneas of 
the form: 

 
  1e105ε 1- tlog2.02-6

creep 
 porcine corneas    (27) 

 
Figure 30 demonstrates a gradual decrease in the average human corneal creep with age, 

which is more evident between the ages 50-64 and 65-79 years. However, there is a notable 
overlap of results as demonstrated by the error bars in the figure. A statistical analysis of the 
results using t-test shows that the association between increased age and reduced creep strain 
is insignificant.  
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Figure 30. Comparison between average creep behaviour of porcine corneas and human corneas with 
different ages. 

In the mean time, porcine corneas undergo significantly more creep strain compared to all 
human corneas. The ratio of average creep strain experienced by human and porcine corneas 
at 300 and 1000 seconds is 49% and 42%, respectively. Figure 30 also shows that the overlap 
between porcine and human creep-time results is limited to the first stages of the test, up to 
about 100 seconds, beyond which there is clear separation. A statistical analysis of the two 
sets of data further returned significant association between creep results and specimen type 
with P < 0.001. 

Stress-relaxation tests were also conducted, in which corneal strips were held with the 
length reached under a uniaxial load of 4N, then 8N and 12N. The sustained load, and hence 
the stress, were observed to reduce gradually with time. The stress reduction, or relaxation, 
was highest at the start of the test and reduced gradually with time. The stress-time results 
obtained in an earlier study were as shown in Figures 31a,c for human and porcine corneas, 
respectively [35]. The results show a consistent trend in which porcine corneas were observed 
to lose more of their initial stresses than human corneas. This trend was evident under all 
three values of the initial load. 

Dividing the stresses in each test by the initial stress value under either 4N, 8N or 12N, 
and obtaining the average behaviour pattern in each case resulted in the plots in Figures 
31b,d. Displaying the results in this form reveals two trends including an evidence that 
porcine corneas relax quicker than human corneas. After 400, 800 and 1200 seconds, porcine 
corneas respectively lose 49%, 55% and 59% of their initial stresses on average. The 
corresponding average stress reductions in human corneas are 28%, 30% and 32%. The 
differences in relaxation rates between human and porcine corneas are statistically significant 
(P<0.001). Further, the stress-relaxation behaviour appears to be largely independent of the 
initial applied stress. The error bars displayed in Figures 31b,d show significant overlap 
between the results obtained under different initial applied loads. 
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Figure 31. Stress relaxation behaviour of human and porcine corneas, (a,b) Human corneal behaviour, 
(c,d) Porcine corneal behaviour, (a,c) Stress-time experimental results, (b,d) Results plotted in relation 
to initial stress values. 

The average trend lines are also close and do not show any consistent trends related to the 
value of initial load. This characteristic simplifies the development of stress-relaxation 
behaviour patterns for use in numerical simulation applications. 

 
 

Corneal Dependence on Strain-Rate 
 
As a viscoelastic material, the behaviour of corneal tissue is time-dependent and is 

expected to vary with the rate at which the material is strained or loaded. Experimental tests 
involving vertical strips of human and porcine corneal tissue have been conducted under 
uniaxial tension and with varying strain rates. With specimen length of 12 mm, width of 4 
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mm and elongation rates between 0.1 and 25 mm/minute, the strain rate varied between 0.008 
and 2.1 per minute. As shown in Figure 32, the stiffening experienced with increasing the 
strain rate was significant at the slow end of the rate range and became progressively less 
notable as the strain rate increased. Under slow loading, increasing the strain rate from 0.008 
to 0.08 per minute caused an increase in material stiffness of 47% and 9% on average in 
human and porcine corneas, respectively. In contrast, the corresponding average increases in 
stiffness that corresponded to increasing the strain rate from 0.83 to 2.1 were 1.5% and 1.2%. 
The consistent difference in the response of human and porcine corneal tissue to strain rate 
changes remains unexplained. 

 

 
 

 

Figure 32. Effect of strain rate on the behaviour of (a) a human, and (b) a porcine corneal strip 
specimen tested under uniaxial tension. 
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Concluding Remarks on Corneal Material Behaviour 
 
Characterisation of the biomechanical properties of corneal tissue is key to developing 

proper understanding of overall ocular behaviour, and response to disease, injury and surgery. 
It is also essential for the construction of accurate predictive numerical simulations of ocular 
behaviour, which have several clinical applications including improving the accuracy of 
tonometry, the planning of refractive surgery procedures, the design of rigid contact lenses, 
the treatment of myopia and keratoconus, and guiding surgical interventions following eye 
injuries. 

The experimental studies reported above led to fast progress in our understanding of the 
human cornea‘s biomechanical behaviour, but several gaps still exist in our knowledge. 
Overall hyperelastic and hysteretic behaviour, and how it changes with age, has been 
characterised, but as the corneas tested were aged 50 years or over, similar studies are needed 
to consider younger corneas. The epithelium‘s contribution to corneal biomechanics has been 
quantified and further work is needed to assess the endothelium‘s and Bowman layer‘s 

contributions, and to distinguish between the anterior and posterior parts of the stroma (which 
differ in lamella interweaving). The correlation between corneal microstructure and 
biomechanical behaviour has been established in normal healthy eyes, and similar 
correlations are needed in swollen eyes (e.g. due to diurnal effects) and in eyes with 
keratoconus. Further work is also needed to build similar knowledge in the biomechanical 
behaviour and microstructure of the sclera, without which it becomes difficult to understand 
overall ocular behaviour or to construct predictive numerical models of whole eye globes. 

It is also important to have the ability to measure corneal and scleral biomechanical 
properties in vivo. This is necessary if we are to build accurate and reliable patient-specific 
ocular numerical simulations, especially with the notable variations in biomechanical 
behaviour observed experimentally in same-age donor corneas. Recently, Reichert produced 
the Ocular Response Analyzer (ORA), a tonometer that produces a hysteresis parameter and 
claims that this parameter provides a measure of corneal biomechanics [110, 111]. However, 
the true biomechanical origin of the hysteresis measurement, and which biomechanical 
property it represents, is not yet fully understood. 

Overall, and in spite of the current gaps in our knowledge, it remains true that the 
significant progress made to date in corneal material characterisation, topography mapping 
and microstructure detailing is offering an unprecedented opportunity to construct accurate 
predictive numerical simulations of corneal response to disease, injury and surgery. This 
subject will be discussed in some detail in the remainder of this chapter. 

 
 

NUMERICAL MODELLING OF OCULAR BIOMECHANICS 
 
In general, a numerical model is a computer-based model that describes the physical 

behaviour of a structure and is able to predict its response to external loading. The structure is 
divided into a large number of simple parts called elements, and the behaviour of each 
element is described in a set of equilibrium equations normally presented in a matrix form. 
The matrices are then assembled together to form overall equilibrium equations for the 
structure. The mathematical assembly of individual matrices is done in the same way as the 
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elements can physically be put together to form the actual structure. Solving the overall 
equilibrium equations under any set of given loads then provides a prediction of the 
structure‘s response to the loads including its deformation and stress distribution [112]. This 
modelling and solution process is commonly described as finite element analysis. 

An example corneal model is shown in Figure 33. The model has four element layers 
including anterior and posterior layers representing the epithelium and endothelium, 
respectively, and two internal layers representing the stroma. Each layer is divided into 2904 
solid prismatic elements, each with 5 faces and 6 corner points, called nodes. The elements 
are arranged in 6 radial segments and 22 circumferential rings in such a way that ensures all 
element internal angles remain between 20º and 70º. The model has a thickness that varies 
from 540 µm at the centre to 690 µm along the edge, central anterior radius of 7.8 mm, 
anterior shape factor, p = 0.82, and corneo-scleral diameter of 11.5 mm. 

For finite element (FE) models to be accurate and predictive of real behaviour, the 
models need to closely represent the structure‘s geometry, topography, boundary conditions, 
loading regimes and material properties. In FE ocular models, these conditions include the 
non-uniform corneal thickness, the elliptical topography, the connection to the sclera, the 
uniform effect caused by the IOP, and the hyperelastic, hysteretic, anisotropic, viscoelastic 
and layered behaviour of corneal tissue. However, since the introduction of these properties 
can make the construction of FE models quite complex and the analysis costly and time 
consuming, it becomes important to distinguish between the properties with significant effect 
on model predictions and those that complicate the analysis without important improvements 
in accuracy. 

It is well known that all FE models involve simplifications in topography, material 
properties, boundary conditions and/or loads [113-115].  

 

 

Figure 33. Views of a corneal numerical model with 4 layers, each with 2,904 elements arranged in 6 
segments and 22 element rings, (a) Top (anterior) surface of model showing model segments and 
element rings, (b) View of bottom (posterior) surface and thickness of model, (c) Cross-sectional view 
showing the 4 layers of the model representing the epithelium, stroma and endothelium. 
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For instance, the elliptical corneal topography is sometimes approximated as a spherical 
surface, or the hyperelastic material behaviour idealised using a linear-elastic model. Some 
simplifications are essential as they reduce the complexity of the model, lower its 
development and execution costs and make it easier to modify and adapt. However, the more 
simplifications adopted in FE model construction, the farther away from reality the model 
becomes, eventually affecting its reliability. It is therefore important in constructing FE 
models that the user adopts simplifications where they are likely to have a negligible effect 
and avoid them when they start to erode the accuracy of predictions. This exercise requires 
experience and validation against known experimental behaviour. 

The following discussion aims to assess the effect of simplifications in FE model 
construction with particular attention to simplifications in corneal topography, material 
behaviour and boundary conditions.  

The discussion refers to numerical results for a corneal model under two simple load 
cases; a uniform posterior pressure (simulating the intraocular pressure, IOP) and a concentric 
anterior point load, and the simplifications in a particular parameter are assessed by 
comparing their effect on the simulation results. This exercise is followed by an overall 
discussion on how to improve the accuracy of ocular numerical models and to allow them to 
have a more useful role in clinical practice. 

The two loading cases considered have been chosen for their simplicity and because they 
represent idealised situations where the cornea is subjected to either uniform membrane 
stresses under posterior pressure, or localised bending stresses under point loads. They have 
been preferred to subjecting the cornea to more realistic loadings such as tonometric pressure 
or external impacts since these loads create combinations of membrane and bending stresses, 
which would make the discussion of results less straightforward. The analysis used the model 
described above and shown in Figure 33, with some modifications added in the study of each 
simplification as detailed below. 

For simplicity, the following discussion focuses on the deformation recorded at the centre 
point of the anterior surface, described as the corneal central, or apical, rise. Stiffness as used 
in the discussion of results means corneal resistance to deformation, and in particular central 
corneal rise. 

 
 

SIMULATION OF CORNEAL NON-UNIFORM THICKNESS 
 
The effect of corneal thickness variation is studied by considering two models; one with 

variable thickness; from 540 µm at the centre to 690 µm along the edge, and one with 
constant (average) thickness of 615 µm, Figure 34a. The results shown in Figures 34b, c 
demonstrate a notable effect of thickness variation in models under point loads. The stiffness 
increases by 10% on average when adopting a constant thickness of 615 µm, rather than 
variable thickness. The effect under uniform posterior pressure is considerably lower, and 
limited to 1.6%. 

 
 
 
 



Ahmed Elsheikh 92 

 
 

 

Figure 34. Behaviour predictions obtained using two models (a); one with variable corneal thickness 
and one with constant thickness, under (b) a uniform posterior pressure, and (c) a concentric point load. 

The structural effects of the two loading conditions differ considerably. In the first 
loading condition, point loads create highly localised bending stresses around the load 
application point, and this concentration of stress makes the behaviour dependent on the 
thickness under the load, and almost independent of the thickness variation elsewhere. On the 
other hand, the behaviour under the tension stresses caused by posterior pressure depends on 
the thickness in all parts of the corneal surface, and in this case, replacing the real-life 
variable thickness with an average constant thickness is not expected to lead to notable 
change in overall corneal behaviour. 

 
 

SIMULATION OF CORNEAL TOPOGRAPHY 
 
The cornea has a prolate elliptical profile giving it maximum curvature (or smallest 

radius) at the centre and flatter surface towards the limbus. The effect of elliptical profile is 
studied under both uniform posterior pressure and anterior point load, and the results are 
depicted in Figure 35. Models with shape factors, p, between 0.6 and 1.2 are considered to 
cover the average reported prolate value, 0.8, the spherical case, 1.0, and an oblate case, 1.2 
[43-45]. The results show a small, but notable, effect on models subjected to point loads (max 
effect = 6.3%) and a more evident effect, exceeding 28%, under posterior pressure. 
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Figure 35. Effect of corneal shape factor, p, on predicted behaviour under (a) a uniform posterior 
pressure, and (b) a concentric point load. 

The highly localised stresses created by point loads are mainly dependent on the 
thickness under the load, and corneal topography away from the load application point has 
little effect. On the other hand, the stresses developed in the cornea due to posterior pressure 
depend on the topography. When the corneal median surface matches the catenary 
topography, the cornea experiences only tension membrane stresses (i.e. no bending stresses) 
and hence undergoes small deformations. However, as the cornea deviates from the catenary 
topography, bending stresses with increasing values arise leading to increased deformation 
and reduced stiffness. 

 
 

SIMULATION OF CORNEAL BOUNDARY CONDITIONS 
 
The connection to the sclera presents a problem in corneal simulation as the sclera is not 

stiff enough to prevent all deformation along corneal edge and is not flexible enough to allow 
free edge movement.  

This makes the use of pinned supports along corneal edge unrepresentative of real 
conditions. One possible technique to avoid this problem is to use whole ocular models 
(involving at least both the cornea and the sclera), but while this solution presents a close 
representation of the cornea‘s natural conditions, it enlarges the model significantly and 
makes it expensive to build and analyse. 

Another solution is to provide the cornea with titled supports to consider the expected 
sclera deformation, Figure 36a.  

In this case, the slope of the supports is controlled such that the deformations of the 
cornea-only model and the whole-globe model almost match. The results of this exercise are 
demonstrated in Figure 36. 
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Figure 36. Behaviour of (a) cornea-only models with titled supports under (b) a uniform posterior 
pressure, and (c) a concentric point load. 

The results show first that the support tilts suitable for simulations under posterior 
pressure and point load were 53º and 60º, respectively. Second, as the behaviour under point 
loads is dependent mainly on the thickness under the loads and largely insensitive to model 
changes elsewhere, it is reasonable to expect the model‘s low sensitivity to variations in 
support tilt in this case. The results also show the high sensitivity of analysis under posterior 
pressure to the support tilt. This finding should be considered carefully as it can make cornea-
only models in this case less attractive, and much less reliable, than whole eye models. 

 
 

SIMULATION OF CORNEAL HYPERELASTIC BEHAVIOUR 
 
Corneal tissue is known to possess hyperelastic behaviour with initial low stiffness, 

gradually increasing under higher stress levels. Considering this behaviour pattern is a 
challenge since the engineering materials commonly considered in commercial FE packages 
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have the opposite behaviour, i.e. initial high stiffness, decreasing under higher stresses. For 
this reason, several earlier modelling studies simplified the corneal behaviour into a linear-
elastic pattern, and this was justified by the assumption that common loads on the cornea 
create low stresses. In Figure 37, this assumption is tested under both posterior pressure and a 
central point load, and in both cases, two models were considered with hyperelastic and 
linear-elastic material behaviour patterns, respectively. The hyperelastic model considered the 
following stress-strain relationship developed earlier for corneas aged 50-65 years [30]: 

 

   1e0070.0ζ ε05
MPa  ,      (28) 

 
while the linear-elastic model had a constant Young‘s modulus, E, equal to the E of the 
hyperelastic model under low strain, ε = 0.01 (E = 0.56 MPa). The results show that the linear 

elastic model provided reasonable results under low load levels up to about 0.002 MPa (15 
mmHg) or 0.01 N, beyond which the deviation between the two models became unacceptably 
high. 

 

 

Figure 37. Effect of adopting a linear-elastic material behaviour pattern on the model‘s response to (a) a 
uniform posterior pressure, and (b) a concentric point load. 

 
SIMULATION OF CORNEAL LAYERED CONSTRUCTION 

 
The cornea‘s three main layers, the epithelium, stroma and endothelium, have different 

material properties. The stroma, with its fibrous structure, has the highest stiffness, while the 
cellular epithelium and endothelium are much more flexible. An earlier study estimated the 
epithelial stiffness at 10% that of the stroma [38]. No study has been carried out on 
endothelial biomechanics, but its cellular structure could justify assuming it had similar 
properties to the epithelium. The effect of considering the distinctive material properties of 
each layer on corneal behaviour was assessed and the results are shown in Figure 38.  
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Figure 38. Effect of considering the distinctive material properties of the main corneal layers on 
predicting the behaviour under (a) a uniform posterior pressure, and (b) a concentric point load. 

The homogenous model had a uniform stiffness equivalent to that of the heterogeneous 
model under loads creating membrane tension. This condition meant that: 

 
(E . t)homogenous = (E . t)epithelium + (E . t)stroma + (E . t)endothelium   (29) 
 
In this relationship, corneal thickness, t, was split into 8%, 90% and 2% parts for the 

three layers, respectively [64]. Eepithelium and Eendothelium were also both taken as 10% of Estroma. 
The results show almost negligible effect of varying the material properties on the behaviour 
under posterior pressure, as would be expected. However, the effect was clear under a 
concentric point load with an average reduction in stiffness of 15%. 

Since posterior pressure creates mainly membrane tension stresses, these stresses will be 
shared by the cornea‘s three layers according to their respective membrane stiffness values 
(E.t). However, as the overall membrane stiffness of the cornea does not change by varying 
the distribution of stiffness between layers (according to Equation 29), the overall behaviour 
under posterior pressure is not expected to change. 

On the other hand, the bending stresses caused by point loads depend on the cornea‘s 

bending stiffness calculated as the sum of Ei . Ii for all corneal layers, where Ii (the second 
moment of area of layer i) is ti

3 / 12 + ti  zi
2, and zi the distance between the mid-thickness of 

layer i and the cornea mid-thickness. Therefore, placing the layers with high Young‘s 

modulus, E, nearer the cornea mid-thickness (hence lower zi), as in the second model, reduces 
the overall bending stiffness and leads to increased deformation. 

 
 

SIMULATION OF STROMAL INTER-LAMELLAR ADHESION 
 
The cornea has weak shear stiffness at the surfaces separating stromal lamellae [9]. As 

was discussed above, the stromal inter-lamellar adhesion was assessed experimentally, and 
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the shear stress-strain, , relationship    1e009.0MPaη 74.1    was derived [39]. The 
effect of stromal adhesion on corneal behaviour was considered by reducing the stromal inter-
layer contact in the numerical simulations from full to the level observed experimentally. The 
results depicted in Figure 39 show a consistent trend in which corneal stiffness degraded with 
reducing stromal inter-lamellar interaction. On average, the stiffness reduced by 6% and 56% 
for the cases under posterior pressure and point load, respectively. 

 

 

Figure 39. Effect of stromal inter-laminar adhesion on corneal behaviour under (a) a uniform posterior 
pressure, and (b) a concentric point load. 

Since posterior pressure is transferred through membrane tension, which depends on the 
thickness and stiffness of individual layers, and not on inter-layer contact, reducing the level 
of contact does not have a considerable effect on overall behaviour under pressure [116]. On 
the other hand, reducing inter-layer contact reduces the second moment of area (as the 
stiffness term ti  zi

2 is to be multiplied by a reduction factor which depends on the level of 
interaction) and therefore affects the resistance to deformation under bending actions such as 
those created by point loads. 

 
 

SIMULATION OF CORNEAL ANISOTROPY 
 
The human cornea has a preferential orientation of stromal collagen fibrils in the vertical 

(superior-inferior, SI) and horizontal (temporal-nasal, TN) directions, leading to anisotropy in 
biomechanical behaviour [24, 26]. The degree by which the SI and TN directions exhibit 
higher stiffness than diagonal directions has been determined earlier [28] and discussed 
above. Implementing anisotropy in corneal simulations was studied by considering two multi-
layer numerical models; one with anisotropic and another with isotropic behaviour, 
respectively. The models in this study had 8 element layers representing the stroma, instead of 
the two layers used in other parts of the study. 
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Figure 40. Effect of introducing material anisotropy on predicted behaviour under (a) a uniform 
posterior pressure, and (b) a concentric point load. 

In the first model, odd-numbered stroma layers were assumed to have fibrils in only the 
vertical direction while even-numbered layers had fibrils in the horizontal direction. The 
layers were given a high stiffness in the fibril direction and 10% this value in the 
perpendicular direction.  

In the second isotropic model, the stiffness was the same in all directions and taken as the 
average of the stiffness values in the two directions of the first model. The models were used 
to predict the behaviour under a posterior pressure and a concentric point load and the results 
showed little effect, below 2% under posterior pressure, and 4% under point load, caused by 
introducing anisotropy, see Figure 40. 

 
 

SIMULATION OF CORNEAL HYSTERESIS 
 
Considering corneal hysteresis in the material definition in FE models is perhaps the most 

difficult and challenging feature in model construction. This feature requires that the corneal 
material is defined with both loading and unloading behaviour patterns, and that the 
simulation can select the pattern that fits the stress history of each element. Following each 
change in loading, the simulation calculates the stress level within each element and 
determines whether the element is to undergo further loading or unloading, and based on this 
decision, the element is allowed to follow the more suitable behaviour pattern from the stress 
level determined earlier, Figure 41. This process is difficult to program and makes the 
analysis process quite complex. 
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Figure 41. (a) Behaviour of corneal tissue under both loading and unloading conditions, and the stress 
development in a particular element during an FE analysis including (b) the stress history, and the 
behaviour adopted if the element is to undergo either (c) further loading or (d) unloading. 

Nevertheless, an assessment is needed of whether hysteresis should be incorporated in 
material definition in the first place. The first trials under monotonically increasing posterior 
pressure or point loads showed no effect of considering hysteresis. Since all elements 
underwent further loading in all analysis steps, consideration of the unloading behaviour was 
not required. 

However, further tests showed different outcomes. First, a simple corneal model was 
subjected to a posterior pressure that increased gradually to 30 mmHg then decreased down to 
0. Ignoring hysteresis resulted in pressure-rise predictions that were the same under loading 
and unloading, Figure 42a. However, when hysteresis was considered, the unloading 
behaviour differed from the loading behaviour as would be expected in experimental tests, 
Figure 42b. 

Another test involved the simulation of the Ocular Response Analyzer (ORA) – a 
tonometric technique that applies an air pulse on the cornea in increasing then decreasing 
intensity. Figures 43b-g show the stress distributions on a corneal cross-section at different 
stages of loading; first by intraocular pressure and then by external air pulse. The figures 
illustrate the unloading experienced in the middle region of the model during the second stage 
(force-out) of the ORA procedure. It is therefore hypothesised that this region should follow 
the material unloading behaviour in order to trace corneal response during the full ORA 
procedure. 
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Figure 42. Model predictions of the behaviour of a cornea subjected to a cycle of pressure increase and 
decrease while (a) ignoring and (b) considering the unloading behaviour of corneal tissue. 
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Figure 43. Stress distribution diagrams for a cornea with CCT = 540 µm, PCT = 690 µm, R = 7.8 mm, 
p = 0.82, age = 57 years and IOP = 15 mmHg, during the progress of the ORA procedure showing areas 
of loading and unloading, (a) Key showing stress values in MPa, (b) Cross-sectional view at start, (c) 
Stresses after applying the intraocular pressure on the model‘s posterior side, (d) Stresses at first 

applanation, (e) Stresses under Pmax, beyond which the air pressure starts to decrease, (f) Stresses at 
second applanation, (g) Stresses after complete removal of air pressure. 
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In order to test this hypothesis, the ORA procedure was simulated using two models that 
considered and ignored corneal hysteresis, respectively. The models were subjected first to an 
intraocular pressure of 15 mmHg. The ORA air pressure was then gradually applied until 
applanation was detected at P1 (the first applanation pressure) of 21.3 mmHg. The pressure 
was further increased to a peak value, Pmax, of 53 mmHg according to the relation: Pmax = 
1.1713 P1 + 28.106 [117]. After reaching Pmax, the pressure was decreased gradually while 
looking for the second applanation pressure, P2. 

The deformation was monitored at two points; the corneal centre and a point 0.6 mm 
away from the centre (the next point on the model‘s anterior surface away from the centre). 

Applanation was detected when the two points had the same coordinate in the anterior-
posterior direction.  

Figure 44 shows that when hysteresis was considered, the deformation under unloading 
differed from that under loading, as would be expected. As a result, the applanation pressures, 
P1 and P2, at which the central cornea flattened under air pressure, were different. However, 
when hysteresis was omitted, the two behaviour patterns were identical, and subsequently P2 
was incorrectly equal to P1. 

A similar test involving the simulation of the Goldmann Applanation Tonometer (GAT) 
was conducted. Unlike ORA, GAT is a contact tonometer that pushes a solid cylindrical 
device against the central cornea until applanation over a circular area with 3.06 mm diameter 
is achieved.  

The behaviour was simulated numerically (including the initial application of intraocular 
pressure followed by contact with the tonometer), and the stress distribution during the two 
loading stages is depicted in Figure 45. 
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Figure 44. Corneal rise as measured at the centre and a point 0.6mm away from the centre during 
inflation under 15 mmHg followed by increasing then decreasing air pressure as applied by the Ocular 
Response Analyzer. 
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Figure 45. Stress development under IOP and GAT tonometry pressure, (a) Cornea under IOP with all 
areas following loading behaviour, (b) Cornea under both IOP and tonometry pressure with area under 
tonometer experiencing unloading. 

The figure shows how the central corneal region undergoes unloading during contact with 
the tonometer – a region which should follow the material‘s unloading behaviour in order for 

the simulation to provide an accurate representation of the GAT procedure. 
An attempt has been made to assess the importance of considering corneal hysteresis in 

the simulation of GAT. Two cornea models have been developed with hysteresis considered 
in one and ignored in the other. Similar to ORA simulations, both models have CCT = 540 
µm, PCT = 690 µm, R = 7.8 mm, p = 0.82, age = 57 years and IOP = 15 mmHg. While the 
first model, which considers hysteresis, estimated a GAT reading of IOP (denoted IOPG) of 
15.19 mmHg, the second model which ignores hysteresis predicted an IOPG value of 13.96 
mmHg. The considerable difference (8%) between the two IOPG values indicate the 
importance of considering hysteresis although the corneal zone expected to undergo 
unloading is small in this case. 

 
 

CONCLUSION 
 
Numerical simulation has a strong potential in corneal biomechanics applications. It can 

be, and has been, used to improve the accuracy of tonometry [118, 119], the planning of 
refractive surgery [5,6, 14, 107], the evaluation of damage caused by impacts [11], the design 
of contact lenses, and the estimation of disease progression. This strong potential can be 
realised with growing interest from various research groups [120, 121], fast advances in 
numerical modelling, and significant contributions to knowledge and understanding of 
corneal microstructure, topography and material characterisation. 

However, a number of challenges currently exist and slow the progress of corneal 
numerical simulation. First, the level of complexity of corneal microstructure with variable 
interweaving of stromal lamellae, and change in preferential orientation of collagen fibrils 
from vertical and horizontal at the centre to circumferential near the limbus, make the 
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development of a corneal model that is truly representative of real-life conditions highly 
complex.  

Second, the material properties of corneal tissue pose serious challenges in simulation. 
On a basic level, the material‘s hyperelasticity and hysteresis can be considered, albeit with 
some difficulty, in numerical simulation. However, these properties are not constant, but vary 
with age, rate of loading and anatomical direction, and therefore a material model which is 
adequate for a particular case, could be entirely inaccurate in another. One typical example is 
the difference in speed of loading experienced under contact and non-contact tonometry, 
which would require widely different material models [118, 119]. The stiffening effect of 
ageing adds another complication to the behaviour under both loading and unloading [30, 34]. 

Third and most important is the current lack of understanding of some fundamental 
corneal properties. These include the effect of swelling (following sleep or contact lens wear) 
on corneal microstructure and biomechanical behaviour, the changes in microstructure 
associated with the progression of diseases such as keratoconus, the effects of long term 
exposure to high levels of IOP in glaucoma, and the wound healing process following surgery 
and whether stromal tissue is able to regain its mechanical integrity after wound healing. 
These effects must be quantified experimentally and/or clinically before they can be 
accurately considered in numerical simulation models. 

Fourth, the current level of understanding of other ocular components, most notably the 
sclera, is not adequate to enable their proper inclusion in ocular simulations. While a few 
studies conducted over the last 40 years helped improve understanding of scleral thickness 
variation, regional biomechanical performance and microstructure [122-130], work is still 
required to quantify the effect of sclera‘s hyperelasticity, hysteresis, viscoelasticity, 
anisotropy, layered composition, microstructure, and medical conditions such as myopia on 
scleral biomechanics. While this work will be important in its own right, it will enable the 
construction of more reliable whole eye globe models without having to approximate the 
boundary conditions of the cornea. 

The above discussion is intended to point at the areas where corneal biomechanics 
research is most needed, and to draw attention to the challenges slowing the development and 
application of corneal numerical simulation. However, it must be emphasised that while work 
to address these challenges is needed, corneal numerical simulation should not wait and 
should progress based on current knowledge. What has been achieved over the past few 
decades in corneal material characterisation, topography mapping and microstructure 
detailing, is significant and sufficient for several important applications. Normal, healthy and 
intact corneas can now be reliably modelled under actions such as contact and non-contact 
tonometry or external impacts. These applications not only address important and relevant 
clinical problems, they also help demonstrate the potential value of numerical simulation in 
corneal biomechanics applications. Nevertheless, care should be taken not to expand 
simulation into areas where knowledge of material behaviour or microstructure has not yet 
been generated. These attempts would be likely to produce unreliable results, and might affect 
the general perception of what numerical simulation can do in corneal applications. 

Detailed clinical validation is also required to assess the accuracy of numerical 
simulations and demonstrate their suitability in providing solutions to clinical problems. 
Clinical validation will also help overcome the traditional reluctance of ophthalmologists and 
optometrists to embrace predictive tools based on numerical simulations, and prepare the 
ground for their wide acceptance. 
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ABSTRACT 
 

Osseointegrated implants are actually replacements for natural teeth, and, like natural 
teeth, they are exposed to various forces. The success of osseointegration is based on the 
clinical outcome; clinicians must ensure that the stresses that the superstructure, implant, 
and surrounding bone are subjected to are within the tolerable limits of the various 
components. Structural compatibility is the optimum adaptation to the mechanical 
behavior of the host tissues. Therefore, structure compatibility refers to the mechanical 
properties of the implant material, such as elastic modulus, strength, implant design and 
optimal load transmission (minimum interfacial strain mismatch) at the implant/tissue 
interface, which is the key to the successful functioning of the implant device. 

This chapter reviews some of the reaction, properties and characteristics of the bone 
and explains how the bone-implant interface will react under loading condition. The 
chapter also includes characteristics, properties and other important information about the 
implant biomaterials and implant coating. 
 
 

1. INTRODUCTION 
 
Biomechanics is the application of engineering mechanics (statics, dynamics, strength of 

materials and stress analysis) to the solution of biological problems (Fung, 1981). 
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Biomechanics pertains to clinical dentistry because the teeth and jaw perform biomechanical 
activities during mastication.  

An osseointegrated oral implant system consists of implants that connect a prosthesis to 
the jaw bone. In all incidences of functional loading, forces are first introduced to the dental 
prosthesis and then reach the bone-implant interface via the implant to distribute it over the 
bone. The primary function of bone-implant interface is to provide a safe and effective load 
transfer from the dental prosthesis to the bone. This process and the consequences of force 
transmission into supporting bone depends on the nature of applied force (amplitude, 
direction, rate and frequency), the design of implants (i.e., shape, surface macro- and micro-
architecture), the biological and biomechanical properties of the bone-implant interface and 
the reaction of bone tissue to the mechanical environment created by loading of the implant. 

Understanding the nature of the loading forces and the mechanism of such forces‘ 
transfer to the biological tissues have been suggested as factors in the development of implant 
to tissue interface and, indeed, implant longevity (Lemons and Bidez, 1991).  

Bone mechanical properties are basic parameters that reflect the structure and function of 
bone. The mechanical behavior of bone in normal physiological situations is similar to that of 
an elastic material with no visible change in external appearance. Also, bone has the ability to 
repair itself by adaptive mechanisms. Although a dental implant is a dead object, for the 
transmission of mechanical chewing forces into the bone the implant should interact 
mechanically with biological tissue.  

In order to do this successfully, there is a need to expand the knowledge related to the 
biomechanics of bone and mechanical parameters of biomaterials that determine load on oral 
implant units so the implant design will comply with the mechanical principles of the 
biological tissue. 

 
 

2. FORCES AND MOMENTS 
 
Oral forces applied to human dentition are induced due to mastication and biting. Biting 

is understood as the act of breaking food into large pieces that will be further chewed. In this 
process, a tooth is subjected to what is called occlusal loads. In mastication, the forces are 
shorter in duration and less intense. 

Force is defined as a ―push or pull‖ that results from physical contact between two 
objects. Forces acting on both teeth and oral implants are referred to as vector quantities; this 
means that force quantities have direction as well as magnitude. Mastication mainly induces 
vertical load in the dentition. The magnitude of masticatory forces applied to teeth varies 
depending on the location in the jaws, with greater forces in the posterior regions. However, 
transverse forces are created by horizontal motion of the mandible and the inclination of teeth 
cusps.  

The values of forces acting on teeth have been extensively addressed in the literature 
(Anderson, 1953; Cimini et al., 2000; Duyck et al., 2000; Gibbs et al., 1981; Howell and 
Brudevold, 1950; Neill et al., 1989; Waltimo and Kononen, 1993). 

The magnitude of occlusal forces varies depends on tooth position in the mouth (Rangert 
et al., 1995). The mean maximal occlusal forces in an incisal area have been reported to range 
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from 264 N to 370 N (Laurell, 1985; Paphangkorakit and Osbom, 1997), whereas the average 
maximum biting force in the posterior area can be around 800 N (Van Eijden, 1991). 

During clinical loading of an oral implant, the direction of forces almost never coincides 
along its central long axis, providing two main types of loading: (1) axial force and (2) 
bending moment.  

These two types of loading are completely different in nature. The axial force is more 
favorable, as it distributes stress more homogenously throughout the implant, while the 
bending moment exerts stress gradients in the implant as well as in the crestal bone around 
dental implants which may act as a fulcrum point for lever action when a force is applied 
(Smedberg et al., 1996; Richter, 1998), indicating that peri-implant tissue could be more 
susceptible to crestal bone loss by applying forces.  

This bending moment is the force times the orthogonal distance between the force 
direction line and the counter-acting support (Figures 1 and 2). The longer the distance, the 
greater the bending moment will be (White et al., 1994). 

Rangert and his colleagues exemplified the nature of force versus moment by using the 
―see-saw‖ model (Rangert et al., 1989). This model illustrates the beam balance of the 
cantilever prosthesis under the loading; the heavier load should be applied closer to the 
fulcrum than the lighter load applied on the opposite side. 

The factor that determines this equilibrium of different forces is the ratio of the lever 
arms. The product of force × lever arm must be equal at both sides of the fulcrum. 

 

 
Figure 1. Different loading types from occlusion acting on implant prosthesis. 
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Figure 2. Forces within the implant compensating the bending moment from a vertical occlusal force 
(bending moment on the implant). 

The product of force and the distance to the force axis is called the bending moment, thus  
 
Force × Lever arm = Bending moment 
 
The optimum situation for the distribution of the bending moment along the implant is 

placement of the implants as close together as possible. In Figure 2, the distal end of the 
prosthesis thus acts as the fulcrum in this situation. The bending moment on the implant 
therefore can induce extremely high internal force in the screw of the abutment, which may 
easily overload the screw and might end up with screw fracture. Although the gold screw is 
designed to be the weakest link in the implant-abutment-prosthesis connection, its breakage 
may considerably complicate additional fixed prosthodontic treatment. 

Also, the excessive bending moments may cause stress concentration and micro-fractures 
in alveolar bone and even implant fractures.  

 
 

3. BONE BIOMECHANICAL PROPERTIES 
 
The bone structure can be exemplified by structure of the bridges. The visible structure 

when looking to the distance view of the bridge (Figure 3) is the long beam, arches and 
pillars. These elements represent the large scale level, while in close view the elements have a 
hierarchy like the structure that reinforces the bridges.  
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Figure 3. Bridge design applying the principle of structural hierarchy for bridge reinforcement. 

Bone tissue is a highly specialized form of connective tissue of mesenchymal origin with 
a hierarchical structure (Kaplan et al., 1994 and Rubin et al., 2004). The structure is different 
at different scales (Figure 4). Structure and microarchitecture are determinant aspects of bone 
strength essential elements for the assessment of bone mechanical properties. 

 

 
Figure 4. The hierarchical structure of cortical bone. 

Bone is not homogenous; its physical properties are highly variable according to species, 
age, sex, liquid content, type of bone (e.g., femoral, mandibular, cortical, cancellous) and 
even according to the location within the bone from which the sample is taken (Katz, 1995). 
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Microarchitecture seems to be a determinant of bone fragility independent of bone 
density, and important in order to understand the mechanisms of bone fragility (Dalle 
Carbonare and Giannini, 2004). Among other factors, microarchitecture is affected by 
loading. Loading also affects bone mass and size and it is therefore important for the 
maintenance of bone strength during normal aging (Mosekilde, 2000). 

Bone tissue is arranged in two macro-architectural forms: (I) trabecular (or cancellous or 
spongy) and (II) cortical (or compact). These differences in macroarchitecture have been used 
to derive a clinical classification of bone type in the dental implant field, based on the relative 
proportion of cortical to trabecular bone (that is, where Class 1 bone is predominantly cortical 
as in the anterior mandible, while Class 4 bone is almost all trabecular as found in the 
posterior maxilla) (Leckholm and Zarb, 1985). 

Cortical bone is an anisotropic material, meaning that its mechanical properties vary 
according to the direction of load (Currey 1984) (Figure 5). Cortical bone is often considered 
an orthotropic material. Orthotropic materials are a class of anisotropic materials 
characterized by three different Young‘s moduli E1, E2, E3 according to the direction of load, 

three shear moduli G12, G13, G23 and six Poisson's ratios ν12, ν13, ν23, ν21, ν31, ν32. 
Bone can be either woven (coarse-fiber bone) or lamellar (layered). Woven bone is weak, 

with a small number of randomly oriented collagen fibers, but forms quickly and without a 
pre-existing structure during periods of repair or growth. Lamellar bone is stronger, formed of 
numerous stacked layers and filled with many collagen fibers parallel to other fibers in the 
same layer. 

 

 
Figure 5. Comparison between the mechanical behaviour of isotropic and anisotropic materials. 

After a break, woven bone quickly forms and is gradually replaced by slow-growing 
lamellar bone on pre-existing calcified hyaline cartilage through a process known as ―bony 

substitution.‖ 
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It has been observed that there is a relationship between bone structures and applied 
loads. In 1892, Wolff found that the orientation of trabeculae coincides with the direction of 
the stress trajectories. He proposed that bone loading is somehow sensed and that the bone 
adapts its structure accordingly. This principle of functional adaptation is generally known as 
―Wolff‘s Law‖ (Wolff, 1892). It is occurs in conditions of disuse when bone is lost (Bauman 
et al., 1999; Vico et al., 2000; Zerwekh et al., 1998), and in overloading, which causes a gain 
in bone mass (Suominen, 1993). It also occurs after fracture healing (Wolff, 1892) and in 
relation with implant incorporation (Guldberg et al., 1997). 

The bone acts as if it has some sensors that can measure the internal load and activate the 
bone cells to carry out the bone remodeling. They are based on the separate actions of bone 
resorbing cells called osteoclasts and bone forming cells called osteoblasts. Bone remodeling 
(Figure 6), appears to be governed by a feedback system in which the bone cells sense the 
state of strain in the bone matrix around them and either add or remove bone as needed to 
maintain the strain within normal limits. Osteocytes may play an important role here. 

Several studies revealed that these cells respond to mechanical stimulation (Skerry et al., 
1989; Klein-Nulend et al., 1995). Together with the lining cells they form a system that seems 
well equipped for signal transduction (Cowin et al., 1991). It could be that mechanically 
induced osteocyte signals are transferred through the canaliculi to the bone surface where 
they control osteoclast and osteoblast activity (Burger and Klein-Nulend, 1999). 

 

 
Figure 6. Schematic diagram illustration bone remodeling process. 

Bone fractures can be produced by either a single load or the repeated application of load. 
A fracture will result from the application of a single load if that load produces a stress or 
strain that exceeds the ultimate strength of the bone. The repeated application of a lower load 
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may also produce a fracture, such a fracture is called a fatigue fracture and is typically 
produced by either lower repetition of high loads or high repetition of relatively low loads. 

 
 

4. PRINCIPLES OF FORCES TRANSFER TO BONE-IMPLANT INTERFACE 
 
The forces generated during mastication influence the teeth, as well as the periodontium, 

the jaw bones and the temporomandibular joints. Unlike nature teeth, osseointegrated 
implants are ankylosed to surrounding bone without the periodontal ligament (Figure 7), 
which provides mechanoreceptors as well as shock-absorbing function (Schulte, 1995). 

Successful implant osseointegration and its clinical longevity depend upon the way 
mechanical stresses are transferred to the surrounding bone. This force transfer from the 
implant to the surrounding bone is influenced by the type of loading that occurs (i.e., 
intermittent, continuous), the bone-implant interface (i.e., direct contact or a gap interface), 
the length and diameter of the implant, the implant shape, the surface texture of the implant 
and the quality and quantity of the surrounding bone (Bechtold et al., 2001; Jones et al., 2001; 
Mouzin et al., 2001; Skripitz and Aspenberg, 2001; Toksvig-Larsen et al., 2001).  

 

 
Figure 7. Schematic diagram of an endosseous dental implant and a tooth. Note that the implant lacks 
the periodontal ligament and is dependent on direct bone support. 

The distributions of forces and moments throughout the structure depend on the relative 
flexural rigidities of the components and on the rigidity of the connections. Some 
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assumptions about rigidity must be made in order to simplify the system but still retain the 
features necessary to give clinically useful results.  

The routine loading protocol established by Branemark and his colleagues was 
empirically based and used three months for the mandible and six months for the maxilla 
(Branemark et al., 1985). The primary aim of such an approach is to create a healing 
environment at the bone–implant interface that is capable of nurturing regeneration and 
osseointegration rather than repair and fibrous encapsulation. However, clinical and 
experimental studies demonstrate that osseointegration can be achieved when healing under 
load is allowed.  

The bone tissue response to immediately loaded oral implants has been described by 
various investigators (Hashimoto et al., 1988; Lum et al. 1991; Akagawa et al., 1993; Piattelli 
et al., 1993; Sagara et al., 1993; Piattelli et al., 1997; Corso et al., 1999) and Szmukler-
Moncler and his colleagues have given a literature review concerning the timing of loading 
and effect of micromotion on bone-implant interface (Szmukler-Moncler et al., 1998). 

Clinical (Quirynen et al., 1992; Naert et al., 1992; Baron et al., 2005) as well as 
experimental studies (Miyata et al., 2000, 2002) indicate that marginal bone loss at the oral 
implant may be associated with high occlusal stress on implants. In poor bone conditions, the 
mismatch of stiffness between bone and metallic implant may lead to implant failure 
(Lemons, 1998).  

This occurs when the tensile or compressive load exceeds the physiological limit of bone 
tolerance and causes microfracture at the bone-to-implant interface, or initiates bone 
resorption (Brunski, 1999).  

While overloading may be manifested by the application of repeated single loads, which 
causes micro-fractures within bone tissue, continuous application of low loads may also lead 
to failure, namely, fatigue fracture. However, stress-shielding (underload) at the interface 
have also been suggested as a contributing factor for bone resorption. Therefore oral implant 
should be designed so that it induces a mechanical stimulation in the surrounding bone and 
high stress peaks do not arise in the bone. 

On small scale this micromotion at the implant-bone interface can have two principle 
effects on cellular and extracellular components of bone. First, the micromotion can lead to a 
disruption of the bone-cell/implant contacts and therefore has the ability to disturb the cell 
reaction by a detachment; or second the micromotion can lead to a deformation of osteoblast 
cells attached to the surface in a strain-related manner. 

The bone tissue formation and mineralization by osteoblast cells are dependent on the 
local mechanical interaction at the cell-implant surface zone is generally accepted (Szmukler-
Moncler et al., 1998). Cells generate, transmit and sense mechanical tension, they use these 
forces to control their shape and behavior. Cells generate tensile forces within contractile 
microfilament in cytoskeleton by use of an actomyosin filament sliding mechanism (Chirucel 
et al. 1998).  

The cells extend lamellopodia (Figure 8) that adhere to the implant surface formed the 
sites act as mechanosensory ―devices,‖ where internal contractile forces or externally applied 
force can regulate the assembly of the adhesion site (Geiger and Bershadsky, 2001).  
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Figure 8. Cell migration. The cells extend lamellopodia that adhere to the implant surface. 

The cytoskeleton will subject the adhesion site to a tensile force. The force developed 
depends on the resilience of the implant material, the stiffer the material, the greater the force. 
The mechanical strength of both the adhesion site and the part of cytoskeleton under tension 
are adapted to the force, a consequence of this adaptation of force and strength to the 
resistance met is that cells tend to migrate in the direction of increasing material stiffness (Lo 
et al., 2000, Dischler et al., 2005). 

Carter and Giori suggested that proliferation and differention of the osteoblast cells 
responsible for peri-implant tissue formation are regulated by the local mechanical 
environment according to the tissue differentiation hypothesis proposed by Frost and his 
colleagues for callus formation (Carter and Giori, 1991). 

Recently development in implant surfaces has shown improvement in the mechanical 
interaction with the bone. Figure 9 illustrates the different scale levels of bone-implant 
interaction all the way from the overall design down to the molecular level. 
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Figure 9. Mechanical interaction between implant and bone on five different scale levels (from the 
design level to the molecular level). 

 
5. BULK MECHANICAL PROPERTIES OF IMPLANT BIOMATERIALS 
 
The biocompatibility is a descriptive term which indicates the ability of the material to 

perform with an appropriate host response, in a specific application (Black and Hasting, 
1998). This definition has been extended and distinguished between the surface and structural 
compatibility of an implant (Wintermantel andMayer, 1995). Surface compatibility meaning 
the chemical, biological, and physical (including surface morphology) suitability of an 
implant surface to the host tissues. Structural compatibility is the optimum adaptation to the 
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mechanical behavior of the host tissues. Therefore, structure compatibility refers to the 
mechanical properties of the implant material, such as elastic modulus, strength, implant 
design and optimal load transmission (minimum interfacial strain mismatch) at the 
implant/tissue interface (Hedia, 2002). 

Any implant must be constructed from a biomaterial. The biological performance of the 
chosen biomaterial will be of concern. Biomaterials are generally composed of a wide 
spectrum of materials. These implant biomaterials can be broadly classified into metallic, 
ceramic, polymeric, and composite materials.  

An improperly chosen material can lead not only to failure of the part or a structure but 
also to unnecessary cost. Mechanical characterization is the classification of materials 
according to their mechanical properties. Table 1 illustrates some mechanical properties of 
these materials 

(O‘Brien and William, 2002; Bouillaguet et al., 2006).  
 

Table 1. Comparison of mechanical properties of different implant materials 

 
Property 

/Materials 

Titanium Alumina Zirconia Hydroxyapatite FRC* 

Strength 

(MPa) 

800–1000 400–600 900–1200 115–150 700–1000 

Young’s 

modulus (GPa) 

110–120 380 210 85 20–40 

Hardness (HV) 100–140 2200 1200–1500 300–400 70–80 

         * Unidirectional fiber-reinforced. 
 
The main considerations in selecting metals and alloys for biomedical applications are 

biocompatibility, appropriate mechanical properties, and corrosion resistance. The high 
tensile and fatigue strength of metals, compared with ceramics and polymers, make them the 
materials of choice for implants that carry mechanical loads. However, implants are made of 
metals which are stiffer than bone which they contact. This leads to large percent of the load 
normally transmitted by the bone being borne by the prosthesis instead. This shielding can 
lead to bone disuse atrophy (Chrisman and Snook, 1968). Using an implant material which is 
biomechanically more suitable, which it is strong enough but also flexible so that it can 
reduce the interfacial stresses that causes fatigue fracture or resorption of the bone. 

The flexibility or stiffness of a material may be described by the so-called modulus of 
elasticity (Young‘s modulus). The elastic modulus is the constant that relates the stress and 
the strain in the linear elastic region where elastic deformation of a material occurs (Figure 
10) (Van Noort, 2002). 

Commercial-purity titanium (cp Ti) comes in a number of grades, with the mechanical 
properties being somewhat different for each grade. Small changes in the oxygen and iron 
contents greatly influence the mechanical properties, for example, Grade 3 cp Ti has Fe and O 
contents (maximum) of 0.3 and 0.35 %, respectively, and a yield strength of 380 MPa, while 
Grade 4 has Fe and O contents 0.5 and 0.4%, respectively, and a yield strength of 483 MPa. 
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The Ti-6%Al-4%V alloy, however, has a much higher value for yield strength (795 MPa), so 
this alloy is often chosen for dental implant cases where high strength is necessary (Mishra et 
al., 1996). Compared with the elastic moduli of either stainless steel or cobalt-chromium, Ti 
and its alloys have much lower moduli that are still almost an order of magnitude higher than 
that of bone. 

 

 

Figure 10. Average stress-strain curve for different materials. 

Ceramic are materials composed of metallic and nonmetallic elements held together by 
ionic and/or covalent bonds. Ceramic material has already been utilized as dental implant 
material like aluminum oxide (Al2O3) (Schulte, 1984). This material osseointegrated well but 
unfortunately, the biomechanical properties of the implants were not sufficient for long-term 
load. As a result, this material was withdrawn from the market as dental implant material. 
Recently, Zirconia has been introduced as a new ceramic dental implant material. As a metal 
substitute, Zirconia possesses good chemical and physical properties, like low corrosion 
potential, low thermal conductivity (Drouin and Cales, 1994; Piconi et al., 1998; Richter et 
al., 1994). Furthermore, its biocompatibility and biomechanical properties as dental implant 
material has been extensively investigated (Albrektsson et al., 1985; Ichikawa et al., 1992; 
Kohal et al., 2006). However, these implant materials have very high elastic moduli compared 
to that of human bone (17–24 GPa). 
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Hydroxyapatite (HA) Ceramic have been investigated extensively and used for dental 
implant applications for the past 30 years. HA Properties depend on its porosity. Clinical 
studies demonstrated that HA ceramics still remain the most biocompatible bone implant 
material known and possess the added feature of becoming strongly bonded to living bone 
through natural-appearing bonding mechanisms (Chang et al., 1996), yet the range of 
problems included fractures during surgery, fractures after loading (Jarcho, 1992). Therefore, 
HA ceramics are not ideal materials for permanent implant devices. However, bioactive 
ceramic coatings on metal implants have kept ceramics as a key component in dental 
implantology (Krauser et al., 1990; Ogiso et al., 1996). However, delamination of the ceramic 
layer from the metal surface can create serious problems and lead to implant failure. 

Polymers are widely used materials in biomedical applications. Polymers are used in drug 
delivery systems and as a scaffolding material for tissue engineering applications. The 
polymeric materials have molecular structures completely different from living substances 
which make them generally more stable in the tissues.  

Compared with metal and ceramics, polymers have much lower strength and moduli but 
they can be deformed to a greater extent before failure. Consequently, polymers are generally 
not used in biomedical applications that bear loads. Ultra-high-molecular-weight polyethylene 
is an exception, as it is used as a bearing surface in hip and knee replacements.  

In high-load trauma applications such as bone fracture plates, screws and intramedullary 
nails, the strength of Polyetheretherketone (PEEK) polymer allows it to be a true replacement 
of metals (Kurtz and Devine, 2007). But polymeric are not commonly seen for dental 
implants yet.  

In 1969, Hodosh placed custom-made polymer implant directly into the extraction socket 
of tooth for the first time (Brown et al., 1969; Ehrlich and Azaz, 1975; Hodosh et al., 1969; 
Hodosh et al. 1973). Since then most studies have been done with experimental animals but 
some work has been published with selected human patients as well (Hodosh et al., 1969). It 
has been reported that attachment of polymer implant can be achieved with connective tissue 
capsule resembling the periodontal ligament (Brown et al., 1969). However, due to the high 
failure rate of 60% after the seven years follow up of 10 patients, this acrylic resin implant 
was not recommended for clinical use (Hodosh et al., 1970). At the same time, Brånemark 
introduced good results on the osseointegrated titanium implants (Brånemark et al., 1977). 

Recently, fiber-reinforced composite (FRC) has been evaluated as a new material for oral 
and maxillofacial implants (Ballo et al., 2007; Ballo et al., 2008a and 2008b; Ballo et al. 
2009). The pre-clinical studies concerning the mechanical properties of biostable glass FRC 
implants have shown good performance in the laboratory environment (Ballo et al., 2007 and 
2008a). Both in vitro and in vivo studies have shown that FRC material is biocompatible in 
the cell culture environment and preosteoblasts have been shown to mature and proliferate 
well on the FRC substrates (Ballo et al., 2008b). The rigid bone-implant interface has been 
observed in a histological investigation without fibrous connective tissue between the bone 
and the FRC implant (Ballo et al., 2009). These studies used well-polymerized FRC material 
in combination with bioactive glass. 

 Although these are promising results with FRC in pre-clinical studies, many questions 
remain to be answered before FRC implants can be introduced into clinical use. In the future, 
further studies are needed to evaluate the bone remodeling process of the FRC implants under 
loading condition. 
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8. IMPLANT SURFACE COATING 
 
Various surface coating s have been extensively evaluated in implant dentistry. Implant 

coatings have strong impact factor on the strength of bone-implant interface. Chemical 
bonding is descripting when bioactive ceramics chemically bond to the surrounding bone 
(Nakamura et al., 1985). 

Bioactive ceramic coatings on metal implants have kept ceramics as a key component in 
dental implantology (Krauser et al., 1990; Ogiso et al., 1996).  

Until the introduction of the concept of bioactive materials, surface reactivity was 
considered an unwanted property for an implant material. However, some surface reactive 
(biologically active, bioactive) materials have shown the ability to form an interfacial 
chemical bond with surrounding tissues through a series of biophysical and biochemical 
reactions, causing ―bioactive fixation‖ of the implant (Cao and Hench 1996). Bioactive 
materials can be biostable (i.e., synthetic hydroxylapatite) or bioresorbable (i.e., bioactive 
glasses and glass-ceramics). Some bioactive ceramics like bioactive glasses of certain 
compositions have been claimed to have a real chemical bonding ability with soft tissues 
(Wilson, 1981 and 1990). There are indications that titanium oxides are also capable of 
forming an adherent bond with soft tissues (Areva, 2004; Rossi, 2007; Paldan, 2008). 

However, bioactive ceramics in the bulk form are not suitable for load-bearing 
applications as their flexural strength, strain-to-failure and fracture toughness are less than 
that of bone and their elastic moduli are greater than that of bone. For these reasons they are 
usually applied as coatings on metallic implants that possess superior mechanical properties. 

Although in the past 30–40 years many studies have been carried out in the field of 
biomaterials to achieve better tissue attachment, today the majority of implants are still made 
of biologically inactive materials. This is mainly due to the fact that either these materials 
have a history of reliable performance or simply because nothing better is available. For 
example, titanium and its alloys are widely used in clinical practice. Titanium is a highly 
reactive metal and except for certain artificial conditions is covered by a thin (2–10 nm) 
surface oxide layer. It is the chemical stability of this oxide layer (mainly TiO2) that provides 
the superior corrosion resistance of the implants made of titanium and its alloys. Although 
Young‘s modulus of titanium alloys (~100 GPa) differs considerably from that of bone (7–25 
GPa for cortical bone, 0.05 GPa–0.5 GPa for cancellous bone) (Hench 1994), these materials 
are well integrated into bone through morphological or biological fixation and have sufficient 
strength for load-bearing applications. However absence of a physico-chemical bond between 
the implant and the host bone especially in the poor bone quality conditions poses a risk of 
implant failure. Further, in the case of percutaneous or permucosal implants, such as dental 
implants, lack of bonding to connective tissue and epithelium may help the pathogenic 
microorganisms to migrate along the surface of the implant leading to infection. Bioactive 
fixation between an implant and soft tissues could also prevent this (Jansen, 1992). 

 
 

8.1. Calcium-Phosphate Coatings 
 
To improve attachment between the surface of a medical implant and the surrounding 

tissues, surface-reactive (bioactive) calcium-phosphate-based coatings can be applied to the 
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surface of an implant by different methods (Leeuwenburgh, 2008; Wolke, 1992; 
Kangasniemi, 1994; Lacefield, 1988 and 1994,). Calcium-phosphates include a large group of 
structurally related apatites (tricalcium phosphates, hydroxyapatite, fluorapatite, etc). At 
present, coating of a medical implant surface with calcium-phospahte by plasma spraying is 
the only method approved by the FDA (Food and Drug Administration) (Campbell, 2003). 

 
 

8.2. Bioactive Glass Coatings 
 
Originally introduced by Hench (Hench, 1971), silica-based bioactive glass materials are 

slowly resorbing synthetic osteoconductive materials which are able to form strong chemical 
bond with bone. Several methods have been applied to obtain a bioactive glass coating on the 
load bearing part of the implants (Hench, 1993). Numerous attempts have been made to create 
bioactive glass coatings on alumina (Greenspan and Hench, 1976; Griss et al., 1976), stainless 
steel (Piotrowski et al., 1975; Schepers et al., 1989), Co-Cr-Mo alloy (Ducheyne et al., 1984; 
Lacefield and Hench, 1986; Pajamäki et al., 1995) and titanium alloys (West et al., 1990; 
Kitsugi et al., 1996). Application of a double glass coating has been suggested to solve the 
problem of differences in thermal expansion coefficients.  

Recently, several attempts were made to prepare bioactive glass coatings on titanium and 
Ti6Al4V (Bloyer et al., 1999; Saiz et al., 2002). Application of a ground layer prepared from 
inert glass with a thermal expansion coefficient close to that of Ti6Al4V provided good 
adhesion to the substrate (Oku, 2001). This ground coating can be used in combination with 
more surface reactive glass coatings (Gomez-Vega, 2000a), with embedded hydroxyapatite 
and/or bioactive glass particles (Gomez-Vega, 2000b), or a sol-gel-derived silica coating 
(Gomez-Vega, 2001). Reactive plasma spraying (Schrooten, 2000) or processing with infra-
red laser (Moritz, 2004) have also been attempted to create bioactive glass coatings on 
titanium and its alloys. 

 
 

9. BIOMECHANICAL CONSIDERATIONS FOR 

COATED IMPLANT DESIGN 
 
With respect to orthopaedic hip implants, a lot of knowledge has been accumulated 

leading to identification of a number of important implant failure scenarios (Huiskes, 1993). 
Although originally discussed with respect to orthopaedic implants, similar issues are valid 
for other types of load-bearing medical implants, including dental. 

Under repeated dynamic loading there is an accumulation of mechanical damage in 
materials and materials‘ interfaces. When the interface stresses exceed the strengths of the 
materials, the disruption of the implant is initiated by the growth of cracks at the interface. 
This is followed by interface micromotion, bone resorption, fibrous encapsulation and 
ultimate failure of the implant (Huiskes, 1993). For uncoated implants, failed bonding is 
another important issue. If bone ingrowth or osseointegration does not occur, the resulting 
motion of the interface in excess of 150 µm will always lead to the formation of the fibrous 
membrane (Huiskes, 1993). The ―stress-shielding‖ phenomenon is often addressed in the 
literature. After the implantation, it is the bone and the implant together that are engaged in 
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sharing of the load that is normally carried by bone alone. As the implant takes a fraction of 
the load away from the bone, subnormal loading of the bone according to Wolff‘s law will 
lead to its resorption in the form of osteopenia and cortical thinning. The mismatch of the 
mechanical properties often leads to physiological underloading of the bone, thus increasing 
the likelihood of adverse bone remodelling. However, it should be noted that, regardless of 
the mechanical properties of the implant, just the addition of an implant would always cause 
some degree of stress-shielding. Thus, it is impossible to completely eliminate stress-
shielding. Also, stress bypass and destructive wear are examples of other possible failure 
scenarios (Huiskes, 1993). Moreover, all of these failure scenarios are interlinked, thus there 
is a need for a systematic approach to implant design so that the entire scope of conflicting 
requirements are considered. For example, using less-stiff implant materials will obviously 
decrease the effect of stress-shielding but respectively increase the interfacial stresses, thus 
promoting accumulated damage and failed ingrowth (Huiskes, 1993). 

Regardless of all the possible benefits of bioactive fixation, addition of a bioactive 
coating will be practical only if the coating is adequately strong to withstand the stresses the 
implant is subjected to. This applies to implant-coating interface, coating-tissue interface and 
the coating material itself. Moreover, in real clinical applications, the integrity of the 
interfaces should be maintained over a long period of time. 

Strong bonds between bioactive materials and periimplant bone is a well-known 
phenomenon reported by many authors (Nakamura et al., 1985; Li et al., 1995; Andersson et 
al., 1992). In a number of studies by Soballe, performance of hydroxyapatite coatings was 
tested in different in vivo conditions, including gap-healing, osteopenic bone bed, bone 
grafting and dynamic loading (Soballe, 1993), demonstrating adequate performance of the 
coatings. In some studies (Cook, 1992a), selection of torsional loading as a biomechanical 
testing method is based on the assumption that the torsional loads may influence the longevity 
of dental implants. Moreover, as it has been demonstrated, in torsional loading the HA-coated 
cylindrical implants failed mainly at the coating-substrate interface (Cook, 1992a). It has been 
demonstrated that when load-bearing is not taken into consideration, the implantation of 
transcortical implants in a femur bone does accurately simulate biological responses to the 
implants placed in the mandible (Cook, 1992b). Thus, the results were expected to be more 
clinically relevant than if push-out or pull-out testing was used. The later methods would have 
also required conically- rather than cylindrically-shaped implants (Andersson, 1992), as 
misalignment of an implant during testing might easily occur and lead to incorrect results. 
Further, in the case of macro-textured cylindrical implants such as bioactive glass-coated 
implants, pull-out or push-out tests were suggested to be unacceptable methods (Dhert and 
Jansen, 2000). 

A large number of testing methods exist to quantify the adhesion strength of the coating 
to the substrate (Rickerby, 1988; Berndt and Lin, 1993). A number of the testing methods 
(Manley et al., 1987; Ducheyne and Martens, 1988) are suggested by the FDA alongside 
standardized testing methods. According to FDA guidelines for testing of the plasma-sprayed 
coating (FDA 2000), the shear fatigue strength of surface coating should be tested out to at 
least 107 cycles. The static shear strength of the surface/substrate interface should be tested 
and the adhesion shear strength should exceed 20 Mpa. The static tensile strength of the 
surface/substrate interface and the coating should exceed 22 Mpa in tensile strength. While 
these tests are useful for validation of the adhesion quality of a coating, they are not 
representative of loading conditions of a real implant. Thus, to understand the fracture 
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behavior of a coating under loading conditions, a combination of realistic mechanical testing, 
acoustic emission measurements and finite element analysis (FEA) were suggested 
(Schrooten, 1999 and 2000). This allows for qualitative and quantitative evaluation of 
coatings on a medical implant. The pattern of load transfer depends on several mechanical 
factors, such implant geometry, properties of the implant material, interfacial strength and 
loading conditions; thus, finite element analysis has been found to be a valuable tool in 
development of human joint implants (Huiskes, 1993; Prendergast, 1997). For dental 
implants, FEA has also been extensively used (van Staden et al., 2006). FEA allows for 
simulation of real biomechanical testing conditions to study stress distributions at the 
interfaces of interest. However, FEA of coated implants has received less attention (Mihalko 
et al., 1992; Evans et al., 1994; Evans and Gregson, 1994; Schrooten 1999 and 2000; Aoki et 
al., 2006). Introduction of a low modulus interlayer between the implant and the surrounding 
bone can totally change the pattern of load transfer. When this is done in a controlled way, the 
performance of the implant can even be improved; however, other aspects of implant design 
should also be taken into account (Evans and Gregson, 1994). Moreover, a recent FEA study 
has indicated that when applied to less stiff materials such as fiber-reinforced composites, a 
bioactive surface component will promote more stress-shielding than an uncoated implant 
(Zhao et al., 2009). 
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ABSTRACT 
 

Gastrointestinal tract sensory-motor abnormalities are common in patients with 
diabetes mellitus with symptoms arising from the whole GI tract. Common complaints 
include dysphasia, early satiety, reflux, constipation, abdominal pain, nausea, vomiting, 
and diarrhea. The pathogenesis of GI symptoms in diabetes mellitus is complex in nature, 
multi-factorial (motor dysfunction, autonomic neuropathy, glycemic control, 
psychological factors, etc.) and is not well understood. Histologically, many studies have 
demonstrated prominent proliferation of different GI wall layers during diabetes. During 
the past several years, several studies demonstrated that experimental diabetes induces GI 
morphological and biomechanical remodeling. Following the development of diabetes, 
the GI wall becomes thicker and the stiffness of the GI wall increases in a time-dependent 
manner. It is well known that mechanosensitive nerve endings exist in the GI tract where 
they serve a critical role for tissue homeostasis and symptom generation. 
Mechanoreceptor-like structures such as intraganglionic laminar nerve endings and 
intramuscular arrays have been identified. The changes of stress and strain in the GI wall 
will alter the biomechanical environment of the mechanosensitive nerve endings, 
therefore, the structure as well as the tension, stress and strain distribution in the GI wall 
is important for the sensory and motor function. Biomechanical remodeling of diabetic 
GI tract including alterations of residual strain and increase in wall stiffness will alter the 
tension and stress distribution in the vicinity of the mechanosensitive afferents with 
consequences for perception and motility of the GI tract.  
 

Keywords: Diabetes, gastrointestinal tract, mechanosensory, biomechanics, remodeling. 
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INTRODUCTION 
 
Diabetes mellitus (DM) is a chronic disease requiring lifelong medical attention in order 

to limit the development of potentially devastating late complications and to manage them if 
they occur. DM affects almost 6% of the world's population, means that approximately 246 
million people worldwide were affected (International Diabetes Federation 
[http://www.idf.org/]) and the number of diabetic patients will reach 300 million in 2025 
[Adeghate et al., 2006]. Therefore, it is becoming one of the major public health problems 
because a great proportion of the healthcare expenditure has been spent on the treatment of its 
associated morbidity and mortality. In addition, persons with DM have a lower quality of life 
compared with persons without DM.  

Chronic complications of DM include nerve disease, heart disease, vascular disease, 
kidney disease, eye disease as well as digestive disease [Nair, 2007]. Gastrointestinal (GI) 
disorders are common in diabetic patients [Verne and Sninsky, 1998; Folwaczny et al., 1999]. 
The entire GI tract from the esophagus to the anorectal region can be affected. The 
pathogenesis of the GI abnormalities is complex of nature, multi-factorial (motor dysfunction, 
autonomic neuropathy, glycemic control, psychological factors, etc.) and is not well 
understood [Horowitz and Samsom, 2004]. A number of motor dysfunctions have been 
described in different segments of the GI tract in diabetic patients: esophagus (dysmotility), 
stomach (dysmotility, delayed emptying) and small and large bowel (dysmotility, delayed 
transit, bacterial overgrowth, and diarrhea) [Horowitz and Samsom, 2004]. A few studies 
have addressed the visceral sensory function in DM [Kamath et al., 1998, 2000; Rathmann et 
al., 1991]. Although the hyperglycemia and neuropathy seem to be the main mechanisms to 
the motor-sensory dysfunction in the GI tract in DM, many studies have however 
demonstrated morphological changes [Mayhew et al., 1989; Tahara and Yamamoto, 1988; 
Zoubi et al., 1995; Charlton et al., 2000] and biomechanical remodeling in the GI tract in DM 
[Jorgensen et al., 2001; Liao et al., 2006; Sha et al., 2006; Yang et al., 2004, 2006; Zeng et al., 
2004; Zhao et al., 2002, 2003a, 2003b, 2006, 2007, 2008; Frokjaer et al., 2007a, 2007b]. 
Therefore, the morphological and biomechanical remodeling of the GI wall may also be an 
important factor in the pathogenesis to the GI motor-sensory dysfunction in the diabetic 
patients. Data on the biomechanical properties are crucial for the understanding of the motor 
function of the GI tract because, 1) peristaltic motion that propels the food through the GI 
tract is a result of interaction of the passive and active tissue forces and the hydrodynamic 
forces in the food bolus and 2) remodeling of the mechanical properties reflects the changes 
in the tissue structure that determine a specific motor dysfunction.  

 
 

SYMPTOMS FROM GI TRACT IN DM 
 
Motor and sensory abnormalities in DM can affect the entire GI tract or part hereof, and 

the perceived symptoms may originate from one or several parts of the GI tract. The 
prevalence of GI symptoms is high in both insulin dependent DM (IDDM) and non-insulin 
dependent DM (NIDDM) [Ko et al., 1999; Maleki et al., 2001; Ricci et al., 2000; Schvarcz et 
al., 1996; Spangeus et al., 1999; Talley et al., 2001, 2002]. The symptoms relating to the 
esophagus, stomach, small intestine and colon are summarized in Table 1. Most symptoms 
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are non-specific of nature, therefore when dealing with GI symptoms; some specific issues 
need to be addressed. Chest pain may relate to reflux or esophageal motor disorders, but 
ischemic heart disease and other causes of non-cardiac chest pain are also possible causes and 
must be excluded. Dysphagia, the most characteristic symptom of impaired esophageal 
transit, may be caused by motility disorders of the esophagus. A number of other incidental 
conditions must be excluded when diabetic gastroparesis is suspected: gastric outlet 
obstruction caused by tumors and ulcer disease; metabolic abnormalities such as diabetic 
ketoacidosis or uremia and side effects of pharmacotherapy. Diabetic patients frequently 
report abdominal pain and this may be the only symptom of diabetic gastroparesis; however, 
abdominal pain can also be seen in diabetic ketoacidosis and severe metabolic acidosis 
[Umpierrez and Freire, 2002]. Diabetic patients with thoracic polyradiculopathy, a rare 
condition, may also suffer from abdominal pain [Longstreth, 1997]. Diarrhea in DM patients 
may be induced by a number of factors. These may include food composition, abnormal 
intestinal motility, small intestinal bacterial overgrowth, excessive loss of bile acids, 
pancreatic insufficiency and more [Samsom and Verhagen, 2004]. Abnormal small intestinal 
motility (rapid or delayed transit) is a frequent condition in the diabetic patients as described 
below. Rapid transit may induce an increase in intra-luminal contents that reach the caecum, 
whereas delayed transit may cause bacterial overgrowth, both potentially resulting in diabetic 
diarrhea. Celiac disease is overrepresented in IDDM and a cause of severe diarrhea to be 
excluded when dealing with diabetic diarrhea [Anderson, 2005]. Disordered defecation, 
characterized by fecal incontinence and constipation occurs frequently in patients with DM 
[Sun and Read, 2004]; the patients frequently fail to report disturbances in defecation unless 
the symptoms are severe. Constipation has been cited as the most common gastrointestinal 
complaint of diabetic patients [Batte et al., 1983]. Profound constipation with massive fecal 
impaction may occur [Batte et al., 1983]. These patients may develop marked abdominal 
distention and severe nausea and vomiting associated with electrolyte disturbances. Prolonged 
fecal impaction may lead to stercoral ulcerations and perforation. Steatorrhea has generally 
been attributed to pancreatic insufficiency, celiac disease, or bacterial overgrowth of the small 
intestine [Batte et al., 1983]. In these patients the colon appears to play a secondary or 
permissive role in the production of diarrhea. In the absence of steatorrhea, colonic 
dysfunction may be a primary contributor to diabetic diarrhea. 

 
 

Table 1. Symptoms of GI tract in DM 

 
Organs Symptoms 
Esophagus Heartburn, dysphagia and chest pain 
Stomach Postprandial nausea, vomiting, early satiety, bloating, weight loss 

and abdominal pain 
Small intestine Diarrhea, discomfort, pain and pseudo-obstruction 
Large intestine Faecal Incontinence, constipation, diarrhea 
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MECHANO-SENSORY DYSFUNCTION OF GI TRACT IN DM 
 
Many studies have demonstrated that DM patients have disorders of transit and motility. 

However, the data related to the sensory dysfunction of the GI tract are sparse compared with 
those relating to the motor dysfunction of the GI tract. The most frequent motility disorders of 
GI tract are shown in Table 2.  

Esophagus: Impaired esophageal transit has been reported both in IDDM and NIDDM 
patients [Horowitz et al., 1991; Jorgensen et al., 1991; Tsai et al, 1995]. The esophageal 
transit appears to be delayed in about 50% of patients with long-standing DM [Annese et al., 
1999]. The retarded esophageal transit in the DM usually reflects either peristaltic failure or 
focal low-amplitude pressure waves [Holloway et al., 1999]. Esophageal manometric 
abnormalities occur in over 50% of patients with DM [Smout, 2004] (see Table 2). The 
reduced amplitude of lower esophageal sphincter pressure is in accordance with the increased 
prevalence of gastroesophageal reflux disease in DM. More recently the evoked esophageal 
contractile activity to standardized bag distension was assessed using a specialized 
ultrasound-based probe by Frokjaer et al [2007]. A balloon-like bag was positioned 10 cm 
above the lower esophageal sphincter and inflated. It was demonstrated, both at the bag and 6 
cm proximally, that the distension induced hyperreactivity and impaired coordination of the 
contractions in the diabetic patients. 

Elevation of perception thresholds to esophageal electrical stimulation has been observed 
in patients with DAN and different severity of GI symptoms [Rathmann et al., 1991]. 
Increased vagal tonus and abnormal evoked brain potentials to mechanical and electrical 
stimulation of the esophagus has also been shown [Kamath et al., 1998]. 

 
Table 2. Motility disorders of GI tract in DM 

 
Organs Motility disorders 
Esophagus 1) amplitude and number of peristaltic contractions↑ 

2) number of spontaneous and non-propagated contractions↑ 
3) amplitude of lower esophageal sphincter pressure↓ 
4) multi-peaked contractions 

Stomach 1) antral IMMC↓ 
2) post-prandial antral activity and the number of antral 
contractions↓ 
3) pyloric dysmotility 

Small intestine 1) frequency and amplitude of the antropyloroduodenal 
contractions↑↓ 
2) duration of MMC cycle↑ 
3) early recurrence of the MMC and clusters of contractile activity 

Colon 1) enhanced spontaneous activity  
2) Increase in stretch-induced rhythmic motor activity 

 
Stomach: Several animal studies reported a slowing gastric emptying in IDDM and 

NIDDM rats [Mehta et al., 2002; Ogata et al., 1997; Liu et al., 2004], whereas other studies 
on IDDM and NIDDM animals demonstrated that gastric emptying increased [Nowak et al., 
1994; Ogata et al., 1996; Young et al., 1995]. Using radionuclide measuring techniques it has 
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been demonstrated that gastric empting of solid, or a liquid meal was abnormally slow in 30-
50% of patients with long-standing IDDM and NIDDM [Horowitz et al., 1996]. Gastroparesis 
in DM has been known clinically for more than 50 years [Smith and Ferris, 2003]. The gastric 
emptying delay in DM is related to both slow transit with increased retention of food in the 
proximal and distal stomach [Jones et al., 1995], and abnormal motility of the gastric wall 
[Samsom et al., 1998]. Motility disorders of the fundus and pylorus have been demonstrated 
in the diabetic animals [James et al., 2004; Korolkiewicz et al., 1998]. In human studies, it is 
recognized that disordered gastric contractile activity as assessed by manometry and gastric 
emptying occurs frequently in DM [Bjornsson et al., 1994; Samsom et al., 1996]. The motility 
disorders may include three aspects: Inter-digestive migrating motor complex (IMMC), 
amplitude and frequency of contractions, and pyloric dysfunction (Table 2).  

Rayner et al [2000] did isovolumetric and isobaric distensions of the proximal stomach in 
ten randomly selected patients with IDDM. They demonstrated that the perception of gastric 
distension during euglycemia was increased compared with healthy controls. To study 
mechanisms behind postprandial symptoms in patients with diabetes, the gastric 
accommodation of the meal was assessed by abdominal ultrasound [Undeland., 1998]. In DM 
patients, a large proximal stomach was associated with perception of fullness and a large 
antrum was associated with perception of pain after a meal. 

Small intestine: Delayed and rapid transit in the small intestine was observed in animal 
diabetic models. The GI transit was rapid in non-obese diabetic mice [el Salhy, 2001] and was 
slower in obese diabetic mice [el Salhy, 2002]. Anjaneyulu and Ramarao [2002] reported an 
increase in intestinal transit and a decrease in intestinal tone due to increased cholinergic and 
decreased beta-adrenergic receptor activities in DM rats. Slow small intestinal transit in DM 
patients have been documented using breath hydrogen appearance time after the ingestion of 
lactulose [de Boer et al., 1993], by using radiopaque markers [Iida et al., 2000] and by use of 
metal-detector test [Folwaczny et al., 1995]. On the other hand, Keshavarzian and Iber [1986] 
investigated intestinal transit in IDDM patients after the ingestion of both liquid and solid 
meals and showed abnormal fast intestinal transit in their sample of diabetic patients. Nguyen 
et al [1997] used intraluminal multiple impedance measurements to identify the postprandial 
duodenal chyme transport in patients with long standing IDDM. They demonstrated that the 
patients had disturbed propulsive chyme transport through the duodenum and the duodenal 
chyme clearance activity was decreased. Camilleri and Malagelada [1984] reported that small 
intestinal motility was abnormal in about 80% patients of long-standing DM with delayed 
gastric emptying. Both postprandial and fasting small intestinal dysmotility in the DM was 
reported (Table 2). Dooley et al [1988] studied fasting GI motility by manometry for a mean 
of 210 min in a group of 12 NIDDM patients with diarrhea and DAN. The patients showed 
grossly disordered motility. The migrating motor complex (MMC) disorders reflect the 
prolongation of phase II without change in the duration of phase I and III. The results of 
studies on postprandial motility at the level of the small intestine are inconsistent. However, 
abnormal motility patterns were observed in the diabetic subjects [Samsom et al., 1996]. 

More recently, Frøkjær et al [2007] used a multimodal stimulation device to investigate 
the visceral sensitivity to mechanical, thermal and electrical stimulation in the esophagus and 
duodenum in IDDM patients with DAN and GI symptoms. This study demonstrated that the 
patients had decreased sensitivity to the stimulations of the esophagus and duodenum. This 
indicates that the affection of the sensory nerves is widespread in the GI tract. As the 
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multimodal approach is thought to stimulate the mucosa, submucosa and muscle layers 
differentially, the disease seems to be generalized to nerves in all layers of the GI tract. 

Colon: Delayed transit was frequent in males with IDDM of greater than 10 years 
duration and the symptoms related closely to the region impaired [Iber et al., 1993]. The mean 
total colonic transit time of the diabetic patients was significantly longer than that in healthy 
subjects. Furthermore, the diabetic patients with constipation showed longer total, left and 
recto-sigmoid colonic transit times than those without constipation [Jung et al., 2003]. 
Diabetic patients with mild constipation had a postprandial increase in colonic motility; 
however, the response was delayed to 60-90 min after eating. Diabetic patients with severe 
constipation had no postprandial increase in colonic motility. These studies suggest that 
patients with diabetes mellitus and severe constipation may have a DAN which leads to an 
absent postprandial gastrocolonic response [Battle et al., 1980]. A marked alteration of 
motility in the colon was also observed in diabetic animals; however, the change in motility is 
unlikely to be due to a change in inhibitory control mechanisms and may be due to an 
increased excitability [Forrest and Parsons, 2003]. In diabetic rats, the stretch-induced 
rhythmic contractile activity remained robust and of similar frequency but was significantly 
higher in amplitude compared with that in control rats. This robust presence of low-frequency 
contractions is consistent with the unaffected pacemaker, the ICC associated with Auerbach's 
plexus, and the increased amplitude correlates with loss of and injury to ICC of the 
submuscular plexus and intramuscular ICC [Forrest et al., 2008]. Hyperglycemia blunts 
mechanoreceptor-mediated gastrocolonic responses and ascending contractions but not 
descending components of the peristaltic reflex in humans, effects not caused by 
hyperinsulinemia or direct muscle actions. These inhibitory effects on long and short neural 
reflexes that modulate colonic motility may contribute to constipation in diabetes [Sims et al., 
1995]. 

 
 
MORPHOLOGICAL AND BIOMECHANICAL REMODELING OF GI 

TRACT IN DIABETES MELLITUS 
 
Although the hyperglycemia and neuropathy seem to be the main mechanisms to the 

motor-sensory dysfunction in the GI tract in DM, the question remains whether the disordered 
motor and sensory functions of the GI tract are only due to the neuronal changes and 
dysfunction or if primary diabetes-induced structural and biomechanical changes in the GI 
tract also play a role? Histologically, many studies have demonstrated prominent proliferation 
of different GI wall layers during diabetes.  

During the past several years, several studies demonstrated that experimental diabetes 
induces GI morphological and biomechanical remodeling. Following the development of 
diabetes, the GI wall becomes thicker and the stiffness of the GI wall increases in a time-
dependent manner. Therefore, the morphological and biomechanical remodeling of the GI 
wall may also be an important factor in the pathogenesis to the GI motor-sensory dysfunction 
in the diabetic patients. 
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Morphological and Biomechanical Remodeling of Different Parts in GI 
 
Esophageal remodeling: Many studies have shown that DM causes morphological 

changes and biomechanical remodeling in the esophagus. Yang et al [2004] in the in vitro 
study on the STZ-induced diabetic rat esophagus found that the wall thickness and cross-
sectional wall area increased after the induction of diabetes. During development of the 
diabetes, the esophagus became stiffer in the circumferential (Figure 1A) and the longitudinal 
as well as in the shear directions [Yang et al., 2004].  

 

 

Figure 1. A: Effect of diabetes on the circumferential stress and strain of intact oesophageal wall during 
the 4 weeks study period. Diabetes shifted the curve to the left indicating increased circumferential 
stiffness. B: Circumferential stress-strain relations in the muscle layer and mucosa-submucosa layer at a 
longitudinal stretch ratio of 1.5. The curve for the mucosa-submucosa layer during diabetes shifted to 
the left in the circumferential direction compared to the control group indicating that the mucosa-
submucosa layer became stiffer in the diabetic rats. N: Normal control, D: 28 days diabetes.  

B 

A 
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Figure 2. A: The wall thickness in the no-load state and zero-stress state were significantly bigger in the 
GK rats than in the normal rats (P<0.01). B: The collagen area fraction in the mucosa-submucosa layer 
of the esophagus in the GK rats was significantly higher than that in the normal rats (P<0.01). C: The 
opening angle was significantly smaller in the GK rats than in the normal rats (P<0.01). D: The 
circumferential stress-strain curve in the GK rats was shifted to the left, indicating that the esophageal 
wall stiffness increased in the GK rats. 

Detail layered wall biomechanical analysis showed that the morphometric and 
biomechanical remodeling in the mucosa-submucosa layer of the twenty-eight days diabetic 
esophagus was characterized by increased circumferential length, luminal area and 
circumferential stiffness (Figure 1B) [Yang et al., 2006]. The esophageal remodeling was also 
found in NIDDM rat esophagus [Zhao et al., 2007]. In the diabetic rats the esophageal weight 
per length, wall thickness (figure 2A), cross-sectional wall area and the collagen fraction 
(figure 2B) in the mucosa-submucosa layer increased in the NIDDM rats. The opening angle 
(figure 2C) and residual strain distribution in the outer surface of the wall decreased, whereas 
the passive circumferential stiffness of the esophageal wall increased (figure 2D). One 
previous human study reported that among six cases of diffuse muscular hypertrophy of the 
esophagus, four cases were associated with DM [Iyer et al., 1986]. Recently, Frøkjær et al 
[2007] in a human study found an increase in esophageal wall thickness and altered 
deformation to the distension with reduced longitudinal shortening and the radial stretch in 
IDDM patients.  

Stomach remodeling: A morphological study in DM rats demonstrated that the gastric 
mucosa thickness increased in DM rats compared with controls [Watanabe et al., 1995]. 
Remodeling of the interstitial cells network of Cajal in the stomach were found both in 
animals and humans with DM [Forster et al., 2005; Horvath et al., 2005; Long et al., 2004]. A 
histopathological study of the human stomach in DM patients with severe gastroparesis 
showed prominent collagenization and smooth muscle atrophy of the muscle layer [Ejskjaer 
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et al., 1999]. Regarding the biomechanical remodeling of the stomach only one report by Liao 
et al is available [Liao et al., 2006]. The rat stomach was distended in vitro. Gastric 
compliance, the surface tension, and circumferential and longitudinal deformation-pressure 
curves were calculated based on three-dimensional ultrasound reconstructions of non-diabetic 
and diabetic stomach models. In experimental DM, gastric compliance was lowered both in 
the non-glandular stomach (proximal part) and the glandular stomach (distal part) (figure 3). 
Furthermore, the circumferential stiffness in the non-glandular part increased (figure 3). The 
structural changes of the stomach due to DM may together with the sensory and motor nerve 
dysfunction contribute to the delayed gastric emptying and the symptoms in diabetic patients.  

Small intestinal remodeling: Many human [Folwaczny et al., 1999; Charlton et al., 2000; 
He et al., 2001; Secondulfo et al., 2004] and animal [Folwaczny et al., 1999; Verne and 
Sninsky, 1998; Zoubi et al., 1995; Bhor et al., 2004; Noda et al., 2001; Tormo et al., 2002; 
Adachi et al., 2003] studies have shown that DM causes morphological alterations in the 
small intestine. However, only few data exist on biomechanical remodeling of the small 
intestine in DM [Jorgensen et al., 2001].  

Recently we did a series of studies on the morphological and biomechanical remodeling 
of small intestine in the STZ-induced diabetic rats [Sha et al., 2006; Zhao et al., 2002, 2003a, 
2003b]. The major findings were that the opening angle and residual strain were lower in the 
duodenum and larger in the jejunum and ileum in diabetic rats compared to normal rats 
(Figure 4). 

 

 

Figure 3. Left: Non-dimensional surface area-pressure curve for the glandular (top) and the non-
glandular stomach part (bottom) in the non-diabetic (solid lines) and the diabetic (dashed lines) rats. 
Surface area for the non-glandular stomach in the non-diabetic group increased more than the diabetic 
group (P<0.02). Right: The circumferential stretch ratio-pressure for the glandular (top) and the non-
glandular part (bottom) in the non-diabetic (solid lines) and the diabetic (dashed lines) rats. The 
circumferential deformation of the non-glandular part in the diabetic group was smaller than that in the 
non-diabetic group (P<0.01).  
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Figure 4. The opening angles and residual strain of the different segments of the intestine in the STZ-
induced diabetic rats. The opening angle did not change significantly in the first two weeks in the 
duodenal and jejunal segments. Thereafter it decreased in the duodenum and increased in the jejunum. 
The opening angle was increased after 4 days diabetes in the ileum. The same patterns as the opening 
angle were found for the residual strain at the mucosa and serosa. 

Stress-strain relationship analysis showed that both in the circumferential and 
longitudinal directions the stiffness of the intestinal wall increased with the duration of 
diabetes (Figure 5). The viscoelastic behavior of intestinal wall also changed during the 
development of diabetes (Figure 6). Furthermore, we confirmed previous data that the 
intestinal weight, weight per-unit length and wall thickness and area increased in the diabetic 
rats (Figure 7).The stress-strain distribution and viscoelastic behavior mainly reflects the 
elastic properties of intestine. The changes in elastic properties reflect the structural 
remodeling of the intestinal wall during the diabetic development.  
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Figure 5. The circumferential (top) and longitudinal (bottom) stress-strain relations of the duodenum a 
in the STZ-induced diabetic rats. The stress-strain curves in both directions shifted to the left during 
experimental diabetes indicating the wall became stiffer.  
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Figure 6. The mean reduced relaxation function vs linear time scale in the time period of 600 seconds 
(top) and 10 seconds (bottom) was shown. The curves appear in the order of largest-to-smallest G (t) as 
W4, W1, 4d and Normals. The stress relaxation decreased with the development of experimental 
diabetes (all correlation coefficients > 0.99). 
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Figure 7. The micro-photographs show the normal (left) and 4 weeks diabetic (right) duodenal 
histological sections. It clearly demonstrated that the muscle and submucosa layers in the diabetic 
duodenum became much thicker than in the normal duodenum. The bar is 100 um.  

Colon remodeling: Some studies have demonstrated the morphological and histological 
remodeling in the colon due to DM, for example, 1) changes in the innervation of the colon of 
the streptozotocin-diabetic model shortly after the induction of diabetes [Lincoln et al., 1984]; 
2) abnormalities of endocrine cells in the colon of type 2 diabetic animal model [Spangeus et 
al., 1998, 1999]; 3) impairment of nitrergic enteric neurons in spontaneously diabetic rats 
[Yoneda et al., 2001]; 4) deficiency of KIT-positive cells in the colon of patients with DM 
[Nakahara et al., 2002]; 5) early activated the apoptosis cascade in DAN patients [Guo et al., 
2004]; 6) reduced density of ghrelin-immunoreactive cells in animal models of human 
diabetes type 1 and 2 [Rauma et al., 2006]; and 7) increased the thickness of the subepithelial 
collagen layer in the patients with DM [Unal et al., 2008]. However, it lacks the data of 
biomechanical remodeling in the colon due to DM. Recently we investigated the time-
dependent biomechanical and morphometric properties of the colon in diabetic rats [Zhao et 
al., 2008]. The colon weight per-unit length, wall thickness and area, and the thickness of 
different layers increased in the diabetic rats. For most parameters the biggest changes was 
observed during the first four weeks where after it leveled off. The opening angle and residual 
strain were bigger in the colon in diabetic rats compared to normal rats. Stress-strain analysis 
showed that both in the circumferential and longitudinal directions the stiffness of the colon 
wall increased with the duration of diabetes (Figure 8).  
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Figure 8. The top figure shows the no-load state and zero-stress state in control, 4W and 8W 
streptozotocin-induced diabetic rats, the wall thickness and opening angle increased during the 
development of diabetes. The bottom figure shows the relation between circumferential (left) and 
longitudinal (right) stress and strain. Both in the circumferential direction and the longitudinal 
directions, the stress-strain curves shifted to the left in the 4W and 8W diabetic groups compared to 
those in the control group. Thus, the colon wall stiffness increased in both directions during the 
development of diabetes. 

 
Mechanisms of Morphological and Biomechanical Remodeling of GI Tract in 

Diabetes 
 
Untreated diabetic rats eat 2-3 times as much as controls, and it has been suggested that 

this hyperphagia account for the observed GI growth seen in these animals [Jervis and Levin 
RJ, 1966]. However, diabetic rats‘ pair-feed diets isocaloric with those of controls still exhibit 
significantly greater small bowel mass and enhanced crypt cell DNA synthesis [Miller et al., 
1977; Granneman and Stricker, 1984]. This indicates that at least part of the growth response 
of GI adaptation in diabetes is independent of increased nutrient consumption. The 
mechanism by which hyperphagia stimulates GI growth is unclear. One study demonstrated 
increased concentrations of both plasma and tissue glucagon-like peptide 2 (GLP-2) that 
correlate with GI growth and adaptation to STZ diabetes. Furthermore, both the elevation in 
GLP-2 levels and the bowel growth response were reverted by insulin therapy. Interestingly, 
the increments in plasma levels of GLP-2 preceded any changes in intestinal weight, thereby 
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providing further evidence for a relationship between GLP-2 and the induction of GI growth 
in diabetes [Fischer et al., 1997]. Their study supports the idea that an increased nutrient load 
may stimulate release of hormones trophic to the GI tract. The combination of hyperphagia 
and increased gastric emptying [Granneman and Stricker, 1984] observed in diabetic rats 
results in a greater nutrient load being delivered to the small intestine. Because luminal 
nutrients, including fat and carbohydrate, are physiological L cell secretagogues in vivo 
[Brubaker et al., 1991; Vahl and D'Alessio, 2004] , this provides a possible mechanism 
whereby increased luminal nutrients stimulate release of GLP-2 into the circulation, thereby 
exerting a trophic action on the intestinal epithelium. It is also well known that the epithelial 
homeostasis is balanced by regulation of cell proliferation and cell death. The active form of 
caspase-3 was attenuated 1 week after streptozotocin treatment. Suppression of apoptosis in 
the early days of STZ-induced diabetes was responsible for the increased mucosal height in 
the small intestine in STZ-induced diabetic animals [Noda et al., 2001]. GLP-2 also inhibits 
apoptosis in the small intestine [Drucker, 2001]. Although no direct evidence of intestinal 
mucosa proliferation was reported on human diabetics, small bowel hypertrophy was 
described in a patient carrying a proglucagon-expressing tumor that secreted the intestinal 
PGDPs [Gleeson et al., 1971]. 

Advanced glycation end products (AGEs) produced during the development of DM are 
likely associated to the morphological changes and biomechanical remodeling of the GI tract 
in DM. AGEs are generated by the sequential non-enzymatic glycation of protein amino 
groups and by oxidation reaction [Singh et a., 2001]. The accumulation of AGEs in tissues 
alters the structure and function of matrix proteins [Monnier et al, 1992]. Studies on DM and 
ageing show that AGEs are causing cross-linking of collagen molecules responsible for 
basement membrane thickening and loss of matrix elasticity [Ulrich et al., 2001; Sanchez et 
al., 2000; Reddy, 2004]. The GI wall is rich in collagen [Gregersen, 2002]. Therefore, 
alterations in the orientation, configuration, and content of collagen are likely to affect the 
biomechanical properties of the GI tract based on remodeling studies in other disease models. 
Some studies on the arteries in the diabetes have demonstrated that the non-enzymatic 
glycation of collagen have a close relation with the increased arterial wall stiffness [Sims et 
al., 1996; Wolffenbuttel et al., 1998]. We believe that the same way apply to the collagen in 
the GI wall. AGEs may contribute to the diabetic GI morphological and biomechanical 
remodeling by at least two major mechanisms. The first is receptor-independent alteration of 
the extracellular matrix architecture by non-enzymatic glycation and the formation of protein 
cross-links. The second mechanism is receptor-dependent and consists of modulation of 
cellular functions through ligation of specific cell surface receptors [Bierhaus et al., 2005; 
Stern et al., 2002; Wautier et al., 1996]. Sanchez SS and coworkers demonstrated that the 
expression of small intestinal extracellular matrix proteins changed in STZ-induced diabetic 
rats [Sanchez et al., 2000]. Furthermore, the different components in GI wall have different 
relaxation functions [Fung, 1993]. For example, collagen has a large Young's modulus and it 
relaxes less. Smooth muscle has a low modulus of elasticity and relaxes more. Purslow and 
co-workers have studied the effect of collagen reorientation on creep and stress relaxation in 
soft connective tissues [Purslow et al., 1998]. They demonstrated that the collagen 
reorientation is not a primary source of their viscoelastic properties. The relaxation processes 
within the collagen fibers or at the fiber-matrix interface may be responsible for their 
viscoelastic nature. Following the changes of structural components in the GI wall during 
diabetes, the viscoelastic properties of GI wall change as well, as we demonstrated that the 
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viscoelastic behavior of intestinal wall changed during the development of diabetes. 
Therefore, the nonenzymatic glycation of the GI tissue induced by long-term hyperglycemia 
seems to be an important mechanism behind the GI wall remodeling in DM. 

 
 

Implication of GI Remodeling on Mechanosensory Assessments 
 
Mechanosensation is of fundamental importance for the GI function. The 

mechanosensitive nerve endings exist extensively in the GI tract where they serve a critical 
role in homeostasis. Several mechanoreceptor-like structures have been identified such as 
IGLE and IMA in the GI tract [Patterson et al., 2003., Phillips and Powley, 2000; Raab et al., 
2004; Swithers et al., 2002; Zagorodnyuk et al., 2001, 2003, 2005]. The mechanosensitive 
afferents in the intrinsic and extrinsic pathways were described as low-, wide-dynamic- or 
high-threshold tension-receptors. The GI wall structure or deformation changes in the DM 
will alter the relative positions of the mechanosensitive afferents (zero setting of the 
mechanosensitive afferents) [Pederse et al., 2003]. The biomechanical remodeling in the DM 
such as alterations of residual strain and stress distribution and increase the wall stiffness will 
alter the tension and stress distribution of the mechanosensitive afferents. As results, the 
perception and motility of the GI tract will change as well. Hence, the morphological changes 
and biomechanical remodeling of GI tract in the DM is likely to affect the function of 
mechanosensitive afferents in the GI wall and further affect the motor and sensory function. 
However, so far data are sparse on the association between the morphological and 
biomechanical remodeling of GI tract and the motor-sensory dysfunction in the DM [Frokjaer 
et al., 2007a, 2007a]. The multimodal stimulations have been proven accurate and reliable in 
the assessment of visceral sensation in several studies [Drewes et al., 2002, 2003; Pedersen et 
al., 2004]. The geometry data of GI tract can be obtained by impedance and cross-sectional 
imaging such as ultrasound [Drewes et al., 2003; Frokjaer et al., 2005; Pedersen et al., 2005]. 
Combined with pressure recordings, biomechanical parameters such as tension, stress and 
strain can be obtained and correlated to the symptoms and mechanosensory data in the DM 
subjects [Frokjaer et al., 2007b]. Therefore, combined studies the GI motor-sensory 
dysfunction and morphological and biomechanical remodeling in the diabetic GI tract will 
improve our understanding about the pathophysiology of GI disorders in the DM patients. 

 
 

FUTURE PERSPECTIVES 
 
The pathogenesis for GI motor disorders in diabetes is not well understood. However, as 

mentioned above biomechanical remodeling of the GI tract during the development of 
diabetes may contribute to the GI motor disorders. Therefore, the study of the relation 
between the GI motor dysfunction and morphological and biomechanical remodeling in the 
diabetic GI tract may shed more light to understand the mechanism of GI dysfunction in the 
diabetic patients. 

 
 
 



Biomechanical Remodeling of the Diabetic Gastrointestinal Tract 153 

Combine Study of Active and Passive Biomechanical Properties of GI Tract 
 
According to the well known Hill‘s model in muscle mechanics and physiology, we 

consider the GI tissue to consist of passive and active elements (Figure 9). The first step is to 
analyze the passive elements belonging to the connective tissue because the passive elastic 
properties reflect the state of the structural components determining a specific function or 
malfunction. When the passive properties are known, future work can be directed to complete 
the Hill‘s three-element model so that we may have an understanding of the interaction 
between the parallel and contractile elements in diseases and in remodeling of the GI tissues. 
In the future experiments will be designed to mimic physiological conditions both in vivo and 
in vitro in normal and diabetic rats. The pressure in the lumen of the GI segment and the rate 
of flow through the lumen can be controlled. At the same time the motility pattern of GI tract 
can be measured. Through these combined measurements, we can get more useful 
physiological data and further understand the mechanism of diabetes and the GI remodeling 
and function.  

 

 

Figure 9. The typical active phasic and tonic stress-strain relation curves from rat jejunal segment are 
shown. The isometric length-tension diagram known from in vitro studies of muscle strips can be 
obtained in intact intestinal segments. The total and passive stress increased in an exponential-like way 
as function of strain. The active phasic and tonic stress reached a maximum of 2.54 and 1.46 kPa at a 
strain of 0.78 and 0.76. 

 
Investigation of the Mechanism for the GI Remodeling in Diabetes 

 
The studies showed that diabetes alters the stress-strain relation of the GI tract in a way 

consistent with a stiffer wall. However, no evidence of which structure in the wall causes the 
increased stiffness is given. The GI submucosa is mainly composed of collagen. As we 
postulated above alterations in the orientation, configuration, and content of collagen are 
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likely candidates based on remodeling studies in other disease models. In order to address this 
issue, histochemical, immunohistochemical and electron microscopic work must be done to 
study the contents, ultrastructure and orientation of collagen in the intestine of diabetic rats. 
The analysis of advanced non-enzymatic glycation ending products (AGEs) and receptors of 
AGEs expression at diabetic Gl tissues will also be subject of study.  

The morphological remodeling of GI tract in the diabetes is likely to affect the zero-
setting of mechanoreceptors in the GI wall. Therefore, the identification of mechanoreceptors 
will obviously be beneficial to understand the mechanisms of GI remodeling during the 
diabetes. Furthermore, as mentioned in the literature, the motility disorder of GI tract is likely 
closely associated with the nervous dysfunction in the GI wall. Therefore, the next step is to 
investigate the enteric nerve function combined with the biomechanical properties of GI tract 
in the diabetic animal model.  

 
 

CONCLUSION 
 
GI symptoms are frequent in the diabetic patients and are associated with sensory-motor 

abnormalities, such as impaired perception and motility of the GI tract. The pathogenesis of 
abnormal GI sensory-motor function in DM is clearly multi-factorial. The morphological 
changes and biomechanical remodeling of the GI wall may compromise the GI motor 
function and affect the function of the mechanosensitive afferents in the GI wall. Studies of 
the relation between the GI motor-sensory dysfunction, morphological changes and 
biomechanical remodeling in the diabetic GI tract may shed of more light to understand the 
mechanism of GI motor-sensory dysfunction in the diabetic patients. This knowledge may 
prove to be valuable in the development of new treatment strategies, such as using agents 
which can break down already formed glycation end product protein-protein crosslinks. 
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ABSTRACT 
 

The gastrointestinal (GI) tract is functionally subjected to dimensional changes. 
Hence, biomechanical properties such as the stress-strain relationships are of particularly 
importance. These properties vary along the normal GI tract and remodel in response to 
growth, aging and disease. The biomechanical properties are crucial for GI motor 
function because peristaltic motion that propels the food through the GI tract is a result of 
interaction of the passive and active tissue forces and the hydrodynamic forces in the 
food bolus and remodeling of the mechanical properties reflects the changes in the tissue 
structure that determine a specific motor dysfunction. Therefore, biomechanical data on 
the GI wall are important to understand the pathogenesis to the GI motor-sensory 
function and dysfunction. Moreover, biomechanical studies of the GI tract pave the way 
for further mathematical and computational modelling. Biomechanical studies of the GI 
tract will advance our understanding of GI physiological function, diseases such as 
dyspepsia and visceral pain, and GI dysfunction due to systemic diseases. Furthermore, 
integrated GI simulation models will be beneficial for medical education and for 
evaluation of the efficacy and safety of new drugs on GI function. 
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INTRODUCTION 
 
The major function of the gastrointestinal (GI) tract is digestion facilitated by motility, 

secretion and absorption. The movement of luminal contents is facilitated by changes in the 
geometry of the GI wall and lumen due to the motility. Therefore, the biomechanical 
properties of the GI tract are important for its function [Gregersen, 2002a]. The mechanical 
properties of the GI tract are important determinants of flow, the stress distribution in the 
wall, and the remodeling process of the wall under physical environment change [Gregersen 
and Kassab 1996; Gregersen 2002a]. In order to arrive at useful approximations, it is 
important to understand the basic relation between stress and strain. In addition to 
determining the distensibility of the GI tract, a more general relationship between stress and 
strain is desirable for a more thorough understanding of the mechanical properties of the GI 
tract. The stress-strain relationship must ideally be determined in reference to the zero-stress 
state. Furthermore, the biomechanical properties will remodel due to normal growth 
[Gregersen et al., 2004; Christensen et al., 1992a], aging [Christensen et al., 1992b], surgical 
invention [Storckholm et al., 2007], systemic diseases [Zhao et al., 2006], local disorders 
[Yang et al., 2009] and etc. Understanding the biomechanical properties of GI tract and its 
remodeling aids the understanding of the physiology and pathophysiology of GI tract.  

Medical imaging methods such as ultrasonography, magnetic resonance imaging (MRI) 
and endoscopic ultrasound (EUS) are well known stand-alone clinical methods that can 
disclose structural and functional abnormalities of the GI tract [Berstad et al., 1996, 1998; 
Frokjaer et al., 2005, 2007a; Gilja et al., 2006, 2007]. However, a thorough study of the GI 
tract requires understanding of the interactions between cells, tissues and GI organs in health 
and disease. This depends on knowledge, not only of cellular ionic current mechanisms and 
signal transduction pathways but also of large scale GI tissue structures and the distribution of 
the nervous network. A unique way of coping with this complexity is mathematical and 
computational modelling, providing a computational framework for the multilevel modelling 
and simulation of the human GI anatomy and physiology [Clapworthy et al., 2007; Hunter et 
al., 2002, 2005]. In GI tract studies, this approach is not common, mainly because we still 
lack models that could emulate the behaviour of the human body. Nevertheless, exploration 
of the GI tract has dramatically improved by the introduction of cross sectional imaging 
modalities such as Computed Tomography (CT) and MRI that have revolutionised the way in 
which many conditions are diagnosed and treated. The ability to examine in detail structures 
inside the GI tract, without resorting to surgery, has allowed clinicians to diagnose problems 
and plan corrective procedures with a minimum of risk to the patient [Gregersen, 2006; Liao 
et al., 2008]. In order to continue this exploration, it will be necessary to complement the 
traditional approach with an integrative approach that combines observations, theories and 
predictions across the temporal and dimensional scales, across scientific disciplines, and 
across the anatomical subsystems, all of which reflect the rather artificial divisions described.  

The aim of this review is to describe the normal biomechanical properties, the 
biomechanical remodelling due to various causes, and the currently developed biomechanical 
modelling works in the GI tract on humans and animals, that can be further used to integrate 
the physiological, anatomical and medical knowledge of the GI system.  
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BIOMECHANICAL PROPERTIES OF NORMAL GI TISSUES 
 
The GI tract consists of a series of organs which resemble one another in constitution, 

being variously arranged as cylinders, spheroids, or intermediate forms. The main functions 
of the GI tract are transport and digestion of food. The different segments show a big 
variation in morphology and muscle mechanical properties. The esophagus mainly serves to 
quickly transport the food bolus from the mouth to the stomach where the food in the stomach 
is stored for some time and simultaneously being broken down into smaller components. The 
small intestine is the longest section of the digestive tract and the chyme is mixed, absorbed 
and transported to large intestine. Finally the large intestine absorbs the remaining water and 
electrolytes from indigestible food matter, stores food remains that were not digested and 
eliminate solid waste (feces) from the body. The movement of luminal contents in the GI tract 
is facilitated by changes in the geometry of the GI wall and lumen due to the motility. It is 
well known that a bolus propelled in front of a peristaltic contraction distends the gut wall 
[Siegle et al., 1987, 1989, 1990]. Therefore, in order to understand the morphological and 
biomechanical GI remodeling due to normal growth, aging and different diseases, it is 
important to know the biomechanical properties of the normal GI tract.  

 
 

Biomechanical Properties of Normal Esophagus 
 
The mechanical properties of the esophagus are important for its function because the 

esophagus is subjected to changes in wall stress and strains caused by the passage of boli and 
the action of peristalsis.  

Using impedance planimetry (IP) the cross-sectional area and pressure changes of the 
esophagus can be measured at the same time and the esophageal wall tension and stiffness 
can be obtained in vivo or in vitro. Using this novel technique it was demonstrated that the 
circumferential wall tension and wall stiffness of the esophageal wall increased exponentially 
as function of pressure [Orvar et al., 1993; Rao et al., 1995; Patel et al., 1998M; Vanags et al., 
2003]. The tension distribution were non-uniform along the esophagus [Patel et al.,1998; 
Vanags et al., 2003] and the LES and the proximal esophagus had greater wall tension and 
were less deformable than the mid- or distal esophagus [Patel et al., 1998]. Combining with 
ultrasound the wall thickness of the esophagus also can be obtained and the stress-strain 
relationship of the esophageal wall can be computed [Assentoft et al., 2000; Frokjaer et al., 
2006a., Zhao et al., 2007a]. Using IP combining the ultrasound, it was demonstrated that the 
esophageal wall stress-strain curves are also exponential [Zhao et al., 2007a] meaning that the 
tissue is soft at physiologic pressures and stiffer in the supraphysiologic pressure range. This 
mechanism seems to prevent overstretch of the esophageal wall when luminal loading 
becomes supraphysiologic. Furthermore it was also shown that the stress-strain distribution is 
non-uniform across the esophageal wall, i.e., the stiffness increased throughout the wall and 
was highest at the outer surface [Frokjaer et al., 2006a]. However, Takeda et al [2002, 2003] 
showed that the stress-strain relationship of the human esophagus in vivo was linear during 
both isovolumic and isobaric distension, before as well as after injection of the antimuscarinic 
drug atropine. The stress-strain relationship of the active component (muscle contraction) was 
different during isovolumic and isobaric distensions but the passive components were similar. 
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Furthermore, the method of esophageal distension significant influences on the active but not 
on the passive biomechanical properties due to a strain-rate effect. Investigating the degree of 
stretch and tension to initiate motor and sensory responses of the esophagus showed that the 
stretch rather than tension appears to be the major factor influencing sensory responses to 
esophageal distension [Barlow et al, 2002; Drewes et al, 2003a].  

Esophageal function is usually evaluated by means of manometry which is a proxy of the 
force in the radial direction. However, force measurements in the axial direction will provide 
a better measure of esophageal transport function. Gravesen et al [2008] recently developed a 
probe based on electrical impedance measurements to quantify the axial force generated by 
esophageal contractions, i.e. probe elongation was associated with the axial force. The probe 
showed good reproducibility and the dispersion was <0.04. The swallowed bolus size 
correlated with the axial force measurements (P = 0.038) but not with manometric 
measurements. Therefore, the new technique measuring axial force in the esophagus may in 
the future provide valuable information about esophageal function. 

Experimental and diagnostic procedures like distension of a balloon catheter, bougie, and 
esophagogastroduodenoscopy can induce shear deformation in the esophageal wall. Hence, 
knowing the shear modulus of the esophagus is important. Yang et al [2004a] has studied the 
shear modulus of elasticity of the esophagus in the rat. Results were obtained using a triaxial 
instrument to perform simultaneous torsion, inflation, and longitudinal stretching tests (Figure 
1). The shear modulus varied with the inflation pressure and the longitudinal stretch ratio. The 
mechanical constant of the esophagus showed that the esophageal wall was anisotropic with 
different stiffness in the circumferential, longitudinal, and the shear directions. The stiffness 
in the longitudinal direction was higher than in the circumferential direction.  

To understand esophageal function, it is necessary to know the stress-strain relationship 
for the different layers, because the esophageal wall is composed of four layers. Studies in 
layered wall of the esophagus showed that the stress distribution in the different layers were 
nonlinear and anisotropic [Lu and Gregersen, 2001; Gregersen et al, 2008; Fan et al, 2004; 
Liao et al, 2003a, 2007; Zhao et al, 2007b; Yang et al, 2007a]. The submucosa-mucosa layer 
has the highest stiffness [Fan et al., 2004; Liao et al.,2003a]. The residual strain differs  

 

 

Figure1. Torsion machine setup. 1: Linear stage, 2: Torque transducer, 3: Organ bath, 4: Specimen, 5: 
Force transducer, 6: Motor for rotation, 7: Pressure transducer, 8: Infusion channel, 9: Motor for linear 
stage, 10: Rails for linear stage, 11: CCD camera, 12: Plastic rod.  
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Figure 2. Residual strain distribution in the intact wall and layers of pig oesophagus. Residual strain 
distribution of the intact wall referenced to the zero-stress state of the intact wall Residual strain 
distribution of layered wall in intact wall referenced to the zero-stress state of layered sectors Residual 
strain distribution of separated layers referenced to the zero-stress state of layered sectors. Referenced 
to the zero-stress state of the intact sectors, the inner residual strain of intact rings was -0.13 ± 0.04 and 
outer residual strain was 0.31 ± 0.03. Referenced to the ―true‖ zero-stress state of separated three 
layered sectors, the inner residual strain of intact rings was -0.22 ± 0.02 and outer residual strain was 
0.07 ± 0.02. The residual strain distribution of the layers in intact rings referenced to the ―true‖ zero-
stress state is also shown. The inner surface residual strain was negative at mucosa-submucosa and 
inner muscle layers and was positive at outer muscle layer, whereas the outer surface residual strain was 
negative at the mucosa-submucosa layer and positive at the inner and outer muscle layers. Referenced 
to the ―true‖ zero-stress state, the inner residual strain was negative and outer residual strain was 
positive for the separated layered rings.  

between the layers, and the residual strain distribution was more uniform after the layers were 
separated (Figure 2) [Zhao et al, 2007b]. Furthermore, experimental studies have 
demonstrated esophageal mucosal folds in the no-load state. This indicates that mucosal 
buckling must be considered in the analysis of the mechanical reference state since the 
material stiffness drops dramatically after tissue collapse [Liao et al, 2007; Yang et al, 
2007a].  

The esophageal wall is composed of different material components that contribute to the 
esophageal biomechanical properties. Fan et al [2005] studied the effect of collagenase and 
elastase on the morphological and biomechanical properties in the no-load and zero-stress 
states in the rat esophagus. It was demonstrated that the collagenase and elastase caused the 
opening angle and the residual strain in the separated mucosa-submucosa layer to decrease. 
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The opening angle of the separated mucosa-submucosa layer depended to some extent on the 
fraction of collagen and elastin. This indicates that collagen and elastin are important for 
passive biomechanical properties of the esophagus. 

 
 

Biomechanical Properties of Normal Stomach 
 
The stomach is to a larger degree than other parts of the GI tract functionally subjected to 

dimensional change [Schulze-Delrieu K et al., 1998]. However, the stomach has more 
complex geometry, indicating a more complex mechanical behavior. The stomach has 
traditionally been studied using in vivo pressure-volume and in vitro length-tension measures 
[Haffner and Stadaas, 1972; Milenov and Golenhofen, 1982; Schulze-Delrieu and Shirazi, 
1987]. In a number of studies in animals and humans, the barostat was used to measure 
pressure-volume relations for evaluation of tone, compliance and tension in the gastric fundus 
[Azpiroz and Malagelada, 1985, 1987; Whitehead et al., 1997]. The main assumptions made 
in such studies were that the fundus is geometrically a sphere with uniform tension. In other 
words it is assumed that the mechanical properties in all directions are the same. However, 
the geometry of the fundus of the stomach is much more complex than the spheroidal 
geometry. Investigations of gastric tone must take into account the complex geometry and the 
anisotropic biomechanical properties of the gastric wall. 

 In 1975, it was demonstrated that the properties of longitudinal and circumferential 
muscle of guinea-pig stomach were different [Kuriyama et al, 1975]. This indicated that the 
topical differences of the motility in the stomach may be due not only to the activity of 
nervous elements, but also to differences in the properties of the muscle fibers themselves. 
Egorov et al [2002] showed that the values of maximal stress and destructive strain of 
stomach strips were direction-dependent. In order to investigate the anisotropic properties of 
the stomach wall, Zhao et al [2005] studied uniaxial stress-strain properties of gastric strips 
obtained from rats and rabbits. It was demonstrated that the biomechanical properties of the 
gastric strips are location-dependent, direction-dependent and species-dependent. The 
assumption in physiological pressure-volume studies that the stomach is a sphere with 
uniform tension is not valid. More recently, Zhao et al [2008a] confirmed the anisotropic 
biomechanical properties in pig stomach wall. Furthermore, they made an in-depth 
biomechanical test on the layered wall of the stomach in different regions. It was 
demonstrated that the uni-axial stress-strain curves of pig stomach were location-, direction- 
and layer-dependent (Figure 3). The stiffer wall in the corpus is likely due to its thicker 
mucosa, i.e., the stiffness of the mucosa-submucosa layer seems can explain the intact wall 
stiffness. Since the structure and function of the pig stomach are somewhat similar to the 
human stomach, the data obtained from this study can be extended to humans.  

Detailed biomechanical mapping of the stomach will likely help us to understand 
physiological functions of the different parts of the human stomach, such as gastric 
accommodation and mechanosensation. A better understanding of gastric accommodation and 
gastric perception requires knowledge of regional gastric geometry and local gastric tension 
throughout the stomach. Based on medical imaging data, Liao et al [2005] described the 
three-dimensional (3D) rat stomach geometry and tension distribution and showed that the 
surface principal radii of curvatures and tension distribution in the stomach were non-
homogeneous.  
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Figure 3. Gastric strips presented as layer-dependent properties (top), Location- dependent properties 
(middle) and Direction-dependent properties (bottom). The Top figure shows circumferential uniaxial 
stress-strain relationships of gastric strips in fundus. The stress-strain curve for the mucosa-submucosa 
strips was located to the left whereas the curve of the muscle strips was located to the right. It indicated 
that the mucosa strips were the stiffest and the muscle strips were the softest. The Middle figure shows 
longitudinal uniaxial stress-strain relationships of the intact gastric strips. The curves of the corpus 
strips were located to the left and the curves of the fundus strips were located to the right. It indicated 
that the corpus strips were the stiffest and the fundus strips were the softest. The Bottom figure shows 
uniaxial stress-strain relationships of the intact gastric strips in different location. The longitudinal 
stress-strain curves were located to the left, indicating that those strips were the stiffest, whereas the 
curves for the circumferential strips were located to the right, indicating they were softest. Notes: F, 
fundus; C, corpus; A, antrum; circ, circumferential direction; long, longitudinal direction. 
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Later, Liao et al [2004a] analyzed the surface geometry of the human stomach using real-
time 3-D ultrasonography in vivo to describe the three-dimensional (3-D) geometry of the 
gastric antrum, gastric fundus and the whole stomach. The principal curvatures spatial 
distributions were non-homogeneous in the gastric antrum, gastric fundus and the whole 
stomach due to their complex geometry. The maximum longitudinal principal curvature in the 
antrum, fundus and total stomach were different. As consequence providing an average 
tension for the stomach does not reflect the large variation in tension throughout the stomach 
wall. 

Mechanical properties in the human gastric antrum were studied by Gregersen et al 
[2002b] using B-mode ultrasonography and antral distension. The strain was positive in the 
circumferential direction, negative in the radial direction, and with no deformation in the 
longitudinal direction. Later, Gregersen et al [2006b] studied mechanosensory properties in 
the human gastric antrum using the same method. The bag distensions elicited contractions in 
the antrum and sensory responses below the pain threshold. Butylscopolamine abolished the 
contractions and significantly reduced the sensory response. The muscle length-tension 
diagram and typical preload-afterload curves as modem the Frank-Starling cardiac law can be 
obtained in the human gastric antrum. The sensory responses were most closely associated 
with the luminal circumference, indicating that the sensation during antral distension depends 
on deformation rather than on tension.  

 
 

Biomechanical Properties of Normal Small Intestine 
 
For a century it has been commonly recognized that two fundamental patterns of motility 

are conducted by the intestine [Szurszewsky, 1998]. 1. Propulsion- peristalsis: A ring of 
muscle contraction appears on the oral side of a bolus of ingesta and moves toward the anus, 
propelling the contents of the lumen in that direction. As the ring moves, the muscle on the 
other side of the distended area relaxes, facilitating smooth passage of the bolus. 2. Mixing-
Segmentation contraction: This contraction is a common type of mixing motility seen 
especially in the small intestine. Segmental rings of contraction chop and mix the ingesta. 
Like other parts of the GI tract the intestine is subjected to changes in wall stress and strains 
caused by these two kinds of contraction. 

Using IP with and without combing ultrasound, it was demonstrated that the intestinal 
wall tension-strain or stress-strain distributions showed an exponential behavior [Jorgensen et 
al., 1991; Gregersen et al, 1992a; Storkholm et al, 1995; Jorgensen et al, 1995; Duch et al, 
1996; Gao et al, 2003; Frokjaer et al, 2006b]. The stiffness was different between the 
duodenal, jejunal and ileal segments [Storkholm et al., 1995; Duch et al., 1996]. It is now 
well known that the biomechanical analysis should be referenced to the zero-stress state 
[Gregersen et al., 2000]. Gregersen et al [1999] first time studied morphometry and strain 
distribution in guinea pig duodenum with reference to the zero-stress state. Afterwards, 
several studies were carried out to analyze the biomechanical properties of the normal small 
intestine with reference to the zero-stress state [Gao et al., 2000a; Dou et al., 2003; Zhao et 
al., 2002a]. It was found that a large axial variation of opening angle and residual strain 
existed along the small intestine (Figure 4) [Zhao et al., 2002a]. The axial variation of 
residual strain from duodenum to ileum correlated to the morphometric variation along the 
small intestine [Gabella and Blundell, 1981]. 
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Figure 4. Top: The distribution of the opening angle and tangent rotation angle in the rat small intestine. 
Both angles increased along the length of the duodenum and had its highest value 30% down the 
intestine. They decreased again further down the intestine. Bottom: Residual strains distributed at the 
mucosal and serosa surface. The serosa residual strain was tensile and mucosa residual strain was 
compressive with highest absolute values also close to the 30% down the intestine. 

The residual strain is non-uniformly distributed across the intestinal wall, it was negative 
at the mucosa surface and positive at the serosa surface [Gao et al., 2000a; Dou et al., 2003; 
Zhao et al., 2002a]. Hence the serosal residual strains are tensile and the mucosal residual 
strains are compressive. Distension experiments showed that the residual strain makes the 
stress distribution through the wall more uniform in the pressurized state [Gao et al., 2000a]. 
From the duodenum data it appears that the neutral axis (where residual strain is 0) is located 
closest to the mucosa. This is even more pronounced in the distal parts of the small intestine 
where it is located about 20% away from the mucosal surface [Dou et al., 2003]. The 
implications of these data are clear. The zero-stress state is better to be accounted for in 
biomechanical studies of the small intestine. Furthermore, as it has been demonstrated in 
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arteries, the residual stress reduces the stress concentration at the inner wall, thereby offering 
a better protection at the GI tract against injury due to contractile activity and against the flow 
of luminal contents. The data of stress-strain analysis showed that the duodenal wall is stiffer 
than the jejunal and the ileal wall in circumferential direction, whereas the ileum was softer 
longitudinally than the proximal small intestine [Dou et al., 2003]. Furthermore, all segments 
were stiffer in longitudinal direction than in circumferential direction and all curves show an 
exponential behavior [Dou et al., 2003]. The exponential behavior is consistent with 
mechanical studies on other biological tissues [Dobrin, 1978; Fung, 1991; Fung and Liu, 
1992]. The differences in stiffness is likely associated with the specialized functions of the 
proximal and distal segments of the small intestine, e.g. the duodenum has a large influence 
on gastric emptying and has been proposed to act as a capacitative resistor whereas the distal 
ileum acts as a reservoir [Schulze-Delrieu, 1991]. The transit time is slower distally [Bueno et 
al., 1975, 1994] which may partly be explained by the difference in the viscosity of the 
chyme. However, the passive elastic properties may also contribute to differences in intestinal 
flow patterns: a passing bolus will be slowed to a lesser degree in the duodenum where the 
wall stiffness is high whereas the compliant ileal wall bulges leading to pooling of luminal 
contents and decreased flow. The deformation of the intestine during contraction and 
relaxation is three-dimensional. To obtain a more thorough understanding of the intestinal 
transport function, we need to know the stresses and strains in multiple directions. In previous 
studies it was observed that the intestine bends outwards in longitudinal direction when a 
radial cut is made. Therefore, to obtain a more detailed description of the stress-free state of 
the intestinal wall, longitudinal residual strain measurements are needed [Dou et al., 2006]. 
The longitudinal residual stress can be characterized by a bending angle (unit: degrees per 
unit length and positive when bending outwards). The no-load state can be used as reference 
for the longitudinal strain computation because the mid-wall length did not change from the 
no-load state to zero-stress state in longitudinal direction. The average bending angle is in the 
whole small intestine approximately 55/mm. As the circumferential residual strain 
distribution, the longitudinal residual strain is tensile at the serosal side and compressive at 
the mucosal side. Difference exists between the duodenum and ileum in longitudinal residual 
strain at the mucosal side. It may be related to the thicker mucosal layer and faster passage of 
food in the duodenum than in the ileum. By comparison, the residual strains in longitudinal 
direction measured in this study are smaller than those in circumferential direction [Dou et al., 
2003], especially at the mucosal side. This could be due to that the largest tensile stress and 
strain are distributed in the circumferential direction when the intestine is distended during 
the passage of food. Hence, it is reasonable that larger residual strain exists in circumferential 
direction. Smith et al [2003] measured the time-dependent (viscoelastic) behavior in the 
change of the small intestinal opening angle and tested how well the behavior could be 
described by the Kelvin model for a standard linear solid. The change of opening angle over 
time for all the small intestine segments fits well to the standard linear spring-dashpot model. 
This viscoelastic constant of the rat small intestine is fairly homogenous along its length. The 
data obtained from this study add to a base set of biomechanical data on the small intestine 
and provide a reference state for comparison to other tissues, diseased intestinal tissue or 
intestinal tissue exposed to drugs or chemicals. 

In the small intestine, submucosa is rich in collagen and is believed important for the 
passive biomechanical properties. Fackler et al [1981] observed the effect of stress on rat and 
bovine intestine using polarizing optical microscope, especially focus on the orientation of 
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collagen in the submucosa. Collagen fibres were found to be biaxially oriented at 
approximately +30 degrees and -30 degrees to the longitudinal direction. The fibres are 
arranged in layers with the fibres in each layer densely packed in parallel undulating arrays. 
The initial response to stress is straightening of the fibres. Gradual straightening of the fibres 
is related to the increasing stiffness of the tissue observed in the stress--strain relationship. 
Once the fibres are straightened, the biaxial orientation of the fibres produces higher strength 
in the longitudinal direction than in the transverse direction. Storkholm et al [1998] compared 
the stress-strain distributions obtained from isolated segments of the guinea pig duodenum, 
jejunum, and distal ileum, and the relation between the elastic properties and the collagen 
content. An association was found between the collagen content and the incremental elastic 
modulus (stiffness). Recent Chen et al [2008] first provided direct experimental evidence that 
the villi are important for the biomechanical properties of guinea pig small intestine in 
circumferential direction, because the villi not only affect the zero-stress state configuration 
but also partially affect the stress-strain distribution in the intestinal wall (Figure 5).  

 

 
 

 

Figure 5. The opening angle (top) was smaller in the segments without villi than in the segments with 
villi. Stress-strain analysis (bottom) showed that the circumferential stress-strain curve of the segment 
with villi located at the right compared to the segment without villi, indicating the villi do not support 
tensile stretch. The curve was located in the middle if the villi were not taken into account in the 
computation of the stress-strain in the intact segment. 
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Therefore, the villi should be taken into account in the analysis of biomechanical properties of 
the intestinal wall. Li et al [2008] recently investigated the effect of smooth muscle tone on 
morphometry and residual strain in rat duodenum, jejunum and ileum. It was demonstrated 
that the intestinal mechanical properties are affected by intestinal SM tone. The tone can be 
evaluated by measuring the opening angle and residual strains of sectors in intestinal 
segments with and without SM relaxation. 

 
 

Biomechanical Properties of Normal Colon and Rectum 
 
Same as other parts of GI tract, the biomechanical properties are also important for colon 

physiological function. Tensile stretch test showed that rat colon has a tensile strength of 
around 50 g/mm2 and increased in strength from proximal to distal [Watters et al.,1985a]. 
Later, Watters et al [1985b] compared the features of the African and European colon in vitro. 
The tensile strength in a Kampala group was greater than in an Edinburgh one. The width at 
burst was greater in the Kampala group and declined with age. Stress-relaxation was similar 
in both groups. In view of the similar properties in childhood of colons from Edinburgh and 
Kampala, the strength of the adult African compared with European colons may derive later 
from environmental factors such as diet.  

The quasi-linear viscoelastic law could be applied to the in vivo determination of the 
mechanical properties of the human rectal wall [Bouchoucha et al., 1994]. It was 
demonstrated that the shapes of the pressure-relaxation curves at different level of distension 
were significantly different. Tonic and phasic colonic motility and compliance of the 
transverse and sigmoid colon were assessed using a combined barostat-manometry assembly 
in healthy subjects [Ford et al., 1995]. They demonstrated that there are quantitatively 
different but qualitatively similar phasic and tonic responses to the meal in the two colonic 
regions. Differences in the viscoelastic and luminal dimensions may partly account for these 
differences in tonic responses. Bharucha et al [2001] studied the colonic viscoelastic 
properties of the human descending colon by assessing pressure-volume (P-V) relationships. 
Quasi-static P-V curves were approximated to a power exponential function and revealed 
hysteresis, indicative of viscoelasticity.  

Petersen et al [2001] compared the pain and biomechanical responses to standardized 
distension of the human colon. The biomechanical properties in the sigmoid colon and rectum 
were alike. For a given wall tension and circumferential strain the sensibility seems equal in 
the rectum and the sigmoid colon. The observed difference in perception between the two 
segments was related to the greater CSA in the rectum. Gao and Gregersen [2000b] studied 
the biomechanical and morphological properties in rat large intestine with referenced to the 
zero-stress state. The wall thickness and wall thickness-to-circumference ratio increased in 
the distal direction. The opening angle varied along the colon with the highest values in the 
beginning of the proximal colon. The residual strain at the inner surface was negative 
indicating that the mucosa-submucosal layers of the large intestine in no-load state are in 
compression. The stress-strain distributions were exponential. All segments were stiffer in 
longitudinal direction than in the circumferential direction. The transverse colon was stiffest 
both in the circumferential and longitudinal directions. Frokjaer et al [2007a] used magnetic 
resonance imaging (MRI) to evaluate the three-dimensional geometry and mechanosensory 
properties of the sigmoid colon. The geometry of the distended sigmoid colon was complex 
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and the spatial distributions of the biomechanical parameters were non-homogeneous. The 
circumferential length, strain, pressure and wall stress increased as a function of bag volume. 
In response to butylscopolamine, the pressure and wall stress were reduced and the stress-
strain curves were shifted to the right. The sensory response was a linear function of the 
biomechanical parameters and decreased in response to butylscopolamine as a function of 
volume.  

Rao et al [1997] compared incremental elastic modulus (IEM) with rectal compliance 
during ramp inflation. Because slope of stress-strain relation can reflect rectal wall stiffness, 
the study emphasized the importance of rectal wall viscoelastic evaluation based on stress and 
strain rather than compliance. IEM had a linear relation with strain in contrast to compliance. 
The series elastic component (SEC), a measure of passive viscoelasticity, was rate 
independent elasticity and a rate dependent viscosity. Qiao et al [2005] showed that the 
mechanical properties of rectal wall exhibited pronounced nonlinear and anisotropic 
characteristics. However, Dall et al [1993] demonstrated that the circumferential wall tension 
of human rectum increased in a linear way. Rectal compliance decreased in a non-linear way 
with no further decline between 30 and 40 cmH2O. The pressure elastic modulus increased 
steeply until a distension pressure of 35 cmH2O with no further increase to 40 cmH2O. This 
suggests that rectal tone is reduced as the muscle fails to resist further distension at 35 cmH2O 
and higher pressures.  

 
 

Biomechanical Properties of Normal Sphincter Regions in GI Tract 
 
Several sphincters, such as upper esophageal sphincter (UES), esophageal-gastro junction 

(EGJ) including lower esophageal sphincter (LES), pyloric sphincter, sphincter of Oddi (SO), 
ilealcolic sphincter, and internal and external anal sphincters (IAS and EAS) distributed along 
the GI tract. UES and LES control entry into the esophagus and passage into the stomach, the 
latter normally prevents reflux of gastric contents. The pyloric sphincter controls passage into 
the duodenum and the ileocolic sphincter controls movement between the ileum and caecum. 
The SO regulates bile and pancreatic flow into the duodenum, makes diversion of hepatic bile 
into the gallbladder and prevents reflux of duodenal contents into the pancreaticobiliary tract. 
The IAS and EAS control stool out of the body. Therefore, the mechanical properties to 
maintain the opening and closing of the sphincters are important for their physiological 
functions. 

Studies with biomechanically analyzed the mechanism of UES opening showed that the 
swallow-related UES opening are subject to volitional augmentation [Kahrilas et al., 1991]. 
Jacob et al [1989] showed that trans-UES transport of increasing swallow bolus volumes is 
accomplished by modulating sphincter diameter, opening interval, and flow rate. High-
resolution manometry could accurately, comprehensively, and highly reproducibly depict the 
pharyngo-esophageal (PE) segment space-time-pressure structure and specific physiological 
events related to UES opening and transsphincteric flow during normal swallowing [Williams 
et al., 2001]. Intrabolus pressure variations are highly dependent on position within the PE 
segment and time. Biomechanical and bolus flow aspects of swallowing changed when 
people performed effortful swallows with boluses [Hind et al., 2001]. Using simultaneous 
high-resolution endoluminal sonography and manometry, Miller et al [2004] evaluate the 
motion, morphology, and pressure of the UES. The UES has a greater muscular CSA and 
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resting pressure than the upper esophageal body. In the cadaver studies, the UES was imaged 
in conjunction with a significant increase in pressure, indicating that the pressure is due to 
passive mechanical conformational changes.  

Force-velocity analysis [Cohen and Green, 1973]demonstrated that both the work and 
power generated during esophageal and LES muscle contraction were determined by: (a) the 
initial muscle length produced by the preload, (b) the afterload against which the muscle was 
contracting, and (c) the contractility of inotropism of the muscle. Biancani et al [1973] 
showed that pressure-diameter curve of LES was sigmoid in shape; at first it showed a decline 
and then an increase followed by decline in pressure again as function of increasing inside 
diameter. The ratio of wall thickness to inside radius varied with inside diameters and this 
ratio increased steeply at small inside diameters. The tension diameter curves of the sphincter 
muscle showed that optimal tension development occurred not near sphincter closure but at a 
much wider diameter and that this muscle developed tension even at small luminal diameters. 
Massey et al [2006] demonstrated that transient LES relaxations must occur before the 
gastroesophageal junction can open. Swallow and esophageal distension can induce the 
relaxations of the LES due to axial stretch [Dogan et al, 2007]. Accurate monitoring of LES 
and GEJ pressures is important for the diagnostic assessment of many patients and for 
advancing research into several aspects of the mechanical function of the LES and its 
surrounding structures [Dent, 2007]. Recently, McMahon et al [2007a] evaluated the function 
of the EGJ using a functional lumen imaging probe (FLIP). The FLIP measured eight cross-
sectional areas (CSAs) 4 mm apart together with the pressure inside a saline-filled cylindrical 
bag. The geometric profile of the EGJ was reconstructed in a video animation of its dynamic 
activity. A plot of curve-fitted data for the smallest CSA vs. pressure after balloon distension 
indicated that the pressure increased from 18 cmH2O at a CSA of 38 mm2 to a pressure of 37 
cmH2O at a CSA of 230 mm2 for the healthy controls. Therefore, FLIP represents the first 
dynamic technique to profile the function and anatomy of the EGJ.  

In vitro force-length curves of rings from the gastroduodenal junction were showed that 
basal, total, passive, and active forces were higher for pyloric rings than for duodenal and 
antral rings [Biancani et al.,1980]. Furthermore, in the pylorus the force-length curves were 
shifted to the left along the length axis due to a narrowing at the gastroduodenal junction. 
These data indicated that the higher forces and pressures observed in the pylorus are due to a 
combination of higher active and passive components. Keinke et al [1984] showed in a dog 
study that gastric emptying is controlled by (1) the depth of the antral waves, (2) the pyloric 
sphincter opening, (3) the receptive relaxation of the duodenum and (4) the type of the 
duodenal contractions. Shirazi et al [1984] showed in a cat study that duodenum provided a 
resistance to gastric emptying over and above that generated by the pylorus, and that the 
duodenal resistance is caused by limitations in duodenal capacity. The mechanical activity of 
the isolated stomach and duodenum is affected by the chemical composition of their luminal 
contents. Mandrek and Kreis [1992] showed that mechanical responses of gastric and pyloric 
smooth muscles to acetylcholine, histamine, substance P, noradrenaline and adrenaline were 
different. The spatial patterning of antropyloric pressure waves sequences is diverse [Sun et 
al., 1997], and may explain the differing mechanical outcomes among individual gastric 
contractions. Shafik [1998] showed that pyloric sphincter contraction and antral dilatation 
depended on duodenal distension, suggested duodenopyloric reflex is existed. This reflex 
appears to prevent duodenopyloric reflux. Indireshkumar et al [2000] demonstrated that 
gastric emptying of nutrient liquids is primarily through the "pressure pump" mechanism 
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controlled by pyloric opening during periods of relative quiescence in antral contractile wave 
activity.  

The Intramural neural control and motility of the SO in opossum were studied by Helm et 
al [1985, 1989]. The SO is innervated by intramural cholinergic excitatory nerves and 
nonadrenergic noncholinergic inhibitory nerves. The frequency of SO phasic contractions is 
determined by control wave frequency. Mechanical properties of isolated smooth muscle 
from rabbit SO and duodenum were studied by Elbrønd et al [1991]. The difference was 
found between circular smooth muscle strip of duodenum and the SO. Measurements of SO 
electrical and mechanical activity are feasible and can be done as part of ERCP [Abell et al, 
1998]. The frequency (cycles/min) of electrical signal was about 4.9 and tonic pressure was 
about 15 mmHg in SO. It is important to study the dynamic changes of geometry and pressure 
in the SO associated with other parts if GI tract, such as the stomach, duodenum and bile 
ducts.  

The associations existed between volume of rectal distension and the parameters of IAS 
relaxation [Penninckx et al., 1992]. Because the IAS ring cannot be completely closed, the 
anal mucosa and the haemorrhoidal plexuses fill the gap. By compressing these tissues, the 
IAS perfectly closes the anal canal to retain not only solids but also fluid stool and gas. Acute 
rectal distension and rectal activity, mainly through intramural pathways, induce reflex IAS 
relaxation, permitting the rectal contents to be sampled by receptors in the upper anal canal 
while continence is temporarily maintained by EAS activity and by expansion of the 
haemorrhoidal cushions. Glavind et al [1993] studied the mechanical properties of isolated 
smooth muscle from human rectum and IAS. The muscle resting active tension was different 
between rectum and IAS. The mechanical responses of smooth muscle in the IAS were 
modulated by alpha-adrenergic excitatory and non-adrenergic, non-cholinergic inhibitory 
nerves. During defecation, the relaxation of IAS smooth muscle was associated with a 
characteristic motility pattern of the colon and anorectum [Matsufuji and Yokoyama, 2003]. 
A three-dimensional (3-D) physiological model of the IAS bioengineered in vitro from 
isolated smooth muscle cells was developed by Hecker et al [2005]. The bioengineered 
sphincter rings showed striking functional differences when compared with bioengineered 
rings made from isolated colonic smooth muscle cells. The EAS is a triple-loop system; each 
loop can function as a separate sphincter through voluntary inhibition action and mechanical 
compression [Shafik, 1987]. Tension-stress can effect the growth of the EAS [Li et al., 1995] 

 
 

Summary of the Biomechanical Properties of GI Tract 
 
As mentioned above the GI wall has unique and complex mechanical properties 

[Gregersen and Kassab, 1996]: (1) anisotropic properties. The GI wall has complex three-
dimensional structures with different material properties in different directions. This feature is 
called anisotropy and it implies that a large set of material constants have to be specified in 
order to completely describe the mechanical behaviour. (2) non-linear stress-strain 
relationship. The non-linear mechanical behaviour between stress and strain facilitates stretch 
in the physiological pressure range and prevents overstretch and damage to the tissue at 
higher stress levels. Owing to the non-linearity of the material properties it is necessary to use 
more complex constitutive equations than Hooke's law. (3) large strain (finite deformation). 
This means that large deformation elastic theory based on non-linear principles should be 
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applied to the study of GI mechanics. (4) high degree of viscoelasticity, including the time-
dependent nature of the stress-strain properties of materials. Furthermore, knowing the zero-
stress configuration is essential in any mechanical analysis since it serves as the reference 
state for computing stress and strain under physiological and pathophysiological conditions.  

 
 

BIOMECHANICAL REMODELLING OCCUR IN THE GI TRACT 
 
Data on the biomechanical properties are crucial for the understanding of the dysfunction 

due to disease because, 1) peristaltic motion that propels the food through the GI tract is a 
result of interaction of the passive and active tissue forces and the hydrodynamic forces in the 
food bolus and 2) remodelling of the mechanical properties reflects the changes in the tissue 
structure that determine a specific sensory-motor dysfunction.  

 

 

Figure 6. Disease induced GI remodeling in animal models.  

Human studies documented that diabetes mellitus (DM) [Frokjaer et al., 2007b] and 
systemic sclerosis [Pedersen et al., 2003] induced biomechanical GI remodeling. Using 
different animal models (Figure 6) we have demonstrated that biomechanical and 
histomophological remodeling occurred in the GI tract duo to normal physiological growth 
[Gregersen et al., 2004; Lu et al., 2005], malnutrition [Dou et al., 2001, 2002a], inflammation 
[Yang et al., 2009], obstruction [Gregersen et al., 1992b., Stockholm et al., 2007, 2008], 
bowel resection [Dou et al., 2002b], DM [Jørgensen et al., 2001; Liao et al., 2006a; Yang et 
al., 2004b, 2006; Zhao et al., 2002b, 2003a, 2003b, 2006, 2007b, 2008b], radiation injury 
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[Gregersen et al., 2002c], collagen changes [Gregersen et al., 2001; Fan et al., 2005] and EGF 
treatment [Liao et al., 2003b; Yang et al., 2003a, 2003b; Zhao et al., 2002c, 2003c]. 

As mention above, the morphometric properties are best described at the zero-stress state 
where no internal or external forces deform the tissue. With referenced to the zero-stress state, 
combined the morphometry data and pressure data, we can computer the stress-strain 
relationship of the GI wall. The stress-strain distribution mainly reflects the elastic properties 
of the GI tract. Therefore, we consider the opening angle of the zero-stress state, residual 
strain and stress-strain relationship as the most relevant biomechanical parameters to describe 
diseases causing GI remodelling. Generally diseases and factors inducing tissue overgrowth, 
such as DM, obstruction and EGF treatment, increase GI wall stiffness whereas factors 
reducing tissue growth, such as fasting and low protein diet decrease GI wall stiffness (Table 
1).  

 
Table 1. Disease caused biomechanical remodeling of GI tract 

 
Diseases 
 

Species Test 
organs 

Biomechanical  
remodeling 
OA RES Stiffness 

 
 
Type I DM 
 

Human Esophagus  ND ND Circ NC Long 
Duodenum ND ND Circ NC Long 

Rat Esophagus   Circ Long ND 
Duodenum   Circ Long 
Jejunum   Circ Long 
Ileum   Circ Long 
Colon   Circ Long 

Type II DM Rat Esophagus   Circ Long ND 
Stomach ND ND Circ 

Systemic sclerosis Human Duodenum ND ND Circ 
Ulcerative colitis Mice Colon   Circ Long 
Fasting 
 

Rat Duodenum   Circ Long 
Jejunum   Circ Long 
Ileum   Circ Long 

Low protein diet 
 

Mink Duodenum NC NC Circ Long NC 
Jejunum   Circ Long NC 
Ileum   Circ Long NC 

Partial Obstruction 
 

Opossum  esophagus ND ND Circ Long ND 
Guinea pig Jejunum   Circ Long ND 

Osteogenesis imperfecta Mice Esophagus   ND 
Irradiation Mice Rectum   ND 
Small bowel resection Rat Jejunum   NC 

Ileum   NC 
EGF treatment 
 

Rat Esophagus   Circ Long ND 
Duodenum   Circ Long NC 
Jejunum   Circ Long 
Ileum   Circ Long 
Colon   ND 

Notes: OA: opening angle, RES: residual strain, Circ: circumferential direction, Long: longitudinal 
direction, ND: not done, NC: no change. 
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The more collagen in the GI wall, the stiffer the wall is [Pedersen et al., 2003], and visa versa. 
However, the effect of different factors on the opening angle and residual strain of GI tract 
depend on the changes of the layered structure. Fung's hypothesis of non-uniform remodelling 
states that if the inner wall grows more than the outer wall, the opening angle will increase 
[Fung, 1993] whereas if the outer wall grows more than the inner wall, the opening angle will 
decrease. The biomechanical remodelling in the GI tract reflects the histological structural 
remodelling. 

 
 

Esophageal Biomechanical Remodeling 
 
During normal growth, the esophageal changed its biomechanical properties [Gregersen 

et al., 2004]. The weight per unit length, the wall cross-sectional area, the inner and outer 
circumferential length of the mucosa and muscle, and the thickness and area of the layers 
increased as function of age. The opening angle was approximately 140 degrees at age 1 and 
2 weeks and gradually decreased to approximately 80 degrees after 16 weeks. The stress-
strain analysis showed that the esophagus become more compliant during the first 4 weeks of 
life in circumferential direction and the first 16 weeks of life in longitudinal direction (Figure 
7). Rao et al [2003] showed in human study that aging was associated with a larger lumen and 
a stiffer but less sensitive esophageal wall. EGF Treatment induced pronounced growth of rat 
esophagus morphometrically and histologically [Zhao et al., 2003c]. At the same time, the 
biomechanical properties were remodeled. The opening angle and residual strains increased 
with the highest value after 14 days EGF treatment. The change in opening angle depended 
largely on the change in mucosa thickness. Furthermore, the circumferential stiffness of the 
esophagus reached a maximum after 7 days EGF treatment [Zhao et al., 2003c].  

Biomechanical remodeling of the rat esophagus occurs in experimental type-1 DM [Yang 
et al., 2004b]. Following the development of DM, for 1 week the circumferential stiffness 
increased and after 4 weeks the longitudinal and shear stiffness increased. Furthermore, the 
biomechanical properties of the layered esophagus were also remodeled in experimental type-
1 DM [Yang et al., 2006].  

DM induced pronounced increase in the outer perimeter, inner perimeter and lumen area 
in both the muscle and mucosa-submucosa layer. The growth of the mucosa-submucosa layer 
was more pronounced than the muscle layer. Furthermore, the circumferential stiffness of the 
mucosa-submucosa layer increased 28 days after STZ treatment. Zhao et al [2007b] recently 
demonstrated that the histomorphometric and biomechanical remodeling is a feature of the 
esophageal wall in type 2 diabetic GK rats. DM induced pronounced increasing of the wall 
thickness and wall cross-sectional area. Histologically, the circumference, thickness, and area 
of the muscle layer and the collagen fraction of mucosa-submucosa layer were significantly 
increased in the GK rats. The opening angle and outer residual strain decreased significantly 
in the GK rats. Furthermore, the circumferential stiffness of the esophagus is significantly 
higher in the GK rats than in the normal rats. Frokjaer et al [2007b] showed in human study 
that the esophageal wall and especially the mucosa-submucosa layer had increased thickness 
in the diabetic patients and the longitudinal and radial compressive stretch was less in 
diabetics.  
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Figure 7. The graphs show the stress-strain relations for circumferential (top) and longitudinal direction 
(bottom). The circumferential and longitudinal stress-strain curves were exponential. Circumferential 
stress-strain curves shifted from left to the right up to four weeks of age where after no further change 
was observed. Longitudinal stress-strain curves shifted from left to the right up to 16 weeks of age 
where after no further change was observed. The esophageal wall was stiffer in longitudinal direction 
than in circumferential direction. 

The rabbit esophageal wall with varices showed a significant loss of distensibility and 
recovery of the wall distensibility when the varices were treated [Gregersen et al., 1988]. The 
partially obstructed opossum esophagus expressed dilatation and decreased ability of the 
esophageal wall to resist intraluminal pressure [Gregersen et al., 1992b]. By means of IP, Juhl 
et al [1994] showed that endoscopic sclerotherapy entailed an inversion of the normal 
esophageal configuration, with narrowing 5 cm above the GEJ and increased CSAs 10 cm 
above the GEJ. Gregersen et al [2001] investigated esophageal morphometry and residual 
strain in a mouse model of osteogenesis imperfecta murine (oim) mice with collagen 
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deficiency. Compared with wild-type mice, the esophagi in oim mice had smaller layer 
thicknesses and areas with the largest reduction in the submucosa, larger opening angles, and 
larger residual strains at the serosal and mucosal surfaces and the mucosa-submucosal-muscle 
layer interface. The data suggested that the residual stress in esophagus is caused by the 
tension in the muscle layer rather than the stiffness of the submucosa in compression and that 
the remodeling process in the oim esophagus is due mainly to morphometric and 
biomechanical alterations in the submucosa.  

Holland et al [1993] studied esophageal compliance in naturally occurring canine 
megaoesophagus. In most cases of canine megaoesophagus the viscoelastic properties of the 
esophageal wall are significantly altered, however in such cases the disorder is unlikely to be 
purely dynamic and that processes other than the duration of esophageal dilatation are 
responsible for the alteration in esophageal wall biomechanical properties. Rao et al [1996] 
showed that the esophageal compliance was reduced in unexplained chest pain patients. 
Sensory and biomechanical properties of the esophagus in non-erosive reflux disease (NERD) 
were studied by Reddy et al [2007]. The NERD patients were less sensitive to mechanical 
stimulation as assessed by the cross-sectional area and volume and hypersensitive to heat 
stimuli of the esophagus, with an increase in referred pain to the evoked visceral pain. The 
data indicate that peripheral sensitization of heat-sensitive pathways together with facilitation 
of central pain mechanisms is important in the pathogenesis of NERD. Remes-Troche et al 
[2007] demonstrated that the esophagus was more reactive and less distensible in 
gastroesophageal reflux disease patients than controls. After Nissen fundoplication, in 
patients with persistent symptoms, the sensory thresholds were unchanged but the esophageal 
wall reactivity decreased and distensibility improved.  

 
 

Stomach Biomechanical Remodeling 
 
Gastroparesis is one of the most common motility disturbances in DM and it affects up to 

58% of diabetics [Horowitz et al., 1991; Malagelada et al., 1980; Verne et al., 1998]. 
However, the etiology is poorly understood. Patients with diabetic gastroparesis have delayed 
gastric emptying and abdominal pain [Rothstein, 1990], suggesting that the sensitivity of 
gastric mechanoreceptors, gastric accommodation, and the mechanical properties may be 
important in the etiology of symptoms [Moragas et al., 1993; Rayner et al., 2000; Schwizer et 
al., 2002]. Barostat studies have shown that the compliance in the proximal stomach may be 
altered by DM [Karakida and Homma, 1989; Noriyuki et al., 1999; Rayner et al., 2000]. More 
recently, Kumar et al [2008] performed intermittent, phasic balloon distensions of the 
stomach using a gastric barostat device in diabetic patients and normal subjects. The 
accommodation response to a meal was significantly impaired in patients with DM when 
compared to controls. However, several studies have demonstrated that perception of gastric 
distension depends on wall tension rather than on intraluminal pressure or volume [Gregersen 
et al., 1992c, 1992d; Distrutti et al., 2000]. Hence evaluation of tension and its surface 
variation seem to be the best approach in designing gastric sensitivity and function studies. 
Liao et al [2006a] made three-dimensional geometry analysis of the stomach in type II 
diabetic GK rats. The diabetic stomach exhibited lower material compliance not only in the 
proximal stomach but also in the entire stomach. The biomechanical properties differed 
between regions and in different directions in both the non-diabetic and the diabetic stomach. 
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Therefore, the changes due to DM may contribute to the delayed gastric emptying and the 
symptoms in diabetic patients.  

Salet et al [2006] studied the responses to gastric distension in functional dyspepsia. 
Patients with functional dyspepsia show slightly higher compliance to mechanical distension. 
Their visceral perception of mechanical stress is enhanced. In contrast with the balloon 
distension, relaxation after a meal was less.  

 
 

Intestinal Biomechanical Remodelling 
 
Intestinal physiological growth induced morphometric and biomechanical remodeling 

[Lu et al., 2005]. Small intestinal mass and dimensions increased many-fold with age. The 
opening angle of duodenum was approximately 220 degrees and 290 degrees during the first 
and second week after birth and decreased to 170 degrees at other ages. The opening angle of 
ileum ranged between 120 degrees and 150 degrees. The residual strain of duodenum at the 
mucosal surface did not vary with age whereas the residual strain of ileum at the mucosal 
surface decreased with age. The stress-strain analysis showed that the small intestine became 
more compliant during early life.  

Vinter-Jensen et al [1996] demonstrated that EGF treatment for 1 to 4 weeks caused a 
time-dependent increase in intestinal weight. The growth was characterized by increased wall 
thickness, increased cross-sectional area and reduced wall stiffness. Zhao et al [2002c] 
demonstrated that EGF treatment was associated with pronounced morphometric and 
histological changes in the rat small intestine. The opening angle and residual strain increased 
in all segments of the small intestine during EGF treatment with the highest value in the 14 
days EGF treatment group. Linear regression analysis demonstrated that the opening angle 
mainly depended on the mucosa thickness and area. Furthermore, the circumferential stiffness 
increased in the duodenum and decreased in the jejunum and ileum during EGF treatment. A 
plateau was reached after 7 days where after it started to normalize. In the longitudinal 
direction, all intestinal segments became stiffer after EGF treatment for 7 days. After 14 days 
the curve started to normalize in duodenum and jejunum but not in the ileum. Yang et al 
[2003a] also showed that EGF caused significant changes both in the morphology and in the 
passive mechanical properties of the rat ileum. Liao et al [2003b] has shown that the 
longitudinal modulus of rat intestine after 4 days EGF treatment was significantly larger than 
in a control group. The cross modulus decreased during the first 4 days of EGF treatment 
thereafter it increased to a maximum at 7 days.  

Nutrition plays an important role in the maintenance of normal gut structure and function. 
The small intestine undergoes functional changes when food is withheld. To explore the 
morphological and biomechanical remodeling during starvation, intestinal segments from the 
fed and fasted rat duodenum, jejunum, and ileum were investigated by Dou et al [2002a]. 
Fasting decreased the outer circumferential length, wall thickness, wall area, inner 
circumferential length, and luminal area in the three intestinal segments. Histological 
examination showed that the mucosal and the submucosal thickness decreased during fasting, 
whereas the muscle layers were unchanged. Fasting shifted the stress-strain curves to the right 
in both circumferential and longitudinal directions at the three segments, indicating that the 
intestinal wall became soft due to fasting. However, the mechanism behind the fasting 
remodeling is not yet clear. In order to increase our understanding about the mechanism of the 
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effect of fasting on GI remodeling, Chen et al [2008] studied the intestinal remodeling in 
mink fed with reduced protein content. Feeding the low protein diet induced decreasing the 
wet weight per unit length, wall thickness and area. Histologically, the wall thickness, mainly 
the mucosa, was decreased in the jejunum and ileum. The stress-strain curves were shifted to 
the right in the circumferential direction in all three intestinal segments, indicating decreased 
stiffness of the wall in the circumferential direction. This study demonstrated that feeding low 
protein diet in mink induces histomorphometric and biomechanical remodelling in intestine 
comparable to the previously observed changes during fasting (Figure 8). Therefore, the study 
provided evidence that protein malnutrition is an important reason for fasting-induced 
intestinal remodelling. In order to study the recovery of starvation-induced structural and 
biomechanical remodeling in the rat small intestine, Dou et al [2001] studied the effect of re-
feeding on the biomechanics of fasting intestine. Fasting-induced biomechanical and 
structural remodeling could be normalized by re-feeding in a time- and location-dependent 
way. 

 

 

Figure 8. The relationship between circumferential and longitudinal stress and strain. In the 
circumferential direction, the stress–strain curves in all segments of the L group were shifted to the 
right compared with those of H and M groups. Thus, the stiffness of intestinal wall decreased (all 
P<0.01 compared with normal group). No significant difference was observed in the longitudinal 
direction in all three intestinal segments. 
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Many human [Folwaczny et al., 1999; Charlton et al., 2000; He et al., 2001; Secondulfo 
et al., 2004] and animal [Folwaczny et al., 1999; Verne and Sninsky, 1998; Zoubi et al., 1995; 
Bhor et al., 2004; Noda et al., 2001; Tormo et al., 2002; Adachi et al., 2003] studies have 
shown that DM causes morphological alterations in the small intestine. However, only few 
data exist relating to biomechanical remodeling of the small intestine in DM. Jorgensen et al 
[2001] demonstrated that the intestinal wall stiffness increased during the development of 
STZ-induced rat DM. Zhao et al [2003a] studied the biomechanical and morphometric 
intestinal remodeling during experimental DM in rats. The blood glucose concentration 
increased four- to fivefold in the diabetic rats. STZ-induced DM generated pronounced 
increase in the weight per centimeter length, wall thickness and wall cross-sectional area in 
all intestinal segments during DM. Histological analysis showed that the thickness of the 
intestinal layers was increased in all segments during DM. In the duodenum the opening 
angle and residual strain did not change in the first 2 weeks and decreased after 4 weeks. In 
the jejunum and ileum the opening angle increased after 1 week in the diabetic group. 
Furthermore, it was found that the circumferential and longitudinal stiffness of the intestinal 
wall increased with the duration of DM. Moreover, Zhao et al [2003b] showed the 
viscoelastic behavior of rat intestinal wall was also changed, i.e., stress relaxation decreased 
during the development of DM. Gliclazide [Zhao et al., 2002b] and KYQWJJ [Sha et al., 
2006] treatment could partly restore the changes of blood glucose level and the remodeling of 
morphometry and residual strain of small intestine in diabetic rats. The linear regression 
analysis demonstrated that the effect of Gliclazide and KYQWJJ on intestinal opening angle 
and residual strain is partially through its effect on the blood glucose level. 

Small intestinal obstruction is a frequently encountered clinical problem. To understand 
the mechanisms behind obstruction and the clinical consequences, data are needed on the 
relation between the morphologic and biomechanical remodeling that takes place in the 
intestinal wall during chronic obstruction. Stockholm et al [2007] demonstrated that the 
luminal cross-sectional area, wall thickness, and elastic modulus in circumferential direction 
increased in a time-dependent manner proximal to the obstruction site. The circumferential 
stress-strain curves of the proximal segments in 2- and 4-week groups shifted to the left, 
indicating the intestinal wall became stiffer. Histological examination revealed a massive 
increase in the thickness of the muscle layer especially the circular smooth muscle layer. The 
collagen content proximal to the obstruction site was significantly larger in the partially 
obstructed animals compared to controls. Strong correlation was found between the collagen 
content and the elastic modulus at stress levels of 70 kPa and 10 kPa proximal to the 
obstruction site suggesting that alteration of collagen has great impact on the mechanical 
remodeling.  

Dou et al [2002b] studied morphometric and biomechanical remodeling in the intestine 
after small bowel resection in the rat. It was demonstrated that resection of the majority of the 
small bowel results in significant remodeling in structural and residual strain properties in the 
rat small intestine. The remodeling seems to be guided by the need for a greater absorptive 
surface area rather than for a change in the stress-strain properties. Abnormalities of the small 
intestine have also been indicated in systemic sclerosis. Pedersen et al [2003] showed in a 
human study that systemic sclerosis resulted in increased stiffness and impaired muscle 
function of the duodenum.  
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Colon and Rectal Biomechanical Remodelling 
 
The elasticity of the rectal wall after accommodation to distension was significantly 

greater in patients with Hirschsprung's disease [Arhan et al., 1978], and the time taken by the 
rectum to accommodate was longer. The increased elasticity correlated well with severity of 
the illness. The quasilinear viscoelastic law was applied to the in vivo determination of the 
mechanical properties of the rectal wall in controls and in children with constipation by 
Bouchoucha et al [1997]. The elastic response was similar in the 2 groups. The reduced 
relaxation function was significantly different between the 2 groups, with the absence of an 
asymptotic value in the group with constipation. The effects of a diverting colostomy on 
weight, collagen content, and biomechanical strength of the left colon was investigated in rats 
by Kissmeyer-Nielsen et al [2003]. It demonstrated decrease in collagenous proteins and 
mechanical strength of distal colon after diverting colostomy in rats.  

Radiotherapy of malignancies in the pelvis is associated with both early and late gut 
reactions with subsequent alterations in rectal function because this part of the gut often is 
included in the radiation field. Therefore, the biomechanical properties of rectum may be 
affected by irradiation. Early and late effects of irradiation on morphometry and residual 
strain of mouse rectum were studied by Gregersen et al [2002c]. The irradiated groups had 
25-75% smaller opening angles than the normal groups. The early irradiated group had higher 
values of residual strain than the control group. Furthermore, proximal to the irradiated zone 
in the late irradiated group had significantly higher values of residual strain compared to the 
normal group, indicating a higher stress level proximal to the irradiated zone. Therefore, 
radiation therapy remodelled the morphometry and zero-stress state of rectum.  

Age-related alterations in the strength and collagen content of left colon in rats were 
studied by Christensen et al [1992a]. An accumulation of collagenous proteins was found in 
old rats compared with middle-aged rats and this was accompanied by a decrease in the 
strength, which may deteriorate the functional integrity of the left colonic wall with age. The 
effect of growth hormone treatment on the left colon was investigated in 4-month-old Wistar 
rats by Christensen et al [1990]. Growth hormone increased the mass, the collagenous 
proteins, and the strength of rat colon. Studied in 27-month-old male rats showed that the 
maximum load and stiffness of the left colonic specimens in the b-hGH-treated group were 
enhanced by 27 and 60%, respectively, and the strain at maximum load was 24% less than in 
the control group [Christensen et al., 1992b]. The systemic EGF treatment caused 
remodelling of the morphology of the zero-stress state in the large intestine in a time-
dependent manner [Yang et al., 2003b]. The growth was most pronounced in the ascending 
and transverse colon and involved mainly the mucosal layer. 

The pain, urgency, and incontinence in ulcerative colitis may be related to changes in 
viscoelastic properties of the gut wall or to alterations of the sensory pathways. The profound 
organic changes in UC indicate that the mechanical and mechanosensory functions are 
affected. Reduced compliance and increased sensation have been reported in several clinical 
studies [Rao et al., 1987; Loening-Baucke et al., 1989]. Used an advanced rectal probe, 
Drewes et al [2006] studied the mechanosensory and smooth muscle properties in patients 
with active ulcerative colitis. There were no differences in compliance or stiffness between 
the patients with active ulcerative colitis and normal subjects, but the hypersensitivity was 
abolished after muscle relaxation. This finding demonstrated that the smooth muscles were 
tonically contracted in the inflamed rectum, resulting in a decreased rectal circumference. 
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Recently Yang et al [2009] demonstrated that Oxazolone-induced colitis in BALB/C mice 
induced increasing wall thickness, opening angles, circumferential and longitudinal wall 
stiffness in the colon. Furthermore, the mechanical remodelling was associated with the 
morphometric and histological changes (Figure 9).  

 

 
 

 
 

 

Figure 9. Stress-strain data for both circumferential and longitudinal direction for normal and UC mice 
(top). The UC mice were stiffer for both directions (P<0.01). Similarly, the circumferential and 
longitudinal constants increased in the UC colon (middle). Association between a11 and the degree of 
inflammation were found (bottom). 
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Stiffness of the colon wall will lead to increased resistance to normal passage of feces 
and air in the affected segment, proximal dilatation, and resulting pain and urgency [Drewes 
et al., 2006]. 

More recently, Zhao et al [2008b] showed that biomechanical and histomorphometric 
colon remodelling occurred in STZ-Induced diabetic rats. The blood glucose level increased 
3-4-fold in the diabetic rats compared with the controls. DM generated pronounced increasing 
weight per length, wall thickness, and wall cross-sectional area in the diabetic colon. 
Histologically, the thickness of all layers increased during DM, especially the mucosa layer. 
The opening angle and absolute values of residual strain increased in the diabetic group. 
Furthermore, DM increased the circumferential and longitudinal stiffness of the colon wall. 
The observed changes in residual strain, opening angle, and stress-strain relation may be 
contributing factors to colonic dysfunction and abdominal pain in diabetic patients. 

Park et al [2008] recently demonstrated that there were significant differences in static 
compliance between the normal subjects and the irritable bowel syndrome (IBS) patients. 
However, Drewes et al [2001] demonstrated that no differences between IBS patients and 
normal subjects were seen in strain and tension of the rectum and sigmoid colon. Therefore, 
they thought that visceral hypersensitivity in IBS seems to be related to alterations in the 
nervous system rather than biomechanical parameters such as the tension and strain of the gut 
wall. 

 
 

Biomechanical Remodeling of Sphincter Regions in GI Tract 
 
Less UES flexibility in the swallows of older men was demonstrated by Logemann et al 

[2000]. The mechanical malfunction of the UES and pharynx during mastication and 
swallowing were found in patients with Parkinson's disease [Johnston et al., 1995]. 
Manometric abnormalities of the esophageal body and LES have also been documented. 
Williams et al [2002] studied the biomechanics of failed deglutitive UES relaxation in 
neurogenic dysphagia. Etiology of failed UES relaxation was 56% medullary disease, 33% 
Parkinson's or extrapyramidal disease; and 11% idiopathic. Adequacy of UES opening is 
influenced by the degree of preservation of the pharyngeal swallow response and 
hyolaryngeal traction. In contrast, the stenotic UES displays a static loss of compliance, only 
apparent once the limit of sphincter expansion is reached.  

Biancani P et al [1984] showed that in vitro mechanical properties of the LES are 
affected by induction of esophagitis. Sixty percent of the patients with documented increased 
esophageal exposure to acid gastric juice had a mechanically incompetent LES [Zaninotto et 
al., 1988], indicating the important of LES mechanical disorder in gastro-esophageal reflux 
disease (GERD). The EGJ of GERD patients with hiatus hernia was more distensible and 
shorter than normal subjects [Pandolfino et al, 2002]. These findings partially explain why 
hiatus hernia patients are predisposed to reflux by mechanisms other than transient LES 
relaxations, sustain greater volumes of refluxate, and have a reduced ability to discriminate 
gas from liquid reflux. Achalasia is considered a primary motility disorder confined to the 
esophagus. The LES in achalasia is frequently hypertonic and manifests absent or incomplete 
relaxation in response to deglution. On the other hand, the LES and the proximal stomach act 
physiologically as a functional unit whereby relaxation of the LES during deglution is 
associated with receptive relaxation of the proximal stomach. Mearin et al [1995] showed that 
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the proximal stomach relaxation was impaired in patients with achalasia. Furthermore, 
Mearin et al [2000] investigated the mechanical properties of the GEJ comprising 
intraluminal pressure (measured by manometry), resistance to flow and compliance 
(measured by resistometry) in health, achalasia, and scleroderma. They found that GEJ 
resistance to flow is significantly increased in achalasia and decreased in scleroderma while 
GEJ compliance is diminished in achalasia and normal in scleroderma. Therefore, achalasia is 
a disease characterized by increased GEJ resistance and rigidity. McMahon et al [2007a] used 
FLIP to measure the cross-sectional areas in EGJ and showed that in one achalasia patient 
(unsuccessfully treated with dilations), the CSA never rose above the minimal measurable 
value despite the pressure increasing to 50 cmH2O. In another achalasia patient (successfully 
treated with dilations), the pressure only reached 15 cmH2O despite opening to a CSA of 250 
mm2. Therefore, The FLIP can be used practically to evaluate difficult cases of EGJ 
dysfunction and may provide a role in evaluating patients before and after therapies for 
diseases affecting the EGJ such as achalasia and GERD. Severe erosive reflux disease and 
Barrett's esophagus are associated with significantly greater loss of the mechanical antireflux 
barrier as reflected in the presence of hiatal hernia and LES measurements [Lord et al., 2008]. 

Diabetes mellitus has been associated with a variety of gastrointestinal motor 
disturbances. Mearin et al [1986] showed that pyloric dysmotility was existed in some 
patients with diabetes. The cause of sphincter distortion in rectal prolapse is unknown but 
may be a response to increased mechanical stress placed on the sphincter from the prolapse or 
an abnormal response by the sphincter complex to the prolapse [Dvorkin et al, 2004]. 

 
 

Impact of GI Biomechanical Remodeling 
 
It is well known that mechanosensation is importance for GI function. The 

mechanosensitive nerve endings exist extensively in the GI tract where they serve a critical 
role in homeostasis. The mechanosensitive afferents in the intrinsic and extrinsic pathways 
were described as low-, wide-dynamic- or high-threshold tension-receptors. Therefore, the GI 
tract structure as well as the stress and strain distribution in the wall is important for the GI 
sensory and motor function. The GI wall structure or deformation changes in the disease will 
alter the relative positions of the mechanosensitive afferents (zero setting of the 
mechanosensitive afferents). The biomechanical remodelling in the disease such as alterations 
of residual strain, stress distribution and wall stiffness will alter the tension and stress 
distribution of the mechanosensitive afferents. Consequently, the perception and motility of 
the GI tract will change as well. Therefore, the morphological changes and biomechanical 
remodelling of GI tract due to diseases is likely to affect the function of mechanosensitive 
afferents in the GI wall and further affect the motor and sensory function. 

 
 

BIOMECHANICAL MODELING OF THE GI TRACT 
 
Gastroenterology research has traditionally been based on experimental approaches rather 

than on mathematical modelling. Most of the previous modelling efforts in the biological area 
were in the cardiac and lung field but other areas are in development now. However, in the 
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past five to ten years several groups have independently started to model the GI tract. The use 
of numerical models and, in particular, of finite element models has been extensively studied 
in the field of soft tissues mechanics because of the potential they offer in the analysis of the 
mechanical behaviour of morphologically complex structures, with high structural hierarchy 
and constituents with non-linear behaviour [Natalia et al., 2006a, 2006b]. The effectiveness of 
numerical models depends on reliable reconstructions of the morphometry of the anatomical 
site under investigation and the specific loading and boundary conditions, as well as on the 
definition of constitutive models capable of describing the mechanical response of the single 
tissues. The large morphological complexity of the GI tract and the variability in the different 
parts of the tract are well-known. The complexity increases in the characteristic folds of the 
connection regions [Liao et al., 2006, 2007; Yang et al., 2007b].  

The methods and current development on the biomechanical properties studies on the 
normal and diseased GI tissues have been described in the above sections. Hereby, the 
morphometric related modelling establishment on the GI tract will be briefly introduced. 
According to the reconstruction methods of GI modelling, the establishment of the GI models 
can be divided into the geometrically based models, the anatomically based models and the 
theoretical analysis based models.  

 
 

Geometry Based Models 
 
The geometric modelling is the fundamental part of the GI modelling analysis. Due to the 

complex geometry of the GI organs, three dimensional (3-D) models of the GI tract are most 
important. The complex geometry of GI tract can be obtained by advanced imaging 
techniques.  

Medical image based 3-D models of in vivo GI organs have characterized the 
oesophagus, stomach, small intestine, sigmoid colon, oesophageal gastric junction and rectum 
based on cross-sectional imaging using ultrasonography, computed tomography (CT), 
Functional Luminal Imaging Probe (FLIP) or magnetic resonance imaging (MRI) [Frokjaer et 
al., 2005, 2007a; Li et al., 1994: Jeays et al., 2007; Liao et al., 2004b; McMahon et al., 2007b; 
Nicosia et al., 2001]. The initial 3-D GI models were reconstructed on the basis of images 
from ultrasonography, computed tomography (CT) or MRI. With the identified inner and 
outer wall boundaries of each cross sectional 2-D image, a data cloud of a 3-D model was 
then obtained by using a segmentation technique. With the development of the medical 
devices such as IP, it is now possible to record the mechanical parameters as the luminal 
pressure simultaneously as the cross-sectional medical images. Therefore, the in vivo 
mechanical behaviour of the organs can be computed on the basis of the reconstructed GI 
morphometric models and the recorded mechanical parameter. A reconstructed sigmoid-colon 
model and the corresponding tension and stress distribution on the modelling is illustrated in 
figure 10. The detailed description about the in vivo GI modelling analysis can be found in 
studies of Liao et al [2004b] and Frokjaer et al [2005, 2007a]. 

The 3-D model reconstruction and the tension and stress indicated in figure 10 were only 
based on the medical images, omitting the information about the tissue material properties 
and the tissue structures. Therefore, the methods described in this section can be further 
extended clinically for an individual patient based computational GI tract model analysis.  
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Figure 10. A sigmoid colon solid model generated directly on the basis of the 3-D data cloud (top) and 
a smoothed surface model generated from the pictures re-sliced along the centre line of the solid model 
(bottom). The black lines on the top panel are the slices along the centre line of the solid model.  

 
Anatomy Based GI Modelling 

 
For modelling analysis on the in vivo image based models, only the tension or stress was 

computed on the basis of three dimensional surface geometry by using the Laplace‘s equation 

and the wall thickness. The tissue structure and mechanical properties of the GI wall were 
therefore not taken into account. To aid in understanding of the relationship between the 
structure and function of the GI tract in health and disease states, anatomically based finite 
element models are needed. The anatomically based visualization GI model is now 
commercially available, however the numerical calculation based GI anatomical model 
existed currently are most built by Andrew Pullan‘s group and all models were built from the 
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Visible Human Project. The Visible Human project provided a set of cross sectional images 
of a human cadaver. On each image, data points around the interesting organ boundary were 
created and then the geometry models were constructed on the basis of the distinguished data 
clouds [Buist et al., 2004, 2006; Cheng et al., 2007; Lin et al., 2006a, 2006b; Pullan et a., 
2004; Yassi et al., 2004]. The anatomically based models have now been used to investigate 
normal and pathological electrical activity of the stomach and small intestine [Cheng et al., 
2007; Lin et al., 2006a, 2006b; Pullan et a., 2004], the muscle functions on the gastro-
oesophageal junction during swallow [Yassi et al., 2004] and the blood flow in the mesenteric 
arterial system of the human intestine [Buist et al., 2004, 2006].  

 
 

Theoretical Analysis Based GI Modelling 
 
The morphological complexity of the GI organs makes it difficult to build the 

anatomically based finite element models. Hence some numerical models of the GI organs on 
the basis of the theoretical analysis were built by simplifying the complex GI morphometry as 
a regular geometry such as the circular cylinder for the oesophagus [Brasseur et al., 2007; Li 
et al., 2006; Liao et al., 2003a; Nicosia et al., 2001; Yang et al., 2006] , sphere for the stomach 
pouch [Gao et al., 2008] and some regular tubes for describing the antrodudenal junction 
[Dillard et al., 2007] and esophago–gastric junction [McMahon wt al., 2007a]. Based on the 
simplified model, most of the biomechanical features such as the tissue structure, tissue 
properties and bolus flow thus can be expressed mathematically and the mechanical function 
of the GI tract can be simulated.  

 

 

Figure 11. The 3-D pouch finite element model (left) and stress (middle) and strain (right) distribution 
in a pouch model before emptying.  
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The simplified GI tract models are now existed for describing the muscle function [Liao 
et al., 2004b; Nicosia., 2001; Brasseur et al., 2007], the food transportation [Dillard et al.; 
2007; Gao et al., 2008; Pal., et al., 2007; Yang et al., 2007c] and blood flow in the GI tract on 
healthy and diseased situations. A simplified pouch model for describing the obesity patient 
gastric emptying is illustrated in figure 11 as an example. It is indicated that the pouch 
emptying curves calculated on the basis of the simplified model agrees well with the clinical 
recorded results [Gao et al., 2008] 

 
 

CONCLUSION 
 
The GI tract is functionally subjected to dimensional changes. Hence, biomechanical 

properties are of particularly importance. Due to the complexity of geometry, anatomy and 
structure, the biomechanical properties of GI tract are anisotropic and vary along the GI tract. 
Therefore, analysis of the GI biomechanical properties must take the complex geometry and 
the anisotropic biomechanical properties into account. The relationship between stress and 
strain is desirable for a more thorough understanding of the mechanical properties of the GI 
tract. The stress-strain relationship is better to be determined in reference to the zero-stress 
state. The biomechanical properties will remodel due to normal growth, surgical invention, 
systemic diseases, local disorders and etc. Understanding the biomechanical properties of GI 
tact and its remodeling due to different situations can help us to better understand physiology 
and pathophysiology of GI tract. Based on the obtained morphometry and biomechanical 
properties of the GI tract, the normal and disease remodeled GI tract can be modeled 
mathematically. With the development of the imaging techniques, new analytic methods and 
medical devices such as IP, the in vivo mechanical behaviour of the organs can be computed 
on the basis of the reconstructed GI models. The present studies on the GI modeling can be 
integrated in order to analyze complex structures for understanding biomechanical properties 
and visceral perception in other visceral organs and further to be integrated as a global GI 
model.  
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ABSTRACT 
 

The force produced by skeletal muscle is controlled by the electrical signals being 
sent from motor neurons to muscle fibers. These electrical signals, which are known as 
action potentials, can be recorded as they travel along the muscle cell membrane and are 
referred to as an electromyogram (EMG) signal. It has been more than a century since the 
first recording of a voluntary EMG signal was reported, and today it has become a classic 
technique for evaluating and recording the activation of skeletal muscles during human 
movement. In recent years, the advent and development of transcranial magnetic 
stimulation has re-invigorated EMG research, and it is now possible to safely and 
painlessly evoke EMG signals directly from the motor cortex of conscious humans. This 
chapter reviews the recording and measurement issues associated with EMG and its 
respective applications. Particular attention is paid to its role in understanding the 
neuromechanics of human movement. 
 
 

INTRODUCTION 
 
Skeletal muscle fibers produce force and allow for motor acts via the excitation-

contraction coupling processes (MacIntosh et al., 2006). As such, skeletal muscle fibers are 
both electrical and mechanical in nature. The electrical activation of muscle fibers is under 
direct control of the nervous system, specifically the α-motoneurons which serve as the final 
common pathway to muscle fibers, and integrate inputs from descending pathways, spinal 
cord interneuron circuits, and peripheral sensory afferents. Electromyography (EMG) is the 
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recording and analysis of the electrical activity from the muscle fiber membrane that initiates 
the mechanical activity of the muscle (Basmajian and DeLuca, 1985). Throughout its long 
and storied history EMG, as a technique, has been used for a wide-variety of purposes. For 
example, EMG has been used to study the degree and timing patterns of muscle activation 
associated with voluntary movement in exercise and ergonomics research, and has been used 
to assess the physiological function of both the nervous and muscular systems. The former 
approach commonly involves recording the EMG response to evoked contractions elicited at 
different spatial locations along the corticospinal pathway which has proven useful for 
clinical diagnostic applications as well as for developing a better basic understanding of the 
physiological properties of the neuromuscular system.  

The historical underpinnings of EMG date back more than 300-years. During the 17th 
century, Italian physician Francesco Redi documented the connection between muscles and 
the generation of electricity when he discovered that specialized muscles of Torpediniformes 

fish (e.g., electric ray fish) were capable of producing electric discharges (Basmajian and 
DeLuca, 1985). At the end of the 18th century, Italian physicist and physician Luigi Galvani 
demonstrated that electricity could directly initiate muscle contraction (Galvani, 1791), and 
by the end of the 19th century French physiologist Etienne-Jules Marey had recorded the 
electrical activity associated with voluntary muscle contraction and introduced the term 
‗electromyography‘ (Figure 1) (Marey, 1876). During the first half of the 20th century, as 
technology advanced and more electrodes were developed, the ability to detect and the quality 
of EMG signals gradually improved.  

 

 

Figure 1. Etienne-Jules Marey around 1850 (left) and his myograph (right) (Marey, 1876).  Marey was 
the first individual to record the electromyogram signal. 

During the latter part of the 20th century the utilization and understanding of EMG 
dramatically improved in association with the development of computers and data recording 
equipment that allowed for improvements in signal-to-noise ratio, signal recording and 
processing and computer simulation studies. Today, in the 21st century, EMG continues to be 
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used clinically and innovative approaches using EMG to studying physiology continue to be 
developed (e.g., using transcranial magnetic brain stimulation to evoke motor potentials at the 
level of the motor cortex).  

Today, the myoelectric signal can be readily and easily detected from within the muscle 
by an indwelling electrode (intramuscular EMG), such as a needle or fine wire, or non-
invasively through the skin overlying the muscle with surface electrodes (surface EMG). 
Depending upon the type of electrode and task being performed, electrical potentials can be 
recorded from single muscle fibers, that are commonly referred to as single motor unit 
recordings because individual muscle fibers are under the direct control of individual motor 
units, or from the summation of superimposed motor unit action potentials. Regardless of the 
recording electrodes, the detected EMG signals are generally amplified, filtered and 
converted from their analog form to a digital signal prior to their analysis which can be both 
qualitatively and quantitatively analyzed depending on the scientific or clinical reasoning 
behind the given recordings. However, for virtually all EMG methods, it is essential to 
recognize that the quantitative and qualitative characteristics of the recorded signal do not 
faithfully represent the original myoelectric signal (Basmajian and DeLuca, 1985; Farina et 
al., 2004; Keenan et al., 2005; Keenan et al., 2006a; Keenan et al., 2006b). Accordingly, this 
chapter will review the biophysical basis of the EMG signal, measurement issues of EMG and 
signal processing techniques, and discuss current applications of electromyography in the 21st 
century. A single chapter can not do complete justice to fully understanding the complexities 
of EMG; rather, in this chapter we aim to provide an overview of the basic fundamental 
principles of EMG and its many uses. To fully appreciate, utilize, employ and understand 
electromyography one must understand these basic principles and applications, because as 
Carlo J. DeLuca, Ph.D., a pioneer of modern EMG, eloquently stated: „Electromyography is a 

seductive muse because it provides easy access to physiological processes that cause the 

muscle to generate force, produce movement, and accomplish the countless functions that 

allow us to interact with the world around us… To its detriment, electromyography is too 

easy to use and consequently too easy to abuse‟ (De Luca, 1997). 
 
 
BIOPHYSICAL BASIS, MEASUREMENT ISSUES AND EMG SIGNAL 

PROCESSING 
 

Biophysical Basis of EMG 
 
Excitable cells, such as those of nerve and muscle, have the ability to generate a 

propagating wave of depolarization (e.g., an action potential) (Mathews, 2003). During 
muscle activity, both voluntary and evoked (a.k.a. electrically stimulated), there is an 
electrical potential change in the surface membrane of the skeletal muscle cell that is 
transmitted as an impulse across the sarcolemma to the interior of the muscle cell via a 
complex system of tubules (Kandel et al., 2000; Mathews, 2003). In muscle tissue, the action 
potentials are generated at the neuromuscular junctions which are located in the middle of the 
fibers; thus, action potentials are propagated in both directions towards the end of the fibers 
(Enoka, 2002; Mathews, 2003). In muscle cells, transmembrane potential remains relatively 
stable over time based on the relative proportions of sodium, potassium, and chloride in the 
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extracellular and intracellular mediums (Mathews, 2003). When a neural impulse propagates 
down an α -motoneuron (motor unit action potential) and arrives at the motor endplate a 
depolarizing wave spreads across the muscle cell that, following an electro-mechanical delay 
of ~ 25-50 msec (Cavanagh and Komi, 1979; Norman and Komi, 1979), results in force 
production from muscle fibers. For both voluntary and evoked recordings, the origin of the 
EMG signal is the electrical activity going across the muscle fiber membrane. Specifically, 
the EMG signal comprises the extracellular waveform manifestation of the transmembrane 
voltage reversal process resultant from the potentials generated from the active motor units 
(Dumitru, 2000). In the case of numerous motor units being activated within the electrode‘s 
detection area, the EMG signal represents the sum of these respective motor units (Figure 2) 
(Basmajian and DeLuca, 1985; Farina et al., 2004; Keenan et al., 2006a).  

 

 

Figure 2. Two simulated motor unit action potentials discharging asynchronously, and the resultant 
EMG signal representing the sum of these respective motor units. 
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Recording and Measurement of the EMG Signal 
 
The basic equipment required for modern EMG recordings consists of electrodes that 

measure the change in voltage conducted through the tissues due to the flux of sodium and 
potassium ions across the muscle cell membrane associated with propagating action potentials 
connected with amplifiers, bandwidth filters (commonly 10-500 Hz for surface recordings 
and 10-1,000 Hz for intramuscular recordings) and analog-to-digital converters or 
oscilloscopes to display and measure the respective signals. There are a wide variety of 
electrode choices today with each providing advantages and disadvantages. The appropriate 
choice of electrodes eventually depends upon what the scientist or clinician is wishing to 
measure and assess. For example, surface electrodes range in size from very large (30 cm 
diameter) to small (< 4-mm diameter), while fine wire intramuscular electrodes are extremely 
small (0.05-mm diameter). The smaller the diameter of the respective electrodes, the smaller 
the detection area.  

 
Table 1. Factors that influence the surface EMG 

 
Factors That Influence the Surface EMG 
Non-physiological  
Anatomic Shape of the volume conductor 

Thickness of the subcutaneous tissue layers 
Tissue inhomogeneities 
Distribution of the motor unit territories in the muscle 
Size of the motor unit territories 
Distribution and number of fibers in the motor unit territories 
Length of the fibers 
Spread of the endplates and tendon junctions within the motor units 
Spread of the innervation zones and tendon regions among motor units 
Presence of more than one pennation angle 

Detection system Skin-electrode contact (impedance, noise) 
Spatial filter for signal detection 
Interelectrode distance 
Electrode size and shape 
Inclination of the detection system relative to muscle fiber orientation 
Location of the electrodes over the muscle 

Physical Conductivities of the tissues 
Amount of crosstalk from nearby muscles 

Physiological  
Fiber membrane properties Average muscle fiber conduction velocity 

Distribution of motor unit conduction velocities 
Distribution of conduction velocities of the fibers within the motor units 
Shape of the intracellular action potentials 

Motor unit properties Number of recruited motor units 
Distribution of motor unit discharge rates 
Statistics and coefficient of variation for discharge rate 
Motor unit synchronization 

EMG, electromyogram. 
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Surface EMG recordings represent the activity of multiple motor units, whereas the 
intramuscular recordings can represent the activity of multiple motor units, but can also be 
used to detect single motor unit activity during low-force contractions where a limited 
number of motor units are activated. With surface EMG recordings the amplitude of the EMG 
signal is often considered a global measure of motor unit activity. However, because the 
characteristics of the surface EMG signal depend on many other factors such as the 
membrane properties of the muscle fibers and the timing of the motor unit action potentials 
the EMG signal reflects both peripheral (muscle) and central (nervous) properties of the 
neuromuscular system (Table 1) (Farina et al., 2004). 

Regardless of the recording method (surface versus intramuscular) the measurement 
principles of EMG are similar. EMG activity can be recorded using either a monopolar or a 
bipolar recording arrangement (Figure 3). Monopolar recordings consist of a single electrode 
being placed on or in the muscle of interest while a second neutral (reference/ground) 
electrode being placed at an electrically quiescent site (e.g., bone). Bipolar recordings consist 
of two electrodes being placed on or in the muscle of interest along with a neutral electrode. 
The bipolar configuration allows for the determination of the electrical difference between the 
two recording electrodes which results in detected signals that are not common between the 
two electrodes to be dramatically attenuated. The bipolar configuration is utilized more as 
these signals are generally more stable, although monopolar recordings are certainly 
appropriate under certain conditions when measurement of the absolute magnitude of the 
voltage is desired. 

 

 

Figure 3. Schematic representation of a monopolar vs. bipolar electrode configuration. Monopolar 
recordings consist of a single electrode being placed on or in the muscle of interest while a second 
neutral (reference/ground) electrode being placed at an electrically quiescent site (e.g., bone), whereas 
bipolar recordings consist of two electrodes being placed on or in the muscle of interest along with a 
neutral electrode. 



Electromyography in the 21st Century 213 

The bipolar configuration results in a dramatic reduction in the amplitude of the recorded 
signal, and the degree of effect varies depending on the interelectrode distance (distance 
between the two recording electrodes) and their relative location to the neuromuscular 
junction (Merletti et al., 2001). Specifically, the amplitude will be lower with a smaller 
interelectrode difference as the signals detected between the two electrodes will be more 
similar due to the spatial proximity, and if the two electrodes span the neuromuscular junction 
(innervation zone) the amplitude will be reduced as the electrodes will record symmetrical 
potentials propagating in each direction.  

 
 

EMG Signal Processing 
 
In most applications, quantification of the EMG signal is desired. Throughout history 

there have been a wide number of approaches used, but in general the basic goal of all is to 
quantify a given component associated with the amplitude or frequency characteristics of the 
EMG signal. First, consideration will be given to quantifying the ‗interference EMG‘ signal, 

that is, the EMG signal resultant of the detection of many motor units being asynchronously 
and concurrently active during a task (the voluntary EMG signal) (Figure 4).  

 

 

Figure 4. Example of the interference EMG signal recorded with bipolar surface electrodes from the 
vastus lateralis muscle during a maximal voluntary knee extension task (intereference EMG signal 
shown in the top trace and the exerted force shown in bottom trace). Because the interference EMG 
signal varies in both the positive and negative direction the mean of the signal is zero. Thus, to quantify 
the amplitude of the signal mathematical processing is required. Common approaches involve 
averaging the full-wave rectified EMG (2nd trace from top), calculating the root mean squared value 
(3rd trace from top; over a 500-msec epoch in this example) or applying a linear envelope (4th trace 
from top; using a 10-Hz low-pass Blackman-61dB filter). 
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Because the interference EMG signal varies in both the positive and negative direction 
the mean of the signal is zero. Thus, to quantify the amplitude of the signal mathematical 
processing is required. The following are brief descriptions of common methods for 
quantifying the amplitude of the interference EMG signal: 

 
 Average Rectified EMG: This quantification process involves full-wave rectifying of 

the EMG signal (converting negative values to positive values), and then taking the 
mean of the selected time of interest. 

 Root Mean Squared EMG: This quantification process involves calculating the 
square root of the mean squared values of the EMG signal at any given time point. It 
is also sometimes called the quadratic mean, and in cases where the baseline is at 
zero (as is desirable) this also simply represents the standard deviation. This 
quantification approach does not require full-wave rectification as the calculation 
incorporates the squared values of the original interference EMG signal.  

 Linear Envelope EMG: The linear envelope approach involves passing a low-pass 
filter through the full-wave rectified signal. As such, it is a type of moving average 
indicator of EMG amplitude. Low-pass filter frequencies tend to range between 3-50 
Hz, with a 10-Hz frequency being relatively common.  

 
Regardless of the quantification method employed, interpretation of the absolute value of 

EMG amplitudes between different individuals is, in general, not appropriate as there are 
numerous non-physiologic influences on the EMG signal (e.g., adipose tissue dramatically 
attenuates the EMG signal; Table 1) (Farina et al., 2004). To circumvent this issue, it is 
necessary to normalize the EMG amplitude of a given task of interest to a reference value. 
The most common normalization procedures for interpreting EMG amplitudes between 
individuals or groups of individuals during exercise or ergonomic tasks is to express the 
amplitude during the task to that associated with either a maximal voluntary contraction of the 
given muscle, or better yet, to the EMG signal in response to supramaximal electrical 
stimulation (commonly referred to as Mmax or CMAP [for compound muscle fiber action 
potential]). Analyzing the interference EMG signal in the frequency domain can also yield 
useful information regarding the signals characteristics. Perhaps the most common approach 
to describe the frequency characteristics of the EMG signal is to quantify the mean or median 
frequency of the power density spectrum (PDS) (Hagg, 1992).  

In addition to the aforementioned quantification approaches, there are several other 
methods that are more specific to other signal patterns. For example, EMG signals evoked by 
stimulating along the corticospinal pathway (e.g., cortical stimulation, peripheral nerve 
stimulation) results in the generation of a relatively synchronous motor unit response that 
yields a summated, compound EMG signal (Figure 5A). Similarly, single motor unit 
recordings yield one given action potential of interest (Figure 5B). As such, in these cases it is 
common to quantify the peak-to-peak amplitude of the EMG signal or the peak of the 
rectified signal. Additionally, the simple calculation of time or duration is commonly applied 
to these signals (e.g., to determine the time interval between a single motor unit discharge to 
then calculate its discharge rate or the variability in motor unit discharge rate).  
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Figure 5. A: Compound surface EMG signal from the soleus muscle in response to a single, 
supramaximal electrical stimulus to a peripheral nerve (tibial nerve). Evoked potentials are commonly 
quantified by the simple calculation of their peak to peak amplitude and/or the duration of a given 
potential. B: Intramusular EMG recordings obtained from the medial head of the biceps brachii. Fine 
wires were inserted into the muscle and a single motor unit was recorded discharging at a rate of 6 Hz 
during a low force isometric contraction (inset shows the single unit EMG with greater temporal 
resolution). 

 
THE MANY FACES OF EMG: APPLICATIONS AND INTERPRETATION 

 
Kinesiological EMG 

 
 Muscle Activation Patterns: EMG can be used to determine whether a muscle is 

simply active (on) or inactive (off). It has been utilized in this fashion by 
biomechanists for decades to characterize the timing of muscle activation patterns 
associated with various activities of daily living (e.g., walking), exercises (e.g., 
cycling), and ergonomic tasks (e.g., lifting). For applications of this nature surface 
EMG is most commonly used, with the EMG onset typically being defined as the 
point when the EMG amplitude exceeds a given threshold level that is based on a set 
amount above baseline levels (e.g., 2-3 x greater than baseline noise for a specified 
amount of time) (Thomas et al., 2007). It is also relatively common for the onset 
latency of certain muscles to be calculated relative to those of other muscles using 
similar criteria. In addition to using EMG to determine whether a muscle is active or 
not, it can also be used in a variety of other more sophisticated ways to evaluate 
muscle activation patterns during certain tasks. For example, the relative degree 
(magnitude) of activation of a given muscle relative to a maximum contraction or 
other agonistic and antagonistic muscles can be determined (Clark et al., 2005; Clark 
et al., 2003a; Clark et al., 2003b; Hunter et al., 2004; Hunter and Enoka, 2001), as 
well as whether EMG bursting is present (transient changes in the interference EMG 
signal during a constant force voluntary task) (Clark et al., 2005; Kouzaki et al., 
2002; Kouzaki et al., 2003).  

 Single Motor Unit Behavior: Using concentric needle and/or fine-wire EMG it is 
possible to observe and record activity of single motor units especially during lower 
force (< 20% of maximal strength) contractions (Figure 5B). Fine-wire EMG is most 
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commonly performed by threading two sterilized, insulated fine-wires with hooked 
ends that have exposed bare wire (0.05 mm) through a needle (25-27 gauge) that is 
inserted into a muscle. Following insertion, the needle is removed and the wires are 
left embedded in the muscle tissue with the small exposed ends serving as the 
recording electrodes until they are removed. Accordingly, the detection area of the 
fine wires is small, and studying the behavior pattern of individual motor units under 
various environmental and pathological conditions is possible. The most commonly 
quantified outcomes of single motor unit activity involves calculating the average 
time interval between a single motor unit firing to determine its discharge rate (de 
Luca et al., 1996; Farina et al., 2009), calculating the discharge rate variability 
(Kornatz et al., 2005; Moritz et al., 2005; Tracy et al., 2005), and defining motor unit 
recruitment thresholds (Farina et al., 2009; Riley et al., 2008). In recent years 
investigations on single motor unit behavior have provided valuable insight on motor 
unit adaptations associated with motor control and aging (Enoka et al., 2003).  

 Muscle Fiber Membrane Properties: The compound muscle fiber action potential 
(CMAP) (Figure 5A), recorded with either surface or intramuscular electrodes, is of 
interest in studying changes in muscle membrane properties. In general, CMAP‘s are 

elicited by delivering a single, supramaximal electrical stimulation pulse (0.5-1 msec 
in duration) to a peripheral nerve and recording the EMG response (Clark et al., 
2007; Clark et al., 2006a; Russ and Kent-Braun, 2003). The CMAP represents the 
summated electrical activity (arising from motor unit action potentials) resultant of 
the synchronous depolarization of the muscle fiber innervated by the depolarized 
nerve. Thus, the CMAP waveform is determined by the effectiveness of temporal and 
spatial summation which is affected by various factors. Changes in the CMAP‘s 

amplitude is influenced by various factors such as the muscle fiber conduction 
velocity, number of activated motor units, intracellular, while the CMAP duration is 
mostly notably affected by temporal summation r action potential characteristics 
(Keenan et al., 2006b).  

 Spinal Reflexes and Motoneuron Excitability: The EMG activity associated with 
electrical stimulation of peripheral nerves has also been utilized to investigate in vivo 
excitability of the spinal reflexes. The most common approach to investigating spinal 
reflex function has involved measuring the H-reflex (Zehr, 2002). The H-reflex is 
evoked by electrically stimulating the peripheral nerve which elicits action potentials 
in the sensory Ia afferents that propagate to the spinal cord where they give rise to 
excitatory postsynaptic potentials and activate α-motoneuron axons (Figure 6). As 
such, the amplitude of the EMG reflex response provides a global measure of spinal 
excitability as it can be modified by a number of factors such as presynaptic 
inhibition, the amount of Ia neurotransmitter released, and the excitability of the α-
motoneurons. The H-reflex (along with the stretch reflex which is similar to the H-
reflex except for its induction thru rapid stretch of the muscle spindle fibers) have 
been and will continue to be powerful investigative tools that are centrally dependent 
upon EMG (Aagaard et al., 2002; Clark et al., 2006b; Shinohara et al., 2005). 
Additionally, recent methodological developments indicate that magnetic and 
electrical stimulation at the level of the cervicomedullary junction can evoke single 
descending volleys that can be detected with EMG recordings (Taylor, 2006). These 
cervicomedullary evoked potentials activate α-motorneuron axons primarily through 
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a monosynaptic connection, and have been suggested to more directly assess α-
motorneuron excitability in vivo without the confounds inherent in the H-reflex 
(Martin et al., 2006a; Martin et al., 2006b; Taylor, 2006; Taylor and Gandevia, 2004; 
Zijdewind et al., 2006). 

 

 

Figure 6. Neuropathway of the Hoffmann (H) reflex response and that of cervicomedullary junction 
stimulation. The H-reflex is evoked by electrically stimulating the peripheral nerve which elicits action 
potentials in the sensory Ia afferents that propagate to the spinal cord where they give rise to excitatory 
postsynaptic potentials and activate alpha-motoneuron axons. As such, this reflex response provides a 
global measure of spinal excitability as it can be modified by a number of factors such as presynaptic 
inhibition, the amount of Ia neurotransmitter released, and the excitability of the α-motorneurons. 
Conversely, magnetic stimulation at the level of the cervicomedullary junction evokes single 
descending volleys which activate alpha-motorneuron axons primarily through a monosynaptic 
connection, and can be used to more directly assess α-motorneuron excitability in vivo. Figure modified 
from Aagaard et al., J Appl Physiol, 92: 2309-2318, 2002. Used with permission. 

 Motor Cortical Function and Excitability: Transcranial magnetic stimulation (TMS) 
and transcranial electrical stimulation (TES) can be used to activate the human motor 
cortex and assess the integrity of the central motor pathways (Kobayashi and 
Pascual-Leone, 2003; Reis et al., 2008; Ridding and Rothwell, 2007). While both 
methods are non-invasive, TMS is also relatively painless and as such it has rapidly 
increased in popularity and use. TMS is based on the principle of electromagnetic 
induction, where a pulse of current passing through a coil placed over a person's head 
creates a rapidly changing magnetic pulse that penetrates the skull and induces a 
secondary ionic current in the brain (Figure 7A). When the stimulus intensity is of 
sufficient strength to depolarize a sufficient number of descending neurons a motor 
action will occur in the stimulated muscles and an evoked EMG response can be 
detected (commonly referred to as motor evoked potentials [MEP‘s]). While TMS 

was introduced in humans more than 20-years ago (Barker et al., 1985), its use to 
study human cortical physiology has dramatically increased since the turn of the 
century.  
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Figure 7. A: Transcranial magnetic stimulation (TMS) induces electrical currents in excitable tissue by 
electromagnetic induction (here being demonstrated in the brain). B: TMS to the cortex during a muscle 
contraction produces a motor evoked potential (MEP) followed by electrical quiescence before activity 
resumes that is indicative of corticospinal inhibition and commonly referred to as the silent period. C: 
The paired-pulse TMS technique involves coupling a conditioning stimulus with a test stimulus at 
different intervals. Specifically, the intensity of a conditioning pulse is set below motor threshold (the 
intensity where an MEP is not elicited), and the test pulse is set to a suprathreshold level. At short 
interstimulus intervals (e.g., 3-msec) the conditioning stimulus inhibits the MEP, whereas at longer 
interstimulus intervals (e.g., 15-msec) it facilitates the MEP. Paired pulses with inter-stimulus intervals 
(ISI‘s) between 1–5 milliseconds results in short-interval intracortical inhibition (SICI) and it provides 
a means of studying the activity of GABAA inhibitory circuits within the primary motor cortex 
(decreases the MEP amplitude in comparison to a control pulse), whereas ISI‘s between 10-25 
milliseconds results in intracortical facilitation (ICF) and it allows for the study of intracortical 
facilitation that is controlled by GABAA and NMDA receptors. 

 From an EMG methodological perspective MEP‘s are generally recorded in the same 

fashion as other EMG signals, and to the untrained eye appear similar to any evoked 
potential (i.e., a compound EMG potential). However, because the EMG signal is 
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being elicited at the level of the brain the physiological underpinnings are more 
complicated than those of other responses. For example, the CMAP characteristics 
are primarily ascribed to those of the muscle cell membrane, whereas MEP 
characteristics are influenced by the muscle cell membrane properties along with 
cortical and spinal excitability. Because there are many applications and outcomes 
possible with brain stimulation, a complete discussion is beyond the scope of this 
chapter, and readers are referred to excellent reviews on this topic area for more 
detailed information (Kobayashi and Pascual-Leone, 2003; Reis et al., 2008; Ridding 
and Rothwell, 2007). However, we will briefly provide an overview description of 
some of the more common applications of TMS that incorporates the evaluation of 
and quantification of MEP‘s recorded using EMG.  

 
Motor threshold refers to the lowest TMS intensity necessary to evoke MEP‘s in the 

target muscle when single-pulse stimuli are applied to the motor cortex. Motor threshold is 
generally defined as the lowest intensity required to elicit MEP‘s of a set threshold level (e.g., 
> 50 μV peak-to-peak amplitude in at least 50% of trials at rest). Changes in MT can reflect 
changes at a variety of levels (i.e., the neural membrane, axonal electronic properties, the 
structure and number of excitatory projections onto the primary motor cortex, or upregulation 
of receptors in this region) and hence represents a global assessment of the membrane 
excitability of pyramidal neurons (Maeda and Pascual-Leone, 2003; Ziemann, 2004). The 
MEP amplitude is also a commonly quantified variable. When TMS is applied to the motor 
cortex at an intensity above MT high-frequency indirect waves (I waves) are elicited in the 
corticospinal tract (Di Lazzaro et al., 2004). These waves are modifiable by many 
mechanisms including neurotransmitters (i.e., glutatmate, GABA), modulators of 
neurotransmission (i.e., acetylcholine, norepinephrine, and dopamine), and interneurones 
contacted by corticospinal tract cells which all function to influence the amplitude of the MEP 
(Figure 7B and 7C) (Maeda and Pascual-Leone, 2003; Ziemann, 2004). The silent period is a 
duration of electrical quiescence following an MEP when TMS is performed during a 
voluntary muscle contraction (Figure 7B) (Damron et al., 2008). There are several 
mechanisms thought to contribute to the silent period, with spinal inhibitory mechanisms 
thought to be active in the early part and the latter part being specifically cortical in its origin 
and most likely mediated by GABAergic and dopaminergic cortical inhibitory mechanisms 
(Brasil-Neto et al., 1992; Fuhr et al., 1991; Inghilleri et al., 1993; Ziemann et al., 1993). 

In addition to the aforementioned parameters evoked with a single TMS pulse applied to 
the motor cortex, coupling two pulses (paired-pulse TMS) can also be used to modify evoked 
MEP‘s. Here, a conditioning stimulus is delivered in combination with a test stimulus at 
different intervals. Specifically, the intensity of a conditioning pulse can be set below motor 
threshold, and the test pulse is set to a suprathreshold level to study intracortical inhibitory 
and facilitatory processes. Paired pulses with inter-stimulus intervals (ISI‘s) between 1–5 
milliseconds results in short-interval intracortical inhibition and it provides a means of 
studying the activity of GABAA inhibitory circuits within the primary motor cortex (decreases 
the MEP amplitude in comparison to a control pulse), whereas ISI‘s between 10-25 
milliseconds results in intracortical facilitation and it allows for the study of intracortical 
facilitation that is controlled by GABAA and NMDA receptors (Figure 7C) (Kobayashi and 
Pascual-Leone, 2003; Reis et al., 2008). Further, longer interstimulus intervals (50-200 
milliseconds) with suprathreshold conditioning and test stimuli also results in inhibition (long 
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interval intracortical inhibition) (Kobayashi and Pascual-Leone, 2003; Reis et al., 2008). 
While the underlying mechanisms of long interval intracortical inhibition are not fully 
understood, it is thought that it is mediated within the primary motor cortex rather than 
subcortical structures (Nakamura et al., 1997). Pharmacological studies indicate that long 
interval intracortical inhibition is mediated by GABAB receptors (McDonnell et al., 2006; 
Werhahn et al., 1999), and is likely to be mechanistically linked to the silent period.  

 
 Mapping cortical function and reorganization: Since 1991, TMS evoked motor 

responses have also been used to map brain functions in a direct stimulus/evoked 
response manner previously only possible during invasive surgery when the surface 
of the brain was exposed (Cohen et al., 1991; Penfield and Boldrey, 1937; Sohn and 
Hallett, 2004). During cortical mapping, a grid is placed on the scalp (e.g., a swim 
cap with a grid pattern) and the MEP amplitudes evoked at numerous sites are 
determined and the values are plotted to create a 3-dimensional representation 
between spatial location (x and y axis‘) and MEP amplitude (z-axis) (Figure 8) 
(Thickbroom and Mastagliam, 2002). These cortical maps provide three pieces of 
information: the total area on the scalp from which MEP‘s for the target muscle were 
recorded, the “hot spot” for a muscle (the location where the largest MEP is 
observed), and the amplitude weighted center of gravity (COG) (Wolf et al., 2005). 
The COG corresponds to the center of the TMS map or the scalp location/topography 
where the most neurons can be activated for a muscle or a movement which may or 
may not be equivalent to the hot spot (Butler and Wolf, 2007; Thickbroom and 
Mastagliam, 2002). Shifts in the location of COG (medial lateral or anterior posterior 
directions) are commonly suggested to demonstrate cortical reorganization or 
plasticity in response to injury, spontaneous recovery, or due to rehabilitation 
intervention (Butler and Wolf, 2007; Curra et al., 2002).  

 

 

Figure 8. 3-D contour map of cortical representation of skeletal muscle plotting the motor evoked 
potential amplitude relative to the spatial location of the TMS coil. The x–y grid represents the surface 
of the contralateral scalp, marked into 0.5 cm squares. The z-axis represents the peak to peak EMG 
amplitude (expressed relative to Mmax) evoked at each point on the scalp for 10 stimuli. 
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These cortical maps, while insightful, need to be interpreted cautiously. Although the 
stimulation protocol is similar to the principles used by Penfield, it is important to recognize 
that the maps created using this technique do not compare in precision to maps created using 
intracortical microstimulation (Butler and Wolf, 2007; Thickbroom and Mastagliam, 2002). 
Animal studies have demonstrated that individual corticospinal neurons innervate several 
motor neuron pools and thus different muscles and corticospinal neurons that innervate a 
particular muscle are distributed among other corticospinal neurons projecting to different 
muscle combinations (Nudo, 2006; Rossini and Dal Forno, 2004). This mosaic somatotopy of 
the cortex and the overlapping spinal cord projections in combination with the lack of 
stimulus precision with TMS means that multiple muscles will respond to a single TMS pulse 
delivered at one point on the scalp matrix (Thickbroom and Mastagliam, 2002). The maps 
usefulness can be further confounded by electrode placement that permits cross talk, or 
signals evoked at the same time from other muscles, to interfere with the specificity and 
quality of the recorded MEP (Wolf et al., 2005).  

 
 Muscle Fatigue: Skeletal muscle fatigue has fascinated physiologists for more than a 

century (Mosso, 1904). While muscle fatigue is associated with a variety of changes 
in physiological properties- many of these properties are electrophysiological in 
nature (or at a minimum manifest themselves with acute adjustments in 
electrophysiological properties) (DeLuca, 1985; Hagg, 1992; Merletti et al., 2001). 
For example, during a sustained, submaximal fatigue task a gradual increase in the 
amplitude of the interference EMG signal is observed that is primarily due to an 
increase in the motor units recruited as fatigue progresses (Figure 9A) (Basmaijian 
and DeLuca, 1985). Additionally, during a sustained contraction the depolarization 
and propagation of muscle fiber action potentials are modified. These modifications 
produce time-dependent changes in the surface EMG signal, which result in a shift of 
the power density spectrum to the lower frequencies (spectral compression) (Figure 
9B) (Hagg, 1992). Spectral compression during a fatiguing submaximal contraction 
has been attributed to a number of underlying physiological factors. One of the most 
popular hypotheses states that the decrease in muscle fiber conduction velocity seen 
with fatigue influences the power density spectrum, resulting in spectral compression 
(Eberstein and Beattie, 1985; Lindstrom et al., 1977; Lindstrom et al., 1970; Merletti 
et al., 1984). This is most likely due to an accumulation of metabolites (i.e., hydrogen 
ion and extracellular potassium) (Bigland-Ritchie et al., 1981; Juel, 1988; Tesch et 
al., 1983), reducing intracellular pH (Brody et al., 1991) and, thus, decreasing 
sarcolemma excitability. However, this explanation appears to be incomplete, as a 
disassociation between median frequency and conduction velocity is observed during 
ischemia and different types of muscular contractions (Masuda et al., 1999; Zwarts et 
al., 1987). In addition to the changes in the interference EMG signal that are of 
interest for the study of muscle fatigue, many of the evoked EMG responses 
described previously are altered. For example, there is evidence that fatigue 
decreases the CMAP (Fuglevand et al., 1993) and prolongs the silent period 
(Gandevia and Taylor, 2006; Taylor et al., 2006). As such, EMG is a valuable tool to 
assess electrophysiological manifestations of fatigue.  
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Figure 9. Changes in surface EMG characteristics during a sustained, submaximal contraction. A: Note 
the gradual increase in the amplitude of the interference EMG signal (top trace) as the force is 
continually maintained to task failure at 25% of maximum strength (bottom trace of panel A). B: The 
power density spectrum shifts towards the lower frequencies in association with fatigue. At the start of 
the contraction the median frequency was 88 Hz (gray trace) and by the end of the contraction this was 
reduced to 38 Hz (black trace). 

 
Clinical Applications 

 
EMG began to be widely used for clinical applications in the 1950‘s, and today it is still 

commonly utilized in many fields of medicine including neurology, neurosurgery, physical 
therapy, and physical medicine and rehabilitation. In the clinical context, patients with 
symptoms suggestive of neuromuscular pathology are frequently referred to a neurologist or a 
clinical neurophysiologist/electromyographer who conducts a variety of tests using EMG. 
The term ―EMG‖ is commonly used by physicians and healthcare professions to refer to these 
specific tests; however, as stated earlier- the term EMG should be used to simply refer to the 
recording of electrical activity from the muscle fiber membrane. These tests frequently 
involve both surface and intramuscular recordings from resting muscles, during voluntary 
contraction as well as when electrically evoked and the information (EMG characteristics and 
responses) can provide insight into the pathologic mechanism, severity, and anatomical 
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location of certain diseases (Daube and Rubin, 2009). Additionally, for the patient with a 
known neurologic diagnosis, EMG is frequently used to monitor progression, to predict long 
term potential for functional recovery, to evaluate response to therapy and to elucidate 
underlying mechanisms of recovery (Gilchrist and Sachs, 2004; Patikas et al., 2005; Thomas 
and Noga, 2003; van Kuijk et al., 2005). Depending upon the techniques used and the 
understanding of normal neuromuscular physiology, the source of change in the EMG signal 
can be localized to the muscle, neuromuscular junction, peripheral nerve, spinal nerve root, 
spinal cord, or supraspinal structure based upon signature alterations to the EMG signal 
(Daube and Rubin, 2009; Sella, 2003). Accordingly, it is imperative that clinicians also be 
familiar with the technical and non-neuromuscular physiological influences on the EMG 
signal in order to be certain that the differences identified in the recorded EMG signal are 
truly due to an underlying pathological process and not due to an artifact of the recording and 
analysis procedures (Daube and Rubin, 2009; Swash, 2002). Below we will briefly describe 
some of the most common electrodiagnostic EMG tests as well as several other EMG 
applications that are clinically relevant.  

 
 Nerve Conduction Studies: One of the most common clinical uses of EMG is to study 

the conduction properties of the peripheral neuromuscular system (Katirji, 2002). 
These are frequently conducted to diagnose conduction disorders such as 
radiculopathies and neuropathies. Conduction of sensory, mixed and motor nerves 
are all commonly assessed, and in general utilize surface EMG recordings and 
peripheral nerve stimulation where the latency of evoked EMG signals (e.g., M-
waves or reflex waves) are evaluated or stimulation is applied at two peripheral nerve 
locations and the temporal separation of the two actions potentials relative to the 
distance between the two stimulation sites is determined. However, it should also be 
noted that from a clinical perspective measurements of interest associated with nerve 
conduction studies typically extend beyond simple velocities and latencies and EMG 
signal amplitudes and durations are also of interest (Katirji, 2002).  

 Needle EMG: While we feel the term ‗needle EMG‘ is inappropriate and too non-
descriptive to truly be associated with a particular diagnostic test- it is nonetheless 
commonly used to describe a relatively subjective examination where EMG is 
recorded and evaluated for spontaneous and insertional activity, as well as the 
general appearance and characteristics of single motor unit action potentials during 
low level voluntary contractions (Katirji, 2002). In normal, healthy muscle there is 
little or no EMG activity under resting conditions; however, in certain disorders (e.g., 
ALS, polymyositis) spontaneous activity at rest and abnormal action potentials 
during contraction may be observed (Daube and Rubin, 2009; Echternach, 1994; 
Katirji, 2002). Additionally, this clinical test can be suggestive of denervation which 
is commonly associated with increased EMG fibrillations, positive sharp waves, and 
giant motor unit action potentials (Daube and Rubin, 2009). While the needle EMG 
recordings can provide valuable clinical insight, it should be noted that one of the 
limitations of these examinations is its dependence of the skill of the examiner as 
many of the outcomes are qualitative in nature.  

 Motor Unit Number Estimation: Quantifying the number of motor axons innervating 
a muscle (or muscle group) is of clinical importance for diagnosing and monitoring 
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the progression of a number of neurological diseases (e.g., amyotrophic lateral 
sclerosis, spinal muscle atrophy). However, counting individual motor units (as 
would be done in cadaveric studies) is not possible in vivo, but through the utilization 
of EMG recordings estimates can be attained. This EMG technique, referred to as 
motor unit number estimation (MUNE) is calculated based on a simple ratio of the 
CMAP divided by the average surface motor unit potential (Bromberg, 2007). The 
‗surface motor unit potential‘ is quantified by stimulating the peripheral nerve at 
different intensities and evaluating the response variability of different groups of 
axons. There are a number of technical issues and limitations associated with the 
methods of the MUNE technique, and for a further discussion of these the reader is 
referred to Bromberg (Bromberg, 2007). 

 Biofeedback: Another clinical use of EMG is to provide biofeedback, generally based 
on the degree of surface signal amplitude, as an indicator muscle activity. The use of 
EMG biofeedback has been used for a wide variety of different applications mainly 
aimed at ‗teaching‘ people how to exert voluntary control of their muscles (both to 
increase and decrease the muscle activation depending on the rationale for the EMG 
biofeedback). For example, it has been used in urinary incontinence programs to 
provide feedback to patients regarding the activation of their pelvic floor muscles 
(Dannecker et al., 2005). Additionally, it has been used in ergonomic applications to 
provide feedback to patients to reduce the overall EMG activity of their trapezius 
muscles during occupational computer work (Holtermann et al., 2008).  

 Changes in muscle activation patterns associated with movement dysfunction: As 
described above in the section Muscle Activation Patterns, clinicians use both surface 
and needle electrodes to detect integrated EMG signals to detect changes in 
activation patterns of multiple muscles during functional activities such as gait and 
shoulder elevation (Jaggi et al., 2009; Winter, 1987). The relative onset/offset timing, 
duration, and sequences of muscle EMG activity can be compared to data generated 
by biomechanists to identify the muscular sources for the observed kinematic 
changes during motion which could be caused by musculoskeletal injury or pain 
(Cram and Kasman, 1998; De Luca, 1997; Thomas et al., 2007).  

 Other Clinical Applications: There are numerous other clinically relevant 
applications using EMG that have yet to gain widespread use. For example, clinical 
applications of transcranial magnetic stimulation have begun to gain attention in 
recent years for a variety of possibilities, including its use to monitor injury to central 
motor pathways during surgery by examining changes in MEP‘s (Calancie and 

Molano, 2008), as well diagnosing diseases such as ALS, myelopathies, and multiple 
sclerosis through the evaluation of the evoked EMG responses (e.g., silent period, 
central motor conduction time) (Chen et al., 2008). TMS methods are frequently used 
to predict the potential for functional recovery early after hemispheric stroke, 
especially in the upper extremity and hand (Chen and Winstein, 2009; Curra et al., 
2002). Even when the patient presents with significant clinical deficits, the presence 
and amplitude of an MEP in the acute phase has a high positive predictive value for 
restoration of function whereas absence of or prolonged MEP latency and conduction 
times predict poor return of hand motor ability (Butler and Wolf, 2007). 
Additionally, EMG has been, and will continue to be evaluated as a potential marker 
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for other diseases and disorders as illustrated by the recent work in evaluating EMG 
amplitude of the submentalis muscle in sleep behavior disorders (Feri et al., 2008). 
Thus, it seems that the continual growth and expansion of clinical applications of 
EMG will continue to be developed in the 21st century.  

 
 

PERILS OF EMG AND CHAPTER SUMMARY 
 
EMG has been used to expand our knowledge base regarding human movement and 

neuromuscular disorders for many years. This chapter provides an overview of the 
fundamentals for a basic understanding and appreciation of electromyography and its many 
applications. However, we must caution that there are many pitfalls and perils associated with 
these applications that must be understood for appropriate research design and data 
interpretation (Basmaijian and DeLuca, 1985; Farina, 2006; Farina et al., 2004). For example, 
as stated earlier, the absolute amplitude of EMG signals is of trivial consequence when 
comparisons are being made between individuals, muscles and even over time (Lehman and 
McGill, 1999). Even normalizing the EMG to a maximal voluntary contraction has 
limitations due to the assumption that the maximal voluntary contraction is not associated 
with any failure in central activation. One approach to circumventing this issue would be to 
normalize the EMG data to an electrically stimulated maximal contraction, but this requires 
that a peripheral nerve be accessible (as direct muscle stimulation will result in too much 
artifact to allow for recording stable CMAP‘s) which is not feasible in many muscles. Other 
perils of using EMG to evaluate muscle activation patterns are the difficulty in dealing with 
movement/wire artifact, issues related to cross-talk (signals detected from nearby muscles), as 
well as issues surrounding interpreting EMG during dynamic tasks where the detection area 
of underlying muscles changes in relation to surface electrodes located on the skin as the 
muscle shorten and lengthens during movement (Farina, 2006). Further, day-to-day variation 
in electrode placement, temperature and state (state-dependency) can confound longitudinal 
studies. However, despite its limitations, when used appropriately EMG can provide a 
window into the state of the human neuromuscular system. 
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ABSTRACT 
 

Children with cerebral palsy (CP) lack the higher-level motor skills present in age-
matched typically developing (TD) children. The development of postural control is 
critical to the acquisition of increasingly complex motor skills as well as to the 
production of coordinated motor behavior, such as locomotion. This chapter examines 
recent developments in understanding the abnormal postural control in children with CP 
and assessments of the effectiveness of rehabilitation techniques using biomechanics 
measurements. We show that the delayed and impaired development of postural control 
in children with CP is not only due to the immaturity of central nervous system but also 
abnormal postural alignment and muscle force production.  

Children with CP often have difficulty maintaining stability when facing unexpected 
threat to balance. We present studies comparing reactive balance control in children with 
spastic diplegic cerebral palsy (SDCP) and TD children using support surface 
perturbation and show that a number of factors contribute to poor balance control in 
children with SDCP. 1) There was a temporal disorganization of joint torque activation. 
2) There was a spatial disorganization of the joint torque profiles. 3) Children with SDCP 
also showed slower speed to reach peak torque value. In addition we show that when TD 
children were asked to mimic crouched stance as that seen in children with SDCP, they 
exhibited abnormal postural control as well, indicating that musculoskeletal constraints 
are also contributors to the atypical postural muscle response patterns seen in children 
with SDCP. These findings suggest that the neuromuscular response patterns of some 
children with SDCP may be appropriate strategies for their musculoskeletal constraints 
secondary to deficits in the neural system. 

In this chapter we also discuss the culmination of our findings in relation to clinical 
applications in the management of musculoskeletal impairments to improve postural 
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control in children with SDCP, and the significance of using biomechanical measures to 
show a direct relationship between the impairments of the musculoskeletal system and 
reactive postural control as well as possible coping strategies used by children with 
SDCP. We examine the current biomechanical research used to ascertain the 
effectiveness of two therapeutic interventions purported to affect the musculoskeletal 
system for the improvement of function in children with SDCP, ankle foot orthoses 
(AFO) and strength training.  

Finally, we examine the gaps in current clinical research when assessing the 
effectiveness of interventions to reduce the musculoskeletal impairments constraining 
static, reactive, and dynamic balance control in children with SDCP. 
 
 

INTRODUCTION 
 
Children with motor system impairments, such as those seen in cerebral palsy (CP), lack 

the higher-level motor skills present in age-matched healthy children. It is generally 
understood that cerebral palsy is a category of chronic non-progressive disorders of 
movement and posture of early onset (Styer-Acevedo, 1994). Research in the last 20 years has 
shown that delayed and impaired development of postural control in children with CP is 
attributed to a number of factors, including an immature central nervous system, the 
pathophysiology of the neuromuscular system, an impaired postural alignment, and muscle 
weakness. Postural control is a fundamental motor function involved in nearly every motor 
task. The development of postural stability is critical for the acquisition of increasingly 
complex motor skills as well as for the production of coordinated motor behavior seen in the 
developing child, i.e., walking, stair climbing, jumping, and skipping (Roncesvalles et al, 
2001). There has been a rich body of literature studying the alterations of the neural system 
for postural control in children with CP; however, few studies have examined the 
biomechanics of the musculoskeletal system on the control of posture.  

Most of our knowledge on the development of postural control comes from research 
using the support surface perturbation paradigm, in which an unexpected perturbation is given 
and the resulting behaviors are documented as well as the associated muscle activity profiles 
captured by electromyography (EMG) (Nashner, 1976; Nashner, 1977; Horak and Nashner, 
1986; Nashner and McCollum, 1985). Three basic coping strategies have been identified 
based on the behavioral responses to varying magnitudes of perturbation: ankle, hip and 
stepping strategies. It was suggested that the forms of automatic postural response elicited 
following a translation of the support surface became more consistent and efficient with an 
increase in chronological age (Sveistrup and Woollacott, 1996). In an adult, muscle responses 
are activated in a distal-to-proximal sequence; i.e., ankle muscles activated prior to knee and 
hip muscles.  

Children with cerebral palsy exhibit exaggerated dynamic stretch reflex responses, a lack 
of reflex suppression on repetitive stimulation, and abnormal radiation of activity to 
functionally related muscles (Nashner et al, 1983; Burtner et al, 1998; Woollacott et al, 1998). 
EMG recordings of muscle activity associated with postural responses to balance threat 
showed an increase in antagonist recruitment and decreased trunk activation when compared 
to typically developing children at the same level of walking experience. In addition to high 
level of agonist and antagonist muscle co-activation, children with spastic cerebral palsy 
exhibited temporal reversals among the muscles responding to a loss of balance.  
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Not only do children with CP show abnormal neural responses indicated by altered EMG 
patterns, they also exhibit abnormality in biomechanical measures. Children with spastic 
cerebral palsy frequently show restricted range of motion at the ankle, knee, and hip 
secondary to abnormal muscle tone and disordered movement patterns. The habitual crouched 
postural pattern during stance results in subsequent shortening of the hamstring muscles, 
which in turn ensures the continued use of the habitual crouched posture (Shumway-Cook 
and Woollacott, 2001). 

From a biomechanical point of view, in the stance position, the human body can be 
treated as an inverted pendulum. In its simplest version, the body is considered a single rigid 
segment with all the external forces acting on the center of mass located near the waist level. 
The task of postural control is to keep the body‘s center of mass (COM) within the base of 

support (BOS), defined by the individual's foot length and stance width (Winter et al, 1990). 
Throughout development, children face a series of morphological changes to their bodies, 
including an increase in height and weight; but more importantly, a lowering of the center of 
mass due to changes in relative mass of the different body parts. Therefore, the seemingly 
simple task of postural and balance control becomes more complex for growing children as 
the difficulty of adapting to these changes increases. Researchers using traditional theories of 
developing postural control, such as reflex-hierarchical theory, find it difficult to uncover a 
universal solution that governs successful postural control when dealing with changes in so 
many dimensions.  

In the past several decades motor control scientists have been faced with the immense 
task of discovering how the brain calculates and coordinates a large number of kinetic 
parameters (forces produced by individual muscle groups) in order to produce appropriate 
kinematic outcomes (position, velocity and acceleration of individual joints, body segments, 
and whole body movements) for postural control when facing an external balance threat. 
Winter, a biomechanist and a researcher in motor control, recently put forth a revolutionary 
concept using biomechanical models (Winter, 1995) in an effort to simplify this complex 
issue by reducing the large number of independent parameters into an interaction between 
two parameters. He proposed that the difference between the center of pressure (COP) (the 
net pressure force on the body acting through a single point in the BOS) and the center of 
gravity (COG) (the vertical projection of the center of mass on the ground) is proportional to 
the acceleration of body sway, and thus is recognized by the balance control system as the 
"error" signal. Therefore, the greater the COG-COP separation, the faster the acceleration of 
the COG, and the greater the demand on the postural control system. In response to the 
balance threat, synergistic muscle responses are triggered automatically in peripheral 
effectors to keep the COG within BOS. When a corrective movement of the center of pressure 
to the extremes of the base of support (the edges of the feet) is not adequate to reverse the 
acceleration of the center of gravity, a step is necessary, or falling occurs.  

For children to maintain an upright, quiet stance, the nervous system must detect the 
deviation of COG away from the vicinity of COP, and then generate sufficient torques around 
the ankle, knee, and hip joints to counterbalance the tipping force. In dynamic balance, i.e., 
when walking or climbing stairs, this signal is not only used to keep balance, but used to 
provide forward momentum as well. The difference between the COG and COP, although a 
concept borrowed from the field of biomechanics, is considered a sensitive indicator by motor 
control researchers in speculating the capability of the nervous system to control balance. 
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It is our understanding that in order to examine the development of balance control, 
multiple levels of analyses are required. Kinematic data record the motor outcomes. EMG 
recordings provide insight into the response from the central nervous system, because there is 
a one-to-one correlation between output from spinal motor neurons and muscle contractions. 
These two analyses alone, however, are not sufficient to represent the internal and external 
forces acting on the joints or the whole body to explain the behavioral outcome. As the 
singular measure of motor responses, the surface EMG is plagued by at least three significant 
limitations (Bothner, 1998). 1) It can only record from the more superficial muscle groups 
involved in the task, therefore, an assumption that these are the only muscles involved in 
recovery of balance is an oversimplification of the total muscle function. 2) No direct 
correlation has been found between EMG activity and force produced during postural 
responses, particularly in a reactive balance control task such as postural recovery from a 
perturbation involving a number of joints. Linear relations have only been observed in single 
joint movements under unique circumstances such as isometric or isokinetic contractions. 3) 
The direct relationship between EMG signals and behavior under dynamic circumstances 
(such as walking and running) remains inconclusive. 

Kinetic analyses, on the other hand, have been proposed as a necessary and 
comprehensive approach to uncover control variables and strategies (Winter, 1995). Kinetic 
analysis estimates the overall muscle forces around a joint responsible for an observed 
movement, yielding variables that describe the causes of a motion. Analysis of joint torque, in 
particular, provides a description and a kinetic account not available through kinematics and 
EMG analysis alone. In this chapter, we will show results from studies of postural control in 
children with CP using joint torque analyses and the resultant control of posture by looking at 
the relationship between COG (kinematic parameter) and COP (kinetic parameter). 

 
 

PURPOSE OF THIS CHAPTER 
 
Research on postural control in children with cerebral palsy has examined four types of 

postural tasks: 1) steady state postural control, in which the child simply maintains quiet 
stance balance for a specific period of time; 2) reactive postural control, in which the child 
reacts to an unexpected threat to balance, like a slip or trip; 3) proactive postural control, in 
which the child integrates postural responses into voluntary tasks, and 4) dynamic postural 
control, in which the relationship between the COG and COP continuously changes 
(locomotion, climbing stairs, stepping over obstacles). Based upon our investigation, it is 
clear that previous research lacks information on the kinetic changes and musculoskeletal 
constraints associated with the development of reactive balance control in children with 
cerebral palsy.  

Our group has attempted to fill the gaps by examining the differences in kinetic profiles 
of the lower extremity joints during reactive postural control in children with different types 
of CP (diplegic, hemiplegic and ataxic) and typically developing children (Chen and 
Woollacott, 2007).  

Our primary purpose of this section is to examine how torque productions around lower 
extremity joints of children with spastic diplegic cerebral palsy (SDCP) differ from those of 
typically developing children during reactive balance control, and the resultant control of 
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balance indicated by the COG-COP relationship. We will describe the differences in balance 
control in response to a single support surface perturbation in children with spastic diplegic 
cerebral palsy compared to typically developing children of chronologically younger ages 
(TDY) and age-matched older children (TDO). The study will investigate the following issues 
in balance control: 1) the ability to promptly produce joint torque in response to balance 
threat (torque onset latency); 2) the ability to produce large enough magnitude of torque to 
counterbalance support-surface perturbation and the relative contributions from the ankle, 
knee and hip joints in the recovery of balance (maximum torque); and 3) the speed to reach 
peak torque value in response to balance threats (rate of torque production). See Figure 1 for 
definition of each variable. In conjunction with our study, we will also discuss other studies 
that have contributed to the knowledge of impairments in the musculoskeletal system and 
reactive postural control in children with SDCP.  

Secondly, we will discuss the culmination of these findings 1) in relation to clinical 
applications in the management of musculoskeletal impairments to improve postural control 
in children with SDCP, and 2) the significance of using biomechanical measures to show a 
direct relationship between the impairments of the musculoskeletal system and reactive 
postural control as well as possible coping strategies used by children with SDCP to recover 
balance. We will examine the current biomechanical research used to ascertain the 
effectiveness of two therapeutic interventions purported to affect the musculoskeletal system 
for the improvement of function in children with SDCP: ankle foot orthoses (AFO) and 
strength training.  

Finally, we will examine the gaps in current clinical research when assessing the 
effectiveness of these interventions to reduce the musculoskeletal impairments constraining 
static, dynamic, and reactive balance control in children with SDCP.  

 

 

Figure 1. Schematic for deriving torque baseline, onset latency, maximum torque and rate of torque 
generation. Platform movement onset is plotted at 0 in the x-axis.  
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REACTIVE BALANCE CONTROL IN CHILDREN WITH SDCP 
 
We recruited four children with mild spastic diplegic cerebral palsy (SDCP) aged from 8 

to 13 years old for this study. All subjects acquired the disorder prenatally, perinatally or 
shortly after birth. Eight typically developing children with no known musculoskeletal or 
neurological deficits also participated in the study as control subjects. We formed two 
subgroups of the healthy children according to their chronological age: younger typically 
developing children (TDY), 4-7 years old, and older typically developing children (TDO), 8-
13 years old, that was age-matched to the children with SDCP. The demographic information 
of all participants is listed in Table 1.  

The participants stood quietly on a movable dual-forceplate system with arms crossed in 
front of the chest. The width of foot placement was self-selected and was approximately 
laterally symmetrical with one foot on each forceplate. Perturbations to balance were caused 
by simultaneous backward movements of the two forceplates at constant amplitude of 10 cm 
and at varying velocities ranging from 5–85 cm/s. 

 
Table 1. Demographic Information of participants 

 
Subject ID Gender GMFCS Age (yr) Weight (kg) 

(kg) 

Height (m) 

SDCP 

1 M III 11.6 22.4 1.24 

2 M III 8.5 21.8 1.22 

3 M II 12.9 45.5 1.60 

4 F II 13.0 27.3 1.36 

M   11.50 32.24 1.36 

SD   2.10 13.12 0.12 

TDY 

1 M  7.1 23.6 1.23 

2 F  5.2 19.5 1.11 

3 F  4.9 14.1 1.04 

4 F  6.3 20.2 1.14 

M   5.88 19.35 1.23 

SD   1.01 3.93 0.08 

TDO 

1 F  8.3 23.5 1.21 

2 F  12.9 34.6 1.41 

3 M  11.9 26.1 1.36 

4 M  12.5 45.5 1.52 

M   11.40 32.43 1.38 

SD   2.11 9.92 0.13 
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We instructed participants not to step unless it was absolutely necessary. Trials were 
delivered in three blocks. The perturbation velocity increased by block, but was randomized 
within each block (e.g., the platform velocity ranged from 5–25 cm/s in the first block, from 
30–55 cm/s in the second block, and from 60–85 cm/s in the last block). We gave catch trials 
with no perturbation and with a forward perturbation of 10 cm @ 5 cm/s between blocks to 
eliminate anticipatory responses. Catch trials were not included in further analysis. 

We obtained kinetics data from the custom-built platform system (Neuroscience 
Technical Service Group, University of Oregon, Eugene) consisting of two hydraulically 
driven movable forceplates with three axes. Three-dimensional ground reaction forces were 
measured by each of the plates independently. For every loaded condition (with participant on 
plate), we collected a corresponding unloaded trial (same perturbation characteristics without 
participant on plate). We derived net ground reaction forces (ground reaction forces produced 
by the participant in response to the perturbation, not including the forces driving the plates) 
by subtracting the respective signal in the unloaded trial from that in the loaded trial. Force 
data were recorded at 1200 Hz for duration of 5 seconds. Kinematics data were collected 
using the PEAK Performance Technologies real-time data-acquisition system (Peak 
Performance, Inc., Centennial, CO). Six infrared cameras were positioned around the 
participant. We placed reflective markers bilaterally on the following landmarks: (a) the base 
of the second metatarsophalangeal joints; (b) lateral malleoli; (c) heels; (d) lateral epicondyles 
of the femur; (e) greater trochanters of the femural head; (f), (g), and (h) anterior superior 
iliac spines (ASISs) of the pelvis, sacrum, and shoulders, respectively. Reflective wands were 
attached on the skin overlying midthighs and midshanks. We placed one reflective marker on 
the upper-right corner of the forceplate to monitor the movement of the plates. Before each 
experimental session, we took the following anthropometric measures of the participant for 
future inverse dynamics analysis: (a) body weight, (b) body height, (c) thigh length, (d) 
midthigh circumference, (e) calf length, (f) calf circumference, (g) knee diameter, (h) foot 
length, (i) malleolus height, (j) malleolus width, (k) foot breath, and (l) ASIS breadth. Joint 
torques were calculated using an inverse dynamics model within the PEAK Performance 
Technologies real-time data-acquisition system. We expressed torque as a reaction torque to 
all external torques. Counterclockwise torques (view from the right side of the subject) were 
expressed in positive values and negative values for clockwise torques.  

Previous research in postural control suggests that instead of comparing participants with 
differing capabilities under identical perturbation velocities, it is more important to compare 
them across conditions that give equivalence of behavioral threat for each individual 
(Roncesvalles et al, 2001; Chen and Woollacott, 2007). Thus, for this study, we identified a 
set of behaviorally comparable trials to ensure relative equivalence of balance threat across 
participants of different sizes, weights and conditions (TDY, TDO and SDCP). As mentioned 
earlier, the COG-COP difference is recognized by the balance control system as the error 
signal. It is logical to assume that the threat to the balance control system is equivalent when 
the sizes of the error signals are similar despite of the different magnitudes of the balance 
threats. The comparison condition chosen for this study is threshold velocity. It is defined as 
the fastest velocity at which the subject could utilize his/her own muscle contraction and 
maintain balance without taking a step.  

Due to the uneven force production under the left and right feet for both children with 
SDCP and TD children, two force plates were used to record the forces from each of the legs 
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independently. To account for the asymmetrical weight distribution between the two feet, the 
COP used in calculating COG-COP difference was the net COP calculated as follows: 

 

  (1) 
 

where  
COPl — COP under the left foot 
COPr — COP under the right foot  
GRFvl — vertical ground reaction force under the left foot 
GRFvr — vertical ground reaction force under the right foot. 
As shown in Figure 2B, the threshold velocity was significantly different among the three 

groups, F(2, 135) = 353.5, p < .001. The TDO children tolerated the highest velocities, 
averaging 71.1 ± 0.4 cm/s without taking a step; the TDY children tolerated lower velocities, 
51.4 ± 3.0 cm/s; and children with SDCP showed the lowest perturbation tolerance, with 
average threshold velocities of 7.9 ± 1.1 cm/s. This indicates that the 8-13 year old children 
with SDCP showed even lower developmental level for recovery of postural control to that of 
young TD children ranging 4-8 years of age. 

 

 

Figure 2. A. Normalized center of gravity (COG) and center of pressure (COP) differences at the 
threshold velocity. B. Threshold velocity of children in the TDY, TDO and SDCP groups. Error bars 
represent standard error of the mean. 
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As predicted by Winter‘s theory, one-way ANOVA analysis showed that the normalized 
(by foot length) COG-COP difference in the anterior-posterior direction at the threshold 
velocity was not significantly different among the three groups, indicating that the relative 
difficulty of the balance task was equivalent at the threshold velocity, even though the 
perturbation velocities were different for each subject (Figure 2A). Therefore, the first part of 
the study focused on the analyses of those trials in which subjects experienced the 
perturbation at their maximum stability limits. 

 
 

Torque Onset Latency 
 
One important factor in successfully maintaining stability is activating muscles fast 

enough to produce torque in response to external balance threats. To do this, we examined the 
joint torque onset latency, which is defined as the time duration between the onset of platform 
movement to the time when joint torque exceeded 5 Nm relative to the baseline activity 
(calculated from first 50 ms of the trial) and maintain the increase for at least 30 ms. When 
we compared the torque onset latencies within each group, the TD children were found to 
temporally organize their torque activation pattern; the ankle was activated first, followed by 
knee, and the hip was activated last (Figure 3A). A one-way ANOVA showed a significant 
difference of onset latency among three joints in both the TDY group, F(2, 33) = 14.5, p < 
.001, and the TDO group, F(2, 48) = 113.3, p < .001. On the contrary, children with SDCP 
did not show temporally organized activation of joint torques (F(2, 28) = 0.1, p = .868). When 
we compared the torque onset latencies between groups, we found a significant difference at 
the ankle joint, F(2, 42) = 45.8, p < .001, and the knee joint, F(2, 37) = 10.7, p < .001, but not 
the hip joint, F(2, 30) = 0.4, p < .413. Post hoc tests further revealed that at the ankle and 
knee joints children with SDCP responded significantly slower than those of the TD children; 
however, there was no statistical difference in the ankle torque onset latency between children 
in the two TD groups of different ages. 

 
 

Maximum Torque 
 
The comparison of the maximum torque output (normalized by body weight) produced at 

each joint to counterbalance the external perturbation at the threshold velocity (Figure 3B) 
showed that children in both TD groups exhibited spatially organized torque contribution 
among joints, with the ankle contributing the most and the hip contributing the least. In 
children with SDCP, unlike the pattern shown in TD children, the hip joint contributed 
significantly more. In fact the maximum hip torque reached a similar level to that of the 
ankle. The knee, on the other hand, had a significantly reduced contribution. Post hoc tests 
confirmed that the ankle, knee and hip joints were significantly different in the TDO children, 
F(2, 48) = 87.6, p < .001; for the TDY children, the pattern is still consistent with an ankle 
strategy, where the ankle joint produced a significantly larger torque, there‘s no difference 

between the knee and hip joint, F(2, 33) = 11.9, p < .001. In contrast, we found that the ankle 
and hip joints contributed equally during balance recovery in children with SDCP; the knee 
joint produced significantly lower torque, which potentially compromised the stabilizing 
function of the legs.  
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Figure 3. Joint torque onset latencies (A), normalized maximum torques (B), and normalized rate of 
torque productions (C) at the ankle, knee and hip joints at the threshold velocity.  

When comparing maximum torque at each joint between groups of all children, we found 
no difference between groups at the ankle and knee joints, but the hip torque was significantly 
lower in the TDO children and there was no difference between the TDY children and the 
children with SDCP. These findings validate previous results using EMG recording and 
kinematics measurements indicating that similar to children of chronological younger ages, 
children with SDCP use more hip strategy during balance recovery (Sveistrup and 
Woollacott, 1996; Roncesvalles et al, 2001; Shumway-Cook and Woollacott, 2001; 
Sundermier et al, 2001).  
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Rate of Peak Torque Production 
 
It has been shown that the rate of torque generation is also critical in balance control 

(Robinovitch et al, 2002). A larger maximum torque itself isn‘t sufficient to indicate good 

balance, if the speed of reaching the peak value is not fast enough to arrest the acceleration of 
the COM. In this study we calculated the rate of joint torque generation by dividing the 
maximum joint torque by the duration between the onset of the torque and the time when the 
torque reached the maximum value, and then normalized using the individual's body weight. 
The results showed that the ankle, knee and hip joints were turned on equally fast within each 
group; however, when comparing between groups, it took significantly longer time for 
children with SDCP to reach peak torque production at all joints compared to the TD children 
(Figure 3C).  

In conclusion, it is clear that although the ability to produce torque at ankle and hip joints 
are similar in children with SDCP and TD children, maximum torque alone didn‘t allow them 

to withstand higher balance threats (see difference in threshold velocity in Figure 2B) 
comparable to those of the TD children. There are three main factors contributing to their 
impaired balance control. 1) There was a temporal disorganization of joint activation. The TD 
children showed clear temporal organization of the torque generation among joints with ankle 
being activated first and the hip torque activated the last. The SDCP children, on the other 
hand, activated torques at all joints simultaneously; 2) There was a spatial disorganization of 
the joint torque profile in children with SDCP. In order to regain balance, children with SDCP 
produced equal amount of torques at hip and ankle, lacking the distally focused torque 
contribution pattern (ankle produced the largest maximum torque while hip contributed least) 
as those found in TD children; and 3) Slow speed to reach peak torque value. It is possible 
that spasticity during dynamic motion (spasticity of a muscle being more pronounced when 
the joint is in motion) and co-contraction of opposing muscle groups contribute to the slow 
rate of torque production, which further impair SDCP children‘s ability to move COP quickly 
enough to prevent COG from moving to and beyond the edge of BOS. 

An interesting finding in this study is that the normalized maximum joint torques adopted 
by children with SDCP at the threshold velocity were no less, if no more, than those seen in 
the TD children (see Figure 3B). Wiley and Damiano (1998) documented that children with 
spastic cerebral palsy were weaker than age-matched peers in all muscle maximum voluntary 
contraction tests. The weakness was more pronounced distally. Moreover, this muscle 
weakness was accompanied by muscle imbalance across joints. Hip flexors and ankle plantar 
flexors tended to be relatively stronger than their antagonists. Our results in conjunction with 
Wiley and Damiano's findings suggest that children with SDCP are likely to use joint torques 
near their maximum capacities when recovering from balance threats.  

In addition to our research, other studies have also examined the effects of postural 
alignment on balance control in children and adults. Burtner et al. (1998) had TD children 
stand in the crouched posture alignment, typical of the postural alignment seen in many 
children with SDCP, and sustain unexpected platform perturbations. Using EMGs to record 
muscle activation patterns in response to recovery of balance, it was shown that 1) ranges of 
onset latencies for the TD children in the crouched position were more constrained. 2) The 
onset latencies of gastrocnemius and hamstrings muscles were earlier and the frequency of 
trunk extensor activation decreased, a trend seen also in children with SDCP. 3) Muscle 
organization changed in the crouched position. Distal to proximal organization was seen less 
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often; and more proximal to distal organization emerged. 4) TD children in the crouched 
posture, compared with normal stance, used antagonist muscles more often in response to 
platform perturbations. These changes in postural muscle response patterns seen when TD 
children were asked to stand in a crouched stance suggest that musculoskeletal constraints are 
clear contributors to the atypical postural muscle response patterns seen in children with 
SDCP. It also suggests that the neuromuscular response patterns of some children with SDCP 
may be appropriate strategies for their musculoskeletal constraints.  

A similar study was done by Potter et al. (1990) in which standing balance was assessed 
in normal adults while they stood in either 15 or 30 of bilateral knee flexion. The results 
indicated that the knee flexion posture increased COP excursion in both the medial-lateral and 
anterior- posterior positions. In addition the amount of this increase was linearly affected by 
the degree of knee flexion. The greater the degree of the knee flexion angle, the greater the 
excursion of COP.  

 
 

CLINICAL APPLICATIONS 
 
Our study has added to the knowledge of the effects of musculoskeletal constraints on 

reactive balance control in children with spastic diplegic cerebral palsy. In addition to muscle 
weakness (Wiley and Damiano, 1998) and postural alignment (Burtner et al, 1998; Potter et 
al, 1990), the biomechanical measures of lower extremity kinetics in this study demonstrated 
that deficits in the temporal and spatial organization of torque production and speed of peak 
torque production contribute to the impaired reactive postural control in children with SDCP. 
Therefore, therapeutic interventions to improve musculoskeletal impairments that limit the 
recovery of balance should not only include techniques and devices to change postural 
alignment and muscle force production, but interventions to increase or aid in the rate of 
maximal muscle contraction, especially at the ankle during balance recovery. A study by 
Engsberg et al. (2006), using 3D gait analysis demonstrated that increasing the strength of the 
plantar flexors and dorsi flexors in children with SDCP, alone, did not increase torque 
production at the ankle during gait, as was expected.  

When making clinical decisions as to the optimal treatment to improve function in 
children with cerebral palsy, it‘s important to distinguish the impairments caused by the 
primary neural pathophysiology from the impairments caused by coping strategies (Gage, 
1991, pg 102). By examining COG-COP difference along with the kinetics of the individual 
joints and their temporal/spatial organization, we were able to demonstrate the coping 
strategies children with SDCP use to recover balance. Children with SDCP, lacking the 
ability to generate torque at the ankle and knee fast enough to recover from perturbations, 
generate much greater force at the hip joint (hip strategy) to maintain stability and to recover 
balance (compared to what is seen in TD children). The weakness of our study is that the 
kinematics at the ankle, knee, and hip joints were not analyzed, because as indicated by 
previous studies (Burtner et al, 1998) using EMG recordings, it is possible that a crouched 
posture adopted by children with SDCP might account for the disorganized temporal and 
spatial torque production at all three joints seen in our study.  
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AFOs and Strength Training 
 
Next, we will review current research studies using kinematic and kinetic outcomes to 

examine the effectiveness of clinical interventions commonly used to correct for postural 
alignment and muscle weakness in children with SDCP: ankle foot orthotics (AFOs) and 
strength training.  

Ankle -foot orthoses (AFO) is one of the most commonly prescribed braces for children 
with CP for improving gait by optimizing postural alignment and joint angles. Based on the 
understanding of the biomechanics of the human body, it is a brace worn on the lower leg and 
foot to support the ankle, hold the foot and ankle in the correct position, and correct foot-
drop. To benefit from the use of AFO, clinical decisions about the management of AFO must 
depend on an understanding of the biomechanics of the foot and ankle during gait, the 
biomechanics of the orthotic device, and the pathophysiology of gait in children with cerebral 
palsy (Davids et al, 2007).  

There has been one study examining postural control and the effectiveness of orthotics 
(Burtner et al, 1998), by the same research group demonstrated the contribution of 
mechanical changes to the altered postural control. In this study the effect of solid and 
dynamic ankle-foot orthoses (AFOs) on stance balance control was compared. It was found 
that the use of solid AFOs led to decreased activation of distal musculature as well as 
decreased recruitment of ankle strategies and increased joint angular velocity at the knee. 
Therefore, wearing fixed AFOs would not be advantageous for children with SDCP in the 
recovery of balance since the rate of generating sufficient ankle torque is already 
compromised. These trends were not found in trials with dynamic AFOs, suggesting that 
dynamic AFOs are more advantageous for children with spastic diplegic CP when balance 
control is required during unexpected perturbations in stance. This study is particularly 
interesting in that it highlighted the importance of using biomechanical-oriented intervention 
in the rehabilitation of children with cerebral palsy. It should be of great interest to clinicians 
since it emphasizes the impact of alteration in subtle part of the orthoses design on the 
efficacy of the treatment.  

In the past decade, there has been increasing interest in progressive–resistive strength 
training protocols as a therapeutic intervention to improve functional mobility in children 
with cerebral palsy (Mockford and Caulton, 2008). Although there have been many 3D gait 
analysis (3DGA) studies looking at the effectiveness of strength training on gait, there have 
been no studies specifically exploring its effects on static, dynamic, or reactive postural 
control. Lowe et al. (2004) demonstrated a strong relationship between isometric muscle force 
production and standing balance, but no research studies using the biomechanical measures of 
kinematics or kinetics have confirmed this finding.  

There are five major attributes of a functional gait which are frequently lost in children 
with cerebral palsy: 1) stability in stance, 2) sufficient foot clearance during swing 3) pre 
positioning of the foot during terminal swing for initial contact 4) adequate step length, and 5) 
energy conservation (Gage, 1991, pg 101). Most clinical research studies examining the 
effectiveness of strength training or the use of AFOS to improve gait in children with SDCP 
have reported improvements in stride or step length; in the temporal characteristics of 
cadence and velocity; and in energy conservation, but little in the improvement of postural 
stability (Figueirdo et al, 2008; Mockford and Caulton, 2008).  

Though several studies have explored the effects of the different types of AFOs on gait in 
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children with SDCP (Figueiredo et al, 2008), only a few of these studies have included 
dynamic postural control as a dependent variable when assessing the efficacy of the AFOs 
using 3D gait analysis technique (Abel et al, 1998; White et al, 2002). By demonstrating an 
increase in the percentage of time in single-leg stance versus double-leg stance in the total 
gait cycle both studies demonstrated an increase in stability with the use of AFOs when 
compared to the barefoot condition. Although these are important measurements to quantify 
the increase in stability, without the biomechanical measures of total joint kinetics in relation 
to stability, the ‗how‘ of the improvement is not clear (Gage, 1991, pg 23).  

 
 

Gaps in Clinical Research 
 
Postural control is the underlying motor ability for the development of functional 

mobility and higher-level motor skills (Roncesvalles et al, 2001). In addition, postural control 
has been shown to change with developmental age and experience in walking in both TD 
children and children with SDCP (Burtner et al, 1998). Our study examining reactive postural 
control in children with SDCP demonstrated the importance of studying lower extremity 
kinetics along with the kinematics and kinetics of whole body movement (COG-COP 
relationship) to better understand the mechanics of reactive postural control in children with 
SDCP. However, there have been few clinical research studies specifically examining COG-
COP difference as a variable in determining the effectiveness of commonly used interventions 
of strength training and AFOs. As demonstrated in our study, knowledge of the whole body 
kinematic and kinetic relationship in the recovery of balance, along with the total joint 
kinetics has demonstrated the possible coping strategies children with SDCP use to recover 
balance when muscle force production is impaired.  

Only recently has there been a study that examined dynamic postural control in the gait 
of children with SDCP by specifically analyzing COG-COP separation (Hsue et al, 2009). 
The separation of COG-COP was measured during an interval of the gait cycle between 
single stance of one leg (SL1) to single-leg stance of the opposite leg (SL2) in children with 
SDCP and TD of the same age. They found that the RMS of COG-COP in the medial-lateral 
(M-L) direction was much greater in children with SDCP compared to the TD children. The 
authors suggested the children with SDCP either had a lateral body lean due to weak hip 
abductors, or had dynamic postural instability that required a ‗walking by falling‖ pattern of 

gait.  Further biomechanical measures, i.e., the kinetmatic and kinetic measures of the joints 
along with EMGs may reveal the cause of the COG-COP separation in the M-L direction. 
Perhaps the children with SDCP spend a greater percentage of their energy expenditure and 
generation of joint torgues just to maintain postural stability when walking. Therefore, when 
examining the increase in stride length that occurred in children with SDCP as a result of 
strength training or the use of AFOs, using biomechanical measures, the question would be 1) 
how and if the interventions change the separation of COG-COP and in what direction, 2) 
how the total joint kinematics and kinetics change in relation to change in dynamic postural 
control, and finally, 3) whether the interventions assist with the compensation strategy to 
maintain dynamic postural control, or whether they reduce the musculoskeletal impairments 
interfering with postural control. 
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CONCLUSION 
 
Our study, in addition to studies on the effects of postural alignment on postural control 

in children with SDCP, validate the findings of the study by Lowe et al. (2004), in which it is 
demonstrated that 54% of the variance in standing postural control (measured by the P-
CTSIB) in children with SDCP could be explained by the limited range of motion in hip, 
knee, and ankle joints, as well as the crouch posture; and to abnormal muscle force 
production. By analyzing total joint kinetics along with whole body kinematic and kinetics 
COG-COP, we demonstrated that children with SDCP use a hip strategy as a coping response 
when recovering from external balance threats due to their inadequacy of producing peak 
ankle torques fast enough to slow the forward movement of the COM following a 
perturbation.  

Children with spastic diplegia cerebral palsy are a heterogeneous group, each child 
presenting with a variety of musculoskeletal and neuromuscular impairments. Through 
3DGA, analyzing the total joint kinetics along with COG-COP separation to measure postural 
control, clinicians can better understand the specifics of the coping strategies children with 
SDCP use to maintain postural control during gait. From this knowledge, clinical 
interventions can be individualized to each child‘s specific impairments, developmental age, 
and level of walking experience. These same biomechanical measures could also be used to 
examine postural control during other functional activities such as sit-to-stand, crossing 
obstacles, walking on uneven terrain and climbing stairs.  
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ABSTRACT 
 

The knowledge of corneal biomechanical properties of cornea has gained importance 
in recent years. Investigators have been trying to find easy and practical ways to establish 
these biomechanical properties but to date have had to rely on corneal thickness measures 
to give an idea of corneal biomechanics. This review explores what is known about the 
biomechanical properties of the human cornea.  

An overview of corneal thickness measurements, its impact on measurement of 
intraocular pressure and its importance in various disease states is discussed. The recent 
advent of the Ocular Response Analyser, an in-vivo measure of ocular hysteresis and 
corneal resistance factor and the pulse waveform associated with this will be discussed. 
The importance of this machine with respect to corneal biomechanics will be presented. 
 
 

INTRODUCTION 
 
The cornea is the transparent outer, fibrous tunic for the eye, which serves a refractive 

function while maintaining mechanical strength. These properties, i.e. the refractive power, 
mechanical strength and the shape of the cornea, have been a subject of interest to 
ophthalmologists for many years. Recently, the importance of the biomechanical properties of 
the eye have gained prominence due to the increasing popularity of refractive surgery and the 
knowledge of the effects of biomechanics cornea on glaucoma diagnosis and management.  

The cornea consists of five layers: epithelium, Bowman‘s membrane, stroma, Descemet‘s 

membrane and endothelium. The biomechanical properties of the cornea are a function of all 
of the layers, although some structures within the cornea exert a little effect and indeed, there 
is no consensus over which layers play a role [1]. 

Bowman‘s layer has been suggested to play an important role in the biomechanical 
stability and rigidity of the cornea [2,3] but other have disputed this suggestion believing that 
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Bowman‘s layer does not play a significant role. [4,5] The stroma is believed to be main layer 
responsible for the corneal biomechanical strength. [6] The stroma constitutes about 90 
percent of the corneal thickness, featuring stacked lamellae of collagen fibrils. These collagen 
fibrils, which are packed in parallel arrays, make up the 300 to 500 lamellae within the 
stroma. The lamellae extend from limbus to limbus and are oriented at various angles to one 
another. They are positioned less than 90 degrees to each other in the anterior stroma but 
nearly orthogonal in the posterior stroma. [7] In the anterior one third of the stroma, the 
collagen lamellae are narrow and thin, undulating, run in random directions and often branch 
and interweave in an irregular manner. Studies have postulated that the collagen fibres in the 
anterior half of the stroma are the ones responsible for maintaining biomechanical stability 
and the corneal shape and hence any surgical incision of these lamellae can result in a loss of 
corneal structural stability. [6] However, others have suggested that the collagen fibrils of the 
central area are responsible for this stability because they are of higher density and densely 
packed. [8] All the collagen lamellae in the posterior two thirds of the stroma are wider and 
thicker and tend to be parallel to the corneal surface. The fibrils have a uniform diameter. 
[9,10] The lamellae are embedded in a proteo-glycan rich matrix compound of 
glycosaminoglycans. [11] This matrix has been suggested to play a role in the absorbance of 
mechanical impact and is known to be able to be remodeled. 

In endothelial disease, the corneal stroma tends to swell posteriorly more than anteriorly. 
However, it has been noted that even extreme swelling of the stroma has a minimal effect on 
the curvature of the cornea. [8,12,13] This is probably attributable to the stromal structure. 

To date, the only easy method to measure corneal biomechanical properties has been 
through the measurement of central corneal thickness (CCT). [14] CCT is used as an 
important clinical measurement when assessing corneal health and in the diagnosis of corneal 
disease. Therefore, obtaining an accurate CCT measurement is fundamental prior to planning 
any surgical intervention of the cornea and assessing the progress of corneal disease.  

The Ocular response analyser (ORA) (Name and address of the company)is a new 
instrument, which measures corneal biomechanical parameters termed corneal hysteresis 
(CH) and corneal resistance factor (CRF) and also measures corneal biomechanically 
compensated intraocular pressure (IOPcc). The IOPcc is believed to measure intraocular 
pressure (IOP) neutralising the influence of corneal biomechanical properties and CH and 
CRF are believed to be the measurement of visco-elastic properties and elasticity of the 
cornea respectively.  

 
 

CENTRAL CORNEAL THICKNESS (CCT) 
 
CCT in humans has been considered a relatively stable parameter in normal eyes. [15] 

Doughty and Zaman [16] in their major review after meta-analysis of data from 300 
publications reported an average CCT of 534 µm. The range of ‗normal‘ CCT reported in 

literature is from 430 µm to 600 µm. [17-19] Although CCT has been found to be at its 
highest in the morning just after awakening, it dehydrates and stabilises after 2 to 3 hours and 
remains constant throughout the wakening period [20-22].  

Measuring CCT is essential to assess the health of the cornea. CCT can be affected by the 
diseases processes, various medications and contact lens wear. [23-28] This may result in 
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either increased thickness or thinning of the cornea, which in turn will affect the 
biomechanical properties of the cornea.  

 
 

MEASUREMENT OF CCT 
 
Various instruments have been used to measure CCT, for example, optical pachymetry 

[29], non-contact specular microsopy [30], Orbscan II pachymetry [30-34], partial coherence 
interferometry [35] and videopachymetry [36]. 

The increased use of CCT in clinical practice could, however, be attributed to the 
availability of easily usable instrumentation i.e. ultrasonic pachymetry. This instrument 
provides the gold standard for CCT measurement. [33] Many studies have reported CCT by 
ultrasound pachymetry [37]. 

Ultrasonic CCT is determined by passing a known velocity of ultrasound through the 
corneal tissue. The time difference between echoes of signal values reflected from the anterior 
and posterior surfaces of the cornea is measured. Typically, high frequency ultrasound 
between 10 to 20 Mhz is used to measure CCT. This high working frequency does not allow 
echographic scanning of deeper tissue and allow an accuracy within microns. [38,39] The 
ultrasound pachymeter requires lower operator skill levels and is portable making it is easy to 
use. It has the disadvantage of being an invasive method in which the probe touches the 
anterior corneal surface. 

 
 

CCT AND INTRAOCULAR PRESSURE 
 
Friedenwald [40] recognized the importance of the biomechanical properties of the eye 

tunics (ocular rigidity) in the measurement of IOP in his search to develop tonometry. More 
recent studies have demonstrated the importance of CCT when assessing the true IOP rather 
than measured IOP. [41-47] These studies essentially used the CCT as a measure of corneal 
rigidity. 

Applanation tonometry (Goldmann Tonometry) has been the gold standard for the 
measurement of IOP. It has been assumed that for an applanation area of 3.0 mm to 3.5 mm, 
that the capillary attraction of the tear film on the head of tonometer head equals the force 
with which the cornea resists flattening. This, however, ignored the effects of surface tension. 
Goldmann recognized the importance of corneal rigidity and surface tension as opposing 
force. He thus designed his tonometer tip with a diameter of 3.06 mm, which he assumed 
would cancel the effect of corneal rigidity and surface tension in an average cornea. 
Goldmann [48], however, recognised that IOP measurement could be affected by variation in 
CCT in his seminal paper in 1957.  

Over a period of many years, a number of studies have considered that CCT can affect 
IOP readings. Most of these have expressed an opinion that applanation tonometry readings 
will be higher in eyes with thicker CCT and eyes with thinner corneas will display lower IOP 
readings. [49-55] This observation confirms that CCT is an important factor and that it can 
not be ignored in relation to IOP related diseases and their management.  
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The relationship between CCT and IOP is, however, not clear. Various factors have been 
proposed for this relationship. It is postulated that it may be either due to a measurement error 
in applanation tonometry due to differences in corneal thickness, a physiologic effect of IOP 
on the corneal tissues, an increase of stromal collagen fibres or corneal stromal rigidity or that 
all of these factors may be involved [56]. 

Studies on patients with diabetes, [57] keratoconus, [58,59] corneal dystrophies and 
corneal degenerations and retinal detachment have also shown a relationship between CCT 
and IOP [60].  

The OHTs study found that ocular hypertensive patients with thicker CCT are at reduced 
risk of developing glaucoma as the true IOP was lower. [61-63] Bhatt et al [64] and Manni et 
al [65] found that patients with thinner corneas in glaucoma suspects were found more prone 
to develop glaucoma i.e. the true IOP was higher. Individual differences in CCT might be 
responsible for inaccuracies of the tonometric values with underestimation of the true IOP in 
subjects with thinner CCT, although it is becoming clearer that true IOP is unpredictable with 
linear correction formulae for CCT and that it is more likely that other biomechanical 
properties of the cornea are important. It has been suggested that differences in the corneal 
biomechanics may be an expression of individual structural differences of the ocular tissues 
with potential consequences on the individual susceptibility to the glaucomatous damage 
under the same IOP values. It is important that CCT measurement with other corneal 
biomechanical properties should be integrated into the clinical management of glaucoma and 
ocular hypertension to better understand the individual risk factors.  

It would not be unreasonable to expect that laser ablation of corneal stroma in refractive 
surgery will affect IOP. Many studies have reported a lower mean IOP after corneal refractive 
surgery. [66-80] Many hypotheses have been presented to explain the cause of lower IOP 
readings. It has been postulated that as the collagen fibres are ablated during the refractive 
surgery with the cut collagen fibres losing their tensile strength. [81] Others have suggested 
that the general softening of the corneal tissue, following the natural healing process, may be 
a responsible factor [82] while others suggest that decrease in CCT and change of corneal 
curvature might be the major cause. [83] 

However, without being able to measure these biomechanical properties in vivo, these 
influences cannot be either predicted or controlled [84].  

 
 

CORNEAL BIOMECHANICS 
 
The elasticity of a given tissue or material is described as the relationship between stress 

and strain. Stress is described as the force per unit cross section applied on a tissue material. 
Strain measures the stretch of a material and is calculated as a change in the length of the 
tissue divided by its original length. The elastic modulus, or Youngs Modulus (Y) is the ratio 
of the change in stress to the associated change in strain. Little deformation occurs with an 
increase in strain when the elastic modulus is high (Y). The smaller the Y, the more elastic 
the tissue [85-86].  

However, for biological material, Y is not constant. The visco-elastic response consists of 
an immediate deformation followed by a slow deformation. [86] Hence, the cornea reacts to 
stress as a typical visco-elastic material [87]. 
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The maintenance of corneal shape is determined by IOP, the elastic properties of the 
corneal tissue and amount and distribution of the corneal tissue mass. [88] The biomechanical 
properties of the eye, in the past, has been investigated extensively, but most of these studies 
have been performed in-vitro (either on whole eye or excised corneal tissue). These studies 
include measuring the tensile strength of strips the corneal tissue isolated by dissection and 
loaded with weights to cause extension and monitoring changes in the spacing between 
cellular and extracellular particles under load. [85-96] Recently some studies have reported 
elasticity of eyes in vivo by injecting saline solution in to the anterior chamber [97], by 
measuring CH and CRF by ORA [98] and by dynamic corneal imaging [99].  

Edmund [86] investigated the rigidity of the cornea by measuring the radius of the central 
corneal curvature, the coefficient of radius variation, the CCT and the coefficient of thickness 
variation. Friedenwald [40], devised a formula for ocular rigidity where K (an assumed 
constant scleral rigidity) = dP/dV, (V is intraocular volume and P is the IOP). He assumed 
that K is constant but later studies have found that K is not constant and that it was found to 
decrease with IOP in human eyes. Investigators have concluded that the phenomenon of 
ocular rigidity was complex, and even with very simplifying assumptions, the analysis did not 
lead to a simple result.  

Orssengo and Pye, [100] more recently, determined the modulus of corneal rigidity 
(elasticity) in vivo from corneal dimensions and applanation tonometry.  

Although all these above mentioned studies are very interesting and have tried to 
establish ocular rigidity by different methods. They all involve complicated mathematical 
calculations [86,88,90,92] and are impractical for clinicians and (also report varying results). 

 
 

MEASUREMENT OF BIOMECHANICAL PROPERTIES OF THE CORNEA 
 
An instrument that provides in vivo measurement values and which is easy to use in a 

clinical setting, easier for clinicians in terms of data interpretation, sufficiently reliable 
(accurate) and is reproducible will be ideal for the purpose of measuring biomechanical 
properties. The first such instrument is the ORA.  

The ORA determines the biomechanical properties of the cornea by using a bi-directional 
applanation process. This is achieved using a force-displacement relationship where the 
instrument releases a precisely metered air pulse, which strikes the central cornea causing it to 
move inward. This is followed by flattening of the cornea, which then finally becomes 
concave. The flattening of the corneal surface is termed ‗first applanation‘ or ‗inward 

applanation‘. A millionth of a second after inward applanation, the air pulse is shut down, 

resulting in a decrease in the pressure applied to the cornea. As the pressure decreases, the 
cornea returns from the concave state to flatten again (second applanation or outward 
applanation) and then finally resumes its normal convex shape. The change in the corneal 
curvature is monitored by an electro-optical collimation detector in the central 3.0 mm of the 
cornea and the whole process lasts just 20 milliseconds.  

A filtered version of the detector signal defines the two applanations as two peaks 
(inward and outward applanation). The two pressures of internal air supply plenum are 
determined from the applanation times derived from the detector applanation peaks. The 
inward and outward applanation pressures are different because of the visco-elastic properties 
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of the cornea. However, theoretical calculations indicate that area density of the cornea is a 
minor contributing factor to the pressure difference. These are perhaps the result of immediate 
elastic response and delayed or steady state elastic responses respectively of the corneal 
tissue. Energy adsorption during the corneal deformation delays the occurrence of the 
applanation signal peaks resulting in a difference between the applation pressures. This 
difference between the two peaks is referred as corneal hysteresis (CH). CH is believed to 
reflect the aggregate effects of thickness, rigidity, hydration and perhaps other factors yet to 
be determined. Corneal resistance factor (CRF) is believed to be a measure of the elastic 
property of the cornea [98].  

 
 

NORMAL CORNEAL HYSTERESIS (CH) AND CORNEAL RESISTANCE 

FACTOR (CRF) 
 
The ORA has been reported to give reproducible measurements of these parameters. 

[101,102] CH and CRF are constant and these parameters do not have a diurnal variation 
during the day time. [103-105] No correlation has been found between age, gender, corneal 
steepness, axial length and spherical equivalent refraction do not affect CH and CRF values 
[106-108]. 

The mean CH in normal eyes in various publications so far has been reported to be 
between 10.1 mm Hg and 12. 7 mm Hg (range 4.3 mm Hg to 16.7 mm Hg) and mean CRF 
values between 10 mm Hg and 11. 7 mm Hg (range 4.0 mm Hg to 17.1 mm Hg). [109-111] 
There appears to be no agreement on the CH measurement in children, some have found no 
difference compared to adults while others have found CH and CRF values in children to be 
slightly higher and others have found lower values [112,113]. 

As one would expect, there should be a relationship between CCT and CH and CRF, as 
thicker corneas should be more rigid due to the increased mass of corneal tissue. Studies have 
reported these parameters to be positively correlated i.e. the higher the CCT the higher CH 
and CRF. [106,109] However, these reported studies have so far revealed that CH and CRF 
are independent biomechanical parameters from CCT. In addition, studies have found a 
moderate to significant dependence of CH and CRF on IOP and CCT [106,114].  

 
 

ORA READINGS IN DISEASED EYES 
 
CH and CRF in eyes with glaucoma has been previously investigated. [115-118] Shah et 

al (2008) reported POAG and normal tension glaucoma eyes (NTG) to have lower mean CH 
values than OHT eyes [117]. Mean CH in NTG, POAG and OHT eyes was 9.0 +/- 1.9, 9.9 
and 10.2 mm Hg; CRF was 9.1, 10.6 and 12.0 mm Hg respectively [117].  

Weaker corneas could be screened with ORA parameters, and low CH could be 
considered a risk factor for underestimation of IOP, however, this does not mean to reduce 
the effect of CCT on IOP and CCT should continue to be considered a useful parameter 
[114]. 
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Studies on the keratoconic eyes revealed that CH and CRF show a reduced value 
compared to normal eyes. CH has been reported to be found between 7.5 mm Hg to 9.6 mm 
Hg [106,114,119,120]. 

Several studies have reported on the comparison of CH and CRF in keratoconus eyes 
with LASIK eyes. [114,120,121] These studies compared CH an CRF of post-surgical eyes 
with those of keratoconus eyes and found that these parameters in keratoconus eyes were 
lower than in post-LASIK eyes but Shah and Laiquzzaman [121] found that these 
biomechanical parameters were very similar when comparing keratoconic and post-refractive 
surgery eyes. In the study by Shah and Laiquzaman [121] post-refractive surgery mean CH 
was 9.2 mmHg and CRF 7.6 mmHg. The values for keratoconic eyes were 9.4 mmHg and 7.7 
mmHg respectively.  

Luce [98] reported that applanation signal morphology in post-refractive surgery eyes 
indicated similar pattern that of keratoconus and Fuch‘s dystrophy eyes indicating reduced or 

low biomechanical properties in these eyes. 
 
 

REFRACTIVE SURGERY AND CORNEAL BIOMECHANICAL 

PROPERTIES 
 
Corneal refractive surgery results in a reduction of CCT and a change in corneal 

curvature. Understanding the link between the microstructure of cornea and its biomechanics 
is fundamental in eyes undergoing laser eye surgery.  

There has been a general agreement that individual variation in the biomechanical 
properties of the cornea all influence treatment outcome and that a method for pre-operative 
assessment of corneal biomechanical properties of individual eye will may help improve 
outcome.  

To predict refractive surgery outcome, ablation algorithms are derived from the statistical 
analyses of cumulative databases. These algorithms do not deal with corneal biomechanical 
measurements and their individual variations, because these formulae have been calculated 
without an understanding of the physical response of the cornea to structural change from 
ablation of the corneal stroma. A basic understanding of intra-operative corneal 
biomechanical changes is necessary to improve predictability, safety and effectiveness in the 
treatment [122]. 

Laser refractive surgery involves flap creation and excimer laser ablation, which may 
affect and alter the biomechanics of the cornea. Many investigators have reported a mean 
reduction of CH and CRF after laser refractive surgical treatment. Ortiz et al [120] reported 
that CH and CRF were significantly reduced in eyes after LASIK. Pepose et al [123] also 
reported a decreased CH and CRF after laser refractive surgery. They found that CH 
decreased by 16.2% and CRF decreased by a mean 28.6%. Other studies have found the same 
results where the CRF values were found to be reduced more than CH. [120,121,123-125] 
The results of these studies imply that changes in CH and CRF after refractive surgery 
indicate an alteration in corneal biomechanics correlating with the attempted correction. Chen 
et al [125] conclude that CRF may be more useful than the CH in assessing biomechanical 
changes resulting from LASIK. 
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Refractive surgery carries a risk of inducing iatrogenic keratectasia, although this 
incidence is low 0.66%. [126] 250 µm has been regarded as arbitrary safe minimum CCT 
after LASIK. Other corneal surgery protocols have recommend that the total corneal 
thickness at the end of the procedure should be greater than 400 µm (in order that the residual 
stroma does not incur ectasia) [127]. According to the suggested protocol, eyes with a total 
CCT less than 400 µm should be considered at risk for ectasia. [128] Keratoectasia is more 
common in eyes with residual thin beds and high IOP. [129] Having said this, keratoectasia 
can also be observed in small corrections. [130,131] These observations imply that there must 
be differences in individual corneal biomechanical properties. 

 
 

THE FUTURE 
 
Several other instruments, which can be useful in the future to know biomechanical 

properties of the cornea have also been reported in the literature. 
The holographic interferometry technique can determine the biomechanical properties in 

vivo. [132,133] This technique has been reported to measure the elasticity of the cornea. It is a 
non-destructive optical comparison technique analogous to corneal topography, in that fringes 
are generated from the surface displacements of the cornea and then recorded. [134] Under 
stress, the changes in the induced strain are seen as changes in the distribution and spacing of 
the fringes. The high sensitivity of this method enables measurement of the radial distension 
of the cornea even for very small IOP changes equal to 0.0375 mm Hg. This technique has 
practical limitations. The holographic technique generates whole-field data across the cornea. 
This vast data is manually assessed and then interpreted with simple cross-sectional graphs of 
displacement. This is impractical in a busy clinical setup.  

Another technique reported to measure biomechanical properties is non-contact 
electronic speckle pattern interferometry (ESPI). This instrument also measures the elasticity 
of the cornea. ESPI does not require photographic recording of a hologram thus simplifying 
the measurements and provides rapid real-time measurement of surface displacement. An 
ESPI has the ability to monitor changes in biological tissue under stress with sub-micron 
accuracy and to acquire such information rapidly and in a non-destructive manner. The 
benefits of using the ESPI is that it is non-contact, the measurement can be made of the whole 
cornea, it has the sensitivity to detect and monitor corneal displacements generated in vivo 
and digital processing allows the real-time measurements and measurements of displacement 
up to 0.01 µm [122].  

Grabner et al [99] reported the measurement of corneal elasticity using dynamic corneal 
imaging in vivo using computer assisted veideokeratography. This is performed using 
dynamic corneal imaging method by central identation of the cornea to assess the elastic 
properties of the eye. 

The concept of ultrasound elasticity microscope is also a further step towards 
understanding the elastic properties of cornea. It produces high-quality conventional 
ultrasonic B-scans over large thicknesses by confocal processing. The ultrasound elasticity 
microscope can produce high resolution strain images throughout the corneal depth and 
various corneal layers with different elastic properties appearing as different strains in the 
images. 
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Development of these new instruments may potentially lead to an increased 
understanding of corneal biomechanics.  
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ABSTRACT 
 

This chapter addresses a fundamental aspect of musical performance in string 
players: how the physical ―geography‖ of the instrument and bow, and the 

anthropometric dimensions of the player interact to produce the stereotypic motor 
behavior. 

Several factors determine movement, but, unlike most biomechanical tasks, the 
determining outcome here is acoustic. Both upper extremities are involved in the 
performance but in very different ways. 

The left arm governs the contact position of the fingers on the string, and hence the 
pitch of a note. The spatial relations of the instrument to the body, the contact point of the 
finger on the string, the length of the fingerboard, and the dimensions of the arm 
determine a unique posture, and thus the muscle activation patterns, for the left arm for 
each individual player. The left arm has quite different postures in relation to the body 
and the instrument for cello players in comparison to violinists. 

The bowing (right) arm draws the bow across the string. Its travel velocity is the 
principal determinant of loudness, but its distance from the bridge, the contact position 
along the bow length, bow pressure, and its angle of attack on the string leave a 
noticeable effect on the tone, or timbre. Bowing movements are essentially determined by 
the flexion and extension of the elbow, with subtle motions of the shoulder and wrist to 
keep the bow moving in a straight line perpendicular to the string. Given a fixed spatial 
relation between the body of the performer and the instrument, the posture of the arm for 
a given bow/string contact point is uniquely determined. 

In addition, the force of gravity plays a role in the control of movement. We show, 
however, that it affects cellists and violinists in very different ways. Left arm movements 
of cellists are more affected by gravity than those of violinists; whereas gravity affects 
the right arm more in violinists.  
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In this chapter we focus on a series of specialized topics: 1) control of the left arm 
during shifting movements; 2) fine control of the left arm during corrections of intonation 
errors; 3) coordination between the upper arm and forearm; and 4) coordination between 
the left and right arms. 
 
 

INTRODUCTION 
 
In this chapter we discuss some of the basic biomechanical issues of concern to musicians 

who play string instruments. We emphasize here the problems specific to cello, with 
additional commentary for violin. 

The instruments in the violin family have four strings, tuned to different pitches by 
adjusting their tension. Strings on the cello typically have a length of about 70 cm, while on 
the violin, the strings are much shorter — about 33 cm. The fundamental frequency of a string 
is determined primarily by its freely vibrating length (and its intrinsic physical characteristics 
which are not variable), and the pitch to which that string is tuned (Figure 1).  

 

 

Figure 1. A cellist holds a note using his index finger. The finger placement depresses the string which 
makes contact with the copper strip affixed to the fingerboard. The string circuit measures the 
resistance of the string between this point of contact and the bridge. 
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There are two ways a performer may change from one pitch to another. When the desired 
note is a short distance away from the current one, the performer may simply switch to 
another finger placed at a location appropriate to the desired pitch. In the finer aspects of 
performance, the left (fingering) hand and fingers play a complex and essential role that 
especially distinguishes beginners from advanced players. But the hand and fingers do not 
account for the larger movements such as those in the second type of movement, and it is 
these we shall discuss here. This second type is called a ―shift‖. It is an arm movement that 

takes the hand along the fingerboard from one location to another. Such movement can 
require a displacement of the hand of many centimeters in association with movements of the 
forearm and upper arm, and changes in the posture of the hand. In addition to these 
movements along a single string, performers often move across strings. 

During shifting movements, the finger releases the string, and the arm rotates to bring the 
hand to the new desired location. If the current and the next notes are played using the same 
finger on the same string, then that finger essentially moves along a straight line trajectory. 
Much of the motion is achieved by flexion or extension of the elbow joint, with appropriate 
smaller adjustments of the upper arm (in association with shoulder motion) and the hand. For 
most purposes the shift must be executed in less than 200 milliseconds. 

At the same time, the bow moves across the string to produce vibrations, thus generating 
sound. The velocity of bow movement is the primary determinant of loudness, though other 
factors play a role as well. The essential fact is that the bow must move along a line 
perpendicular to the string. Typical bow lengths range from 63-66 cm for the violin to a 
shorter length of 58-61 cm for the cello. Elbow flexion and extension contribute the largest 
amount to bow movement, but important contributions to maintaining bow direction and 
string contact are also due to the shoulder, the forearm, and the (right) hand. Bow velocities 
may be slow (less than 5 cm/sec) or quite fast (more than 60 cm/sec). 

It is important to note that gravity often plays a considerable role in string instrument 
performance. The violin bow, for example, may sometimes be oriented almost vertically 
when on the E- string. Owing to the slight tilt at which the violin is held, with its left side 
elevated, the bow, moving progressively to lower pitch strings (E to A, A to D, D to G) 
gradually becomes more horizontal (with respect to gravity). On the G-string, gravity ceases 
to play a major role. For the cello, gravity plays a similar, but lesser, role in bowing 
movements. In contrast, it contributes a great deal to shifting movements on the cello, far less 
on the violin. Thus, gravitational forces generally must be included in the force requirements 
of motion of bowing and shifting, and for maintaining arm position when motion ceases. 

Despite the presence of relatively large movements of both arms, considerable precision 
is also required. In the spatial dimension, fingers of the left hand must make contact with the 
string and fingerboard with a precision of millimeters for the resulting note to be on pitch. 
The required precision depends on the position of the note along the string: higher pitches 
(closer to the bridge) require greater positional precision. For the right arm, the slightest 
changes in bow velocity or angle make perceptible changes in the tone of notes. Even a slight 
tremor accompanying stage fright is clearly audible. In the temporal dimension, muscles of 
different segments in the left arm must be activated in an organized fashion in order to move 
the hand from one note to another at a precise time to meet the requirements of the music. 
The right upper arm and forearm must also be coordinated in order to keep the bow moving in 
a straight trajectory perpendicular to the string at the desired speeds.  
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Finally, there is also a high demand for coordination between the left and right arms, 
because the bowing arm is responsible for the tone, the loudness of the note, and special 
acoustic effects, while the left arm is responsible for positioning the fingers on the precise 
point on the string for the proper pitch. Whatever the left hand is doing, it is audible if the 
bow is moving. Sometimes, when the left arm is shifting, it may not be desirable for the tones 
intermediate between the pre-shift and post-shift notes to be audible. The bow must therefore 
stop moving between these notes, or greatly reduce its velocity. 

Great attention is given by teachers to the ways bowing and shifting movements should 
be executed, but the actual movements also depend on the particular dimensions of the 
performer. Given the variability of body dimensions between players, movements of arms and 
hands will be different — even on the same instrument. Movements easily executed by a 
larger player may be difficult for a smaller, and vice versa. Teachers typically pay little 
attention to the muscle activation patterns underlying movements, how they should be 
employed, and for what purpose. The most general guidance is the encouragement of 
relaxation, but this is often a misguided piece of advice. Another precept is naturalness and 
optimality, and without question the most skillful performers exhibit this quality. But of what 
it consists, and how it should be taught, have always been matters of controversy. 

In this chapter we focus on a series of specialized topics: 1) control of the left arm during 
shifting movements; 2) fine control of the left arm: intonation and error correction; 3) 
coordination between the upper arm and forearm; and 4) coordination between the left and 
right arms. Our comments are based, in part, on extensive studies of advanced cello students 
at the University of Oregon School of Music. An electrical circuit adapted to a cello allowed 
us to track the contact point between the string and the fingerboard resulting from the 
placement of the finger on that position. We also used solid-state angular-velocity sensors to 
monitor angular motion of the right and/or left forearms and upper arms. Details of the 
methodology can be found in our previous publications (Chen et al, 2006; 2008). In addition 
we monitored the electrical activity (electromyogram-EMG) of various muscle groups of the 
arm (recorded by electrodes attached to the skin overlying each muscle), which we had 
observed to be active in controlling the basic movements of interest. Through these 
simultaneous measurements we were also able to observe the timing relations between the 
upper arm and forearm, as well as the right and left arms during performance. 

 
 
CONTROL OF THE LEFT ARM DURING SHIFTING MOVEMENTS 

 
Motion during a shifting movement primarily takes place at the elbow joint. On the cello, 

movement towards a high note (closer to the bridge) requires an extension at the elbow; while 
flexion is involved in movement toward a low note (away from the bridge). On the violin, 
where the bridge is closest to the head, the reverse is true. Two primary opposing muscles 
control elbow rotation (though many more are also activated). Contraction of the biceps 
flexes the elbow; activation of triceps extends the elbow. The resulting accuracy depends on 
the precision of the performer‘s sense of the desired pitch and upon the development of the 
skill (timing of muscle activation and coordination between the opposing muscles) that 
enables the performer, after years of training, to move to the required position.  
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Figure 2. Finger position and associated muscle activities of a cellist performing alternating B-to-A 
shifts. A. Shifts without vibrato. B. Shifts with vibrato. Red trace: finger position. Green trace: EMG 
recording of biceps activity. Cyan trace: EMG recording of triceps activity. The arrow indicates a 
moment when the finger released the string from contact with the fingerboard. 

In Figure 2 we show some of the variables in a relatively simple movement by a cellist 
during alternate shifts between a higher note (A=440 Hz) and a lower note (B=246.9 Hz) 
along the cello A-string, a straight-line distance of 26.8 cm. The lower note is closer to the 
player‘s shoulder than the higher note. The finger contact position is shown in the red trace. 
The flat portions of this trace are the periods when the finger stayed in a relatively static 
position after the performer had completed the movement. Note B is shown at the top of the 
figure; note A closer to the bottom. The activities of biceps (green) and triceps (cyan) 
associated with the elbow motion are also shown on the same time scale. To move from A to 
B requires, among other adjustments, a flexion of the elbow against the force of gravity. Note 
that biceps became active just prior to the shift from A to B, and that the biceps activity 
persisted as long as the finger was held at B. This continued activity was necessary for 
countering the action of gravity. When the biceps activity diminished, the finger released the 
string and the shift to A started (elbow extension).  

Triceps activity is even more interesting. For one thing, triceps generated more or less 
continuous activity along with biceps during the flexion phase that moved the finger towards 
B and during the holding period at B. These nominally antagonist muscles were co-



Jessie Chen and George Moore 272 

contracting. When the co-contraction phase ended (prior to the shift to A), triceps fired a 
brief, higher-amplitude burst, which initiated elbow extension. Gravity carried the arm the 
rest of the way. Towards the end of the shift to A, biceps was activated to stop the motion, 
and then helped to maintain the position at A. Note, in this example, that both muscles served 
jointly to initiate changes of the elbow angle, to assist the braking of that same action, and 
then also to stabilize it at a given position. (The thumb, acting against the neck of the 
instrument, can also assist in maintaining a given position). 

But these same muscles do even more. In Figure 2B, we show the same performer 
shifting between the same two notes. This time, however, the cellist is using vibrato, an 
oscillatory movement of the hand and arm that changes the finger contact position slightly, 
thereby modulating the basic pitch of the note. The same two muscles are shown again, but 
now their activation pattern is quite different. It is clear that when the contact position is at A, 
biceps fires a string of impulses in synchrony with the change in contact position. That is, 
biceps, in addition to its previous functions, is impulsively changing the elbow angle and, 
consequently, finger contact position. Given the huge increase in biceps activity when the 
finger is at B, we cannot be certain of its periodic activity in relation to the vibrato. The same 
is true for triceps, though there appear to be bursts of impulses in triceps out of phase with 
biceps, an indication of the opposing function of these two muscles in vibrato production in 
cellists. (Violinists also use vibrato, but often the vibrato is produced primarily using wrist 
flexion and extension.)  

In addition to the different firing patterns of the two muscles, we also note that the same 
muscle is activated to a different degree at each note position. This is more apparent in biceps 
(Figure 2B). When producing approximately the same size of oscillation, biceps fired more 
intensely when the finger was on the lower note, B (where the biceps was activated at a 
shorter length). This is due to the so-called ―length-tension relation‖ of the muscle, which 
requires greater or lesser neural activation at different muscle lengths.  

 
 
FINE CONTROL OF THE LEFT ARM: INTONATION AND ERROR 

CORRECTION 
 
In the course of ordinary musical performance, mistakes occur. Non-fixed-pitch 

instruments, such as string instruments, are especially challenging for pitch accuracy due to 
the lack of visual and tactile cues of note position. Carl Flesch (1923), the famous violinist 
and teacher, once claimed that  

 
…so-called ―playing in tune‖ is nothing else but an extremely rapid and skillful 

correction of the pitch, which was not accurately ―hit‖ the first time.  
 
Pitch errors will often be corrected immediately after the mistake is perceived. Figures 

3A and 3B, illustrate two distinctively different error-correction styles. The performer, a 
cellist, was asked to shift alternately between two notes on the A string, B (246.9 Hz) and D 
(293.7 Hz), without vibrato, a movement distance of 26.8 cm. Here we see the final approach 
to D, and the initial part of the return to B. In Figure 3A is shown a continuous positional 
adjustment toward the target pitch.  
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Figure 3. Three short excerpts showing the contact position of the first finger as one subject shifted to 
note D (293.7 Hz) from note B (246.9 Hz), a total distance of 9.7 cm. A. The end of a shift showing a 
preponderance of slides toward the final position, which was actually sharp, although the pitch might be 
acceptable to the performer. B. The end of a shift where the finger was 2 cm short of the intended point. 
A series of discrete steps brought the finger closer to the destination. C. A shift from B to D without 
using the bow. The entire movement was quite different, and the initial landing point was scarcely 
modified, though it would be ―sharp‖. 

The performer initially landed flat, about 1.5 cm from the true D position, and then slid 
the finger toward the intended pitch. At 700 ms the finger stopped moving, and this contact 
position (though about 0.5 cm sharper than the true D position) was held for about 200 ms 
before the finger began to return to B. This type of continuous change of contact position 
made up about half the cases where error corrections were observed. This example also 
reflects our general finding that a performer‘s target pitch (intonation) in the course of a 
single two-minute trial was variable. Pitch errors on the violin require similar corrections but 
over considerably smaller distances. 

In contrast to the continuous correction, Figure 3B shows that after the initial landing, 
about 2 cm from the intended note, there was a delay of about 125 msec and a rapid jump in 
contact position about 1 cm closer to the final point. After a similar delay there was another 
jump closer to D and this contact position was held for about 200 msec, after which there was 
a slide to final point. This was the highest pitch within the note, and was held for only 100 
msec or so before the required shift returned the finger to note B. Each example in this figure 
lasted but a second. 

The pattern shown in Figure 3C is quite different from the other two. Here, the contact 
position was held without significant adjustment after the initial landing, even when the 
landing position was quite far from the correct note position (> 0.5 cm). The only difference 
between this panel and the other two is that the performer in this trial was not allowed to use 
the bow: thus no acoustic feedback was available. 

In fact, when we asked a group of skilled cellists to shift alternately between note B and 
note D without using vibrato, at the rate of about one note per second for two minutes, with 
and without using the bow, we found that all of them had far fewer positional adjustments in 
the no-bow condition (Chen et al, 2008). This implies that it is the perceived pitch error 
provided by acoustic feedback that triggers positional adjustments. Without acoustic feedback 
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performers could reach only the approximate position of a note, and the landing positions 
were far more variable between successive notes. 

 
 

COORDINATION BETWEEN UPPER ARM AND FOREARM 
 
The basic mechanics of shifting movements can be seen using a simplified geometric 

diagram as in Figure 4. The two players in the lower panel shift along the fingerboard and 
make a series of identical contact positions (i.e., the same notes). The only difference between 
them is the proportions of forearm and upper arm lengths. If we assume that the basic spatial 
relations between the performer and the instrument remain constant, and that the finger shifts 
on a single string, i.e., along a straight line, then the shift will be produced by coordinated 
movements of the upper arm and forearm.  

 

 

Figure 4. Stick figures of simulated arm postures of players with different upper arm and forearm 
lengths. The player on the left has a shorter upper arm and longer forearm than the player on the right, 
though their total arm lengths are the same. Top. Bowing movements. Bottom. Shifting movements. 
Arm sequences are coded from cold to warm colors for postures from low notes to high notes. 
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The player on the left has a shorter upper arm and longer forearm than the other player on 
the right (the total arm lengths are the same). Clearly, arm postures are quite different when 
the players move from the low pitch notes to high pitch notes, though the notes are the same. 
For the player on the right, the elbow joint first flexes (the upper arm moves backwards in the 
saggital plane) on successive notes and then extends for the later notes. For the player on the 
left, all joint angles change monotonically.  

It is important to point out that because the elbow joint only permits flexion and 
extension, the upper arm and forearm always lie in a plane. The spatial orientation of that 
plane may change with rotations at the shoulder joint. The arm postures shown in Figure 4, 
lower panel, suggest that the plane in which the arm motion lies is almost parallel to the 
player‘s sagittal plane. But with inward medial rotation of the shoulder joint, the arm could lie 
in the plane of the fingerboard. Our view of the arm would change but not the fundamental 
relationship between the arm and the string. The shoulder joint rotation would take place 
along the axis of the string. Indeed, as the player attempts to move on the strings toward his 
right side (D, G and C), the arm naturally elevates. But the planar position of the upper arm 
and forearm would remain relatively constant for equal distances along the string (as shown 
in Figure 4, lower panel). Shifts on the violin are less complex, primarily involving forearm 
flexion, but the basic posture of the arm in relation to the instrument is more complex. 

 
 
Let us now consider the task of producing vibrato at each note position. Vibrato is 

produced by making small oscillating changes in the finger contact point over a total distance 
of just a few millimeters. The finger never leaves the fingerboard. There are two different 
ways of moving the contact point. On the cello, one contribution to the contact position 
change involves alternating elbow flexions and extensions, a few degrees at most. A second 
contribution can come from oscillating rotations of the forearm (alternating pronations and 
supinations), again with the contact position being changed by the rotation without the finger 
leaving the fingerboard. Most cellists employ a combination of these two.  

But the choice of vibrato motions is constrained by the geometry of the arm and the 
instrument. In Figure 4C, a low note on the cello fingerboard (closer to the shoulder), elbow 
flexions and extensions would move the finger perpendicular to the string and be ineffective 
for vibrato purposes. On the other hand, forearm rotations would move the finger along the 
axis of the string. For some players, rotations are the only way to produce vibrato at these 
locations. Conversely, at the further reaches along the fingerboard, rotations would move 
perpendicular to the string and only flexions and extensions would support vibrato. At 
intermediate positions either method would suffice depending on the preferences of the 
player, though biomechanical factors may play an important role in the player‘s choice. 

 
 
In Figure 5, we show activity in the bow arm of a cellist illustrating a special style of 

bowing — Martelè — that is impulsive in character. The cellist was producing a series of 
notes at the same pitch; the bow direction changed with each note. Motion involving the bow 
drawn to the right of the body, away from the instrument, is a so-called ―down-bow‖. Motion 

toward the fingerboard is called an ―up-bow‖. In both cases the bow motion was essentially 
perpendicular to the string. The top trace (blue) shows the alternating angular velocity of the 
right forearm. Negative velocity impulses are down-bows; upward impulses are up-bows. The 
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bottom trace (green) shows the basic bow contact position with the string: rapid movement 
brought the bow to a new position, where it stopped.  

 

 

Figure 5. Activity in the bow arm and corresponding acoustic signal during performance of a special 
style of bowing, ―Martelè‖, that is impulsive in character. Top. Angular velocity of the right elbow. 
Negative impulses are down-bows; upward impulses are up-bows. Scale: +/- 150 deg/sec. Middle. 
Acoustic signal sampled at 360/sec. Bottom. Estimated elbow angle. Scale: +/- 5 degrees relative to 
starting angle. 

Regarding the acoustic signal (yellow), each note began with a high amplitude and, after 
that brief burst, decayed to silence (depending on the physical properties of the instrument). 
That acoustic pattern is the desired effect of this bowing style, where each note is ―attacked‖. 

We also note that the angular velocity patterns of the bow strokes were not anti-
symmetric, which is to say that an up-bow motion was not the reverse of the down-bow. What 
other subtle differences in overall bow control permitted the similarity in the impulsive 
acoustic responses is a matter of some complexity. 

This style of cello bowing — rapid movement from one position of the bow to another, 
followed by a relatively stationary position — can be analyzed using a simplified geometric 
representation of the player, the instrument, and the bow. If we assume that the spatial 
relation between the player and the instrument remains constant, and that the bow moves 
perpendicular to the string, then Figure 4, top panel, gives a suitable representation. Here we 
show the same players as those in the lower panel using the same instrument and bow, and the 
same string contact position. The differences in posture are evident and give rise to rather 
different overall movements as the notes are played (Figures 4A and 4B). The point here is 
that the actual bow motion and the resulting acoustic pattern are the same, but the movement 
by which the performer realizes the notes is different. 
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It is important to note, once again, that the upper arm and forearm define a plane. In 
Figure 4, top panel, the plane appears to lie along the plane of the fingerboard. But if the 
player moves from one string to another it is necessary to raise or lower the elbow to a 
slightly different spatial plane. Nevertheless the biomechanical constraints remain the same: 
in changing strings the bow and arm rotate around the axis of the string/fingerboard. 

We can also see how the cellist might perform a special modification of this bow motion, 
namely a sequence of rapid low-amplitude oscillations about a fixed string contact point: a 
bowing style called ―tremolo‖. Normally, this movement is executed by alternating elbow 
flexions and extensions. But clearly the required movement cannot be performed when the 
hand is closer to the string, for here flexion-extension movements would not keep the bow 
perpendicular to the string. The anatomical conditions for the player in Figure 4A make it 
relatively simple for tremolo to be produced by the three hand positions furthest from the 
string. But for the player in Figure 4B tremolo would only be possible for the furthest position 
shown. It is clear that tremolo can best be performed when the bow is near the tip because this 
arm posture reduces the degrees of freedom the player has to control down to one joint — the 
elbow — while satisfying the requirement of the bow being perpendicular to the string. 

 
 

COORDINATION BETWEEN RIGHT AND LEFT ARMS 
 
When playing a string instrument, it is essential to have precise coordination between the 

right and left arms. In Figure 6, we show a cellist shifting alternately between note B and note 
D. In Figure 6A, the blue trace represents the angular velocity of the right (bowing) forearm. 
When the trace crosses the axis, the bow was stopped near the tip (following a down-bow) or 
near the frog (following an up-bow). The red trace shows the contact position of the finger on 
the string as the player shifted quickly and alternately between note B (on the A string 
furthest from the bridge) and D, a short distance away (9.7 cm closer to the bridge). The zero-
crossings of bow velocity coincided with the mid-position between notes. The maximum bow 
velocities occurred while the new note position was held. The green trace is a measure of bow 
position, obtained by integrating the velocity signal. The peaks of bow position corresponded 
to the moments of transition between notes. 

In Figure 6B, we plot the instantaneous value of finger contact position (left) versus 
instantaneous value of right elbow angular velocity. The relationship is straightforward; the 
loop runs clockwise. In Figure 6C, we plot, for comparison, the linear velocities of the wrist 
(horizontal axis) and elbow of the bowing (right) arm during shifts. Their relationships are far 
more complex, and bowing motions often involve complex motions of the wrist such as ulnar 
flexion and extension that occur several times in each cycle. The lower half of the basic 
―figure-8‖ loop runs clockwise, the upper half counterclockwise. 

Figure 7 shows a similar situation in which a player shifted alternately between two 
notes, B and A (26.8 cm in distant), on the A string. In red is shown the finger contact 
position on the string. For reference, the true positions of notes B and A are also shown. From 
this, it can be seen that both notes were slightly too close to the bridge (i.e., would sound 
sharp to a perceptive listener). In blue is shown the left forearm angular velocity, part of the 
motion moving the finger between the two notes. The integral of the right forearm velocity is 
shown in green, an indicator of bow position. The bow motion was roughly sinusoidal. 
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Changes in bow direction occurred at the peaks (zero angular velocity of the right elbow). 
The yellow trace shows the acoustic signal recorded simultaneously.  

 

 

Figure 6. Right and left arm motions during a shifting trial. A. Bow and fingering movements during 
shifts between notes B and D. One bow per note. Red, contact position of the finger on the A string. 
Top peaks, note B; lower peaks, note D. Scale: +/- 5 cm from average contact position. Blue, right 
forearm angular velocity. Scale: +/- 100 deg/sec. Green, estimated right forearm angle. Scale: +/- 1 deg 
from the average angle. Positive impulses are down-bow (elbow extension). B. Loop diagram for left 
arm finger contact position (horizontal axis) versus right forearm angular velocity (data from A). 
Vertical scale: +/- 100 deg/sec. Horizontal scale: +/- 2.5 cm. C. A loop diagram for the right wrist 
velocity (horizontal axis) versus right elbow velocity when a cellist shifted between notes B and A. 
Horizontal scale: +/- 100 cm/sec. Vertical scale: +/- 100 cm/sec. Positive values correspond to 
movements lateral to the mean position of the arm in the horizontal plane. The lower half of the basic 
―figure-8‖ loop runs clockwise, the upper half counterclockwise. Data derived from Peak Motion 
Analysis System (Peak Performance, Inc., Centennial, CO). 

The acoustic traces for each note were quite distinct owing to the fact that they were 
aliased by the sampling rate. It can be seen that the acoustic volume was quite attenuated 
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during the bow changes (arrows), a moment corresponding to a rapid shift in finger position. 
The diminished bow velocity at the peaks makes the shift inaudible. 

 

 

Figure 7. A cellist shifts between notes B and A on the A string. Shift distance: 26.8 cm. Red, finger 
contact position. Blue, left forearm angular velocity (flexion: negative). Scale: +/- 100 deg/sec. Green, 
estimated right forearm angle, an indicator of bow position. Scale: +/- 3 degrees. Yellow, acoustic 
signal (in arbitrary units), sampled at 360/sec.  

 
CONCLUSION 

 
Music pedagogy is not a science. Neither teachers, students or advanced performers can 

be consciously aware of the details of the extraordinary complexity of movement that is the 
basis for skilled musical performance. 

Here, we have attempted to show just a few examples of the details of movement 
complexity and coordination. It is unlikely that complete physical descriptions of 
performance are even possible. If a musician were to repeat a performance, the details would 
certainly not be the same, because, among other skills, musicians can invent new movements, 
new interpretations, and new performances. 
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Mindful of this, the experienced teacher will encourage careful listening, observation, 
practice, and ever-deeper insights into the music. The teacher should only hope and believe 
that, somehow, with guidance the gifted student will find a way to produce the desired sound, 
even without knowing exactly how it is done.  

But teachers also need to be aware that the student must also master a unique relationship 
to an instrument that is dictated by the anthropometric constraints of the body, the physical 
dimensions of the instrument, the physics of the instrument and the biophysics of the body; 
always, however, subject to certain as-yet poorly understood principles of the nervous system. 
Biomechanics of musical performance is based on all these. 

 
 

ACKNOWLEDGMENTS 
 
The authors wish to thank Gary Felsing (Motus Bioengineering, CA, USA) for support 

and assistance in the experimental trials. We also wish to thank Marjorie Woollacott and 
Steve Pologe for contributions to the studies conducted in University of Oregon. 

 
 

REFERENCES 
 

Chen, J., Woollacott, M., and Pologe, S. (2006). Accuracy and underlying mechanisms of 
shifting movements in cellists. Exp. Brain Res, 174, 467-476. 

Chen, J., Woollacott, M., Pologe, S., and Moore, GP. (2008). Pitch and space maps of skilled 
cellists: Accuracy, variability and error correction. Exp. Brain Res, 188, 493-503. 

Flesch, C. Die Kunst des Violinspiels. Band I. Reis und Erler, Berlin. 1923. 



In: Biomechanics: Principles, Trends and Applications ISBN: 978-1-60741-394-3 
Editor: Jerrod H. Levy, pp. 281-294   © 2010 Nova Science Publishers, Inc. 

 
 
 
 
 
 

Chapter 10 

 
 
 

CONTACT HIP STRESS MEASUREMENTS IN 

ORTHOPAEDIC CLINICAL PRACTICE 
 
 

Blaž Mavčič
1
, Matej Daniel

2
, Vane Antolič

3
, Aleš Iglič

4
 and 

Veronika Kralj-Iglič
5
 

1Department of Orthopaedic Surgery, University Medical Centre Ljubljana, Slovenia 
2Laboratory of Biomechanics, Faculty of Mechanical Engineering,  

Czech Technical University Prague, Czech Republic 
3Department of Orthopaedic Surgery, University Medical Centre Ljubljana, Slovenia 

4Laboratory of Physics, Faculty of Electrical Engineering, 
University of Ljubljana, Slovenia 

5Laboratory of Clinical biophysics, Faculty of Medicine, 
University of Ljubljana, Slovenia 

 
 

ABSTRACT 
 

There exist several invasive and noninvasive methods to measure the contact hip 
stress but due to their complexity only few have so far been tested in clinical trials with 
large numbers of participating subjects. Consequently, the use of contact hip stress 
measurements in orthopaedic clinical practice is still in its experimental phase.  

Biomechanical studies of human hips based on the analysis of 2-D pelvic 
radiographs have turned out to be a reasonable compromise between the measurement 
accuracy and the feasibility in clinical setting. Clinical studies have shown significantly 
higher values of hip stress in adult dysplastic hips when compared to normal hips. It has 
been found that the cumulative hip stress independently predicts the WOMAC score after 
29-years of follow up in dysplastic hips and does so better than morphological 
radiographic parameters of hip dysplasia or the resultant hip force alone. The 
preoperative value of the contact hip stress and the magnitude of its operative correction 
have been found predictors of the long term success of the Bernese periacetabular 
osteotomy. Elevated shear stress in femoral neck, but not elevated hip contact stress, has 
been found to be a risk factor for slipping of the capital femoral epiphysis. A statistically 
significant correlation between the contact hip stress and the age at the total arthroplasty 
has been shown in a group of hips with idiopathic hip osteoarthritis. 
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Through advances in 3-D imaging with MRI and CAT scan, visualisation of the 
femoral head coverage and pelvic muscle attachment points has improved considerably. 
However, the need to supplement the morphological hip status with biomechanical 
analysis remains. The current trend is to combine the kinetic gait measurements of the 
resultant hip force with 3-D imaging of the hip weight-bearing surface in order to better 
estimate the contact hip stress for a given activity/body position. The added value of such 
measurements over 2-D pelvic radiograph analysis has not been established yet in clinical 
trials. 
 
 

INTRODUCTION 
 
Hip stress depends on the magnitude/direction of the resultant hip force, the size of the 

weight-bearing surface and the stress distribution across this surface. The interest of 
orthopaedic surgeons in possible relationship between the contact stress and the pathological 
cartilage conditions has been particularly large for weight-bearing joints with relatively 
simple kinematics such as the hip joint. A review of the contact hip stress measurement 
methods has been published by Brand et al. [1]. While many methods have been developed 
only the noninvasive methods could be used in clinical practice. The aim of this paper is to 
review the current trends in the clinical use of methods of contact hip stress assessment. 

 
 
NONINVASIVE DETERMINATION OF THE RESULTANT HIP FORCE 
 
The resultant hip force can be estimated in static or dynamic conditions. Static 

biomechanical models estimate the resultant hip force for a given body position by solving 
the static equations for the equilibria of forces and torques [2-4]. The muscles in the static 
biomechanical models are assumed to be force generators with fixed coordinates. 
Interindividual variability of muscle attachment points can be achieved by linear scaling of 
the pelvic configuration in plain anterior-posterior radiographs. In this setting, the standing 
anterior-posterior pelvic radiographs are assumed to represent the body position of one-
legged stance. One of the static biomechanical models applied to a large number of subjects 
in clinical studies is part of the HIPSTRESS method [4-7]. In this model the one-legged 
stance is considered to be the representative position for slow gait as the most frequent 
activity in everyday life [8]. In the one-legged stance, abductor activity is needed to maintain 
balance on the load bearing leg. The following radiographic parameters are measured on the 
anterior-posterior radiographs manually [7]: the interhip distance, the pelvic height, the pelvic 
width, the coordinates of the insertion point of abductors on the greater trochanter (Figure 1). 
The three-dimensional reference coordinates of the muscle attachment points are taken from a 
prototype specimen and they are adjusted by linear scaling with regard to the radiographic 
pelvic parameters for each individual hip. The solution of the vector equations for the 
equilibria of forces and torques yields the three components of the resultant hip force and the 
tensions in the abductor muscles.  

Noninvasive estimation of the resultant hip force during dynamic activities in different 
body positions requires the use of the dynamic biomechanical models.  
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Figure 1. In the HIPSTRESS method of the resultant hip force computation, the following radiographic 
parameters are measured from the anterior-posterior radiographs manually: the interhip distance l, the 
pelvic height H, the pelvic width C, the coordinates of the insertion point of abductors on the greater 
trochanter (x, z). The average of acetabular and femoral head radius r and the Wiberg lateral center-
edge angle CE are used subsequently to estimate the weight-bearing surface and the contact hip stress 
distribution. 

They are based on laboratory measurements with contact force plates, kinematic data of 
body segment motion and subsequent inverse dynamic  analysis of the moving segments [9, 
10]. Such approach necessarily includes complex muscle models for several body segments 
and an appropriate optimization technique to solve the model equations with reduntant muscle 
forces.  

An example of a dynamic biomechanical model based on gait analysis has been 
developed for use in pre-clinical testing [10]. A computer model of the bones and muscles of 
the human lower extremities (CT-data, Visible Human, NLM, USA) was scaled to match the 
anatomies of four THR patients with telemeterized femoral components. Gait analysis data 
for walking and stair climbing were determined simultaneously with in vivo hip contact 
forces.  

The gait data and the individual musculoskeletal models were then used to calculate the 
intersegmental resultant joint forces at the ankle, hip and knee joint, as well as the muscle and 
joint contact forces throughout each gait cycle. The calculated hip joint contact forces were 
finally validated against the contact forces measured in vivo for both activities. 

The latest trend in the noninvasive hip force estimation of individual patients is the 
polyamid reversed engineering model based on a computed tomography dataset [11]. Pelvis 
and femur of an individual patient are reproduced in polyamid by selective laser sintering. 
Hip joint forces can be measured using an experimental setup in which an industrial robot is 
exerting hip joint forces and moments representing one-legged stance. Hip extensor and 
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abductor actuator forces are measured which counterbalanced the joint moments. The 
resulting bony model is geometrically accurate, but it does not take into account the joint 
incongruencies due to the neglected cartilaginous structures in the model [11]. 

 
 
NONINVASIVE DETERMINATION OF THE HIP WEIGHT-BEARING 

SURFACE 
 
In the past when three-dimensional imaging was not yet widely available in the clinical 

setting, the femoral head radius and the anterior and/or lateral coverage were the main 
parameters to be used in the biomechanical models for the estimation of the weight-bearing 
surface. The basic method used for the noninvasive determination of the hip weight-bearing 
has been plain radiography in the anterior-posterior projection and the false profile view. 
Many radiographic indices have been described in order to evaluate the femoral head 
coverage by the acetabulum and to indirectly estimate the weight-bearing surface. The most 
commonly used parameters include the Wiberg lateral centre-edge angle (CE) [12], the 
vertical anterior centre-edge angle of Lequesne and de Sèze (VCA) [13], the femoral head 
extrusion index and the acetabular index [14]. Thus, it was assumed femoral head is a perfect 
spherical surface with variable lateral and/or anterior coverage by the acetabulum. Soon it 
became clear that in most physiological conditions the weight-bearing surface is not equal in 
size to the entire articular surface. Variability in some parts of the joint (e.g. lateral coverage) 
may greatly influence the hip loading while the medial part of the joint bears only small loads 
[6]. In the HIPSTRESS method [4-7], the weight-bearing surface is assumed to make part of a 
perfect articular sphere limited on the lateral side by the coverage of the acetabulum. Its 
medial border depends on the location of the pole of stress distribution. Thus, the size of the 
weight bearing surface is computed from the average of acetabular and femoral head radius 
and the Wiberg lateral center-edge angle (Figure 1). The biomechanical role of the horseshoe 
geometry of the acetabular cartilage has also described using a three-dimensional 
mathematical model. It has been shown the characteristic horseshoe shape of the articular 
cartilage in the human acetabulum optimizes the contact stress distribution in the hip joint 
[15]. 

Recent advances in the three-dimensional imaging technologies (CAT scan, MRI) have 
greatly improved the ability to estimate the hip articular surface [16]. There exist contact hip 
stress studies where the weight-bearing surface was determined with a very precise MRI 
imaging albeit the resultant hip force magnitude/direction was assumed to be constant for all 
82 hips examined [17]. MRI is particularly valuable for the non-invasive estimation of the 
articular cartilage and the labrum. The disadvantage of classic MRI imaging is that (unlike 
plain radiography) it cannot be performed with the patient standing and thus the cartilage 
deformation in different weight-bearing positions cannot be estimated directly. Although the 
three-dimensional image of the articular surface is much more precise it does not suffice to 
estimate the weight-bearing surface directly and again biomechanical models must be used to 
estimate the importance of different parts of the joint in hip loading. With the development of 
MRI and hip arthroscopy, some authors have suggested that impingement due to local 
irregularities near the weight-bearing surface may be more important than the contact hip 
stress on the weight-bearing surface itself. This has lead to the theory of femoroacetabular 
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impingement, emphasizing the importance of joint incongruencies and the need to identify 
regions of the femoral head surface with locally increased hip stress values due to the 
cam/pincer type of impingement [18]. 

 
 
ESTIMATION OF THE CONTACT HIP STRESS IN THE CLINICAL 

SETTING 
 
Theoretically, any noninvasive method of the resultant hip force determination could be 

combined with any noninvasive method of the hip weight-bearing surface determination 
(Figure 2). In the initial research phases the studies mostly focused on the relationship 
between the biomechanical parameters based on the analysis of individual cases [1]. In such 
setting it was possible to apply very precise methods, although costly in terms of time and 
financial resources. However, when the methods were to be applied in clinical studies with 
larger numbers of patients (over 100) the aspect of timely/financial feasibility turned out to be 
one of the critical factors. Thus, there exist only few studies of contact hip stress performed in 
the clinical setting. 

 

 

Figure 2. The general algorithm of contact hip stress computation includes the determination of the 
resultant hip force (combining measurements with the body segment model) and assessment of the 
weight-bearing surface with morphological imaging of the joint geometry. 
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As Brand et al. [1] pointed out reports on contact hip stress in the literature may describe 
different stress distributions. Some authors have estimated spatially averaged values of the 
contact hip stress (average stress = net force / total weight-bearing surface). Other authors 
report values of the peak contact stress, i.e. the maximal contact stress value on the weight-
bearing surface. Several mathematical approaches to estimate the weight-bearing surface (and 
consecutively the contact stress distribution) have been proposed [1, 7]. Legal developed a 
practical method for calculation of the contact hip joint stress for a specific case based on the 
frontal plane equilibrium force analysis [3]. According to this method, the resultant hip joint 
force is calculated in static one-legged stance body position assuming one effective abductor 
muscle with effective attachment point on the greater trochanter and certain inclination 
towards the horizontal plane. Hadley et al. [19] followed the approach outlined by Legal 
where the calculation of the hip contact joint stress distribution is restricted to the simplest 
case of uniform contact stress distribution. One of the few methods applied to more than two 
hundred patients with different types of hip pathology is the HIPSTRESS method [4-7], 
developed by the authors of this chapter (Figure 3). The major advantage of the HIPSTRESS 
method for evaluation of the stress distribution in the hip joint is that it takes into account the 
non-uniform stress distribution over the weight-bearing surface. This could be of special 
importance as the gradient of contact stress distribution seems to be even more important than 
the magnitude of the contact stress [1]. In the HIPSTRESS model the weight-bearing surface 
is not fixed in advance. The hip geometry affects the resultant hip force and the size and the 
shape of the weight-bearing surface in a self-consistent manner [6]. These theoretical 
predictions are based on the assumption of Hooke's law, where the cartilage is described 
macroscopically as a homogeneous continuum and linear elastic solid. This means that the 
radial stress in the articular surface is taken to be proportional to the radial strain in the 
cartilage layer [2].  

In most biomechanical models the femoral head is considered to be a perfect sphere. This 
condition may correspond well to the hips with spherical femoral heads, but dysplastic hips in 
advanced stages of osteoarthritis have incongruent femoral heads with reduced joint space 
width, which leads to radiographic overestimation of the femoral head radius and the Wiberg 
lateral center-edge angle and therefore results in underestimation of the peak contact stress 
[7]. It is therefore reasonable to expect that incorporation of joint congruity assessment in the 
biomechanical model would result in even higher values of peak contact hip stress in 
dysplastic hips and therefore improve the predictive value of these biomechanical parameters. 
Further, conclusions of biomechanical analyses may be misleading if the relative 
mathematical importance of individual biomechanical parameters for the contact hip stress 
computation is assumed to be equally important in explaining contact hip stress variability of 
the general population. The squared value of the femoral head radius, for example, was found 
to have direct inverse correlation to the contact hip stress; yet a clinical study proved the 
femoral head radius had small variability between different individuals and did not account 
for large contact hip stress differences between normal and dysplastic hips [7]. 

When critically evaluating the results we should also consider that the statistical 
significance of biomechanical computations from anterior-posterior radiographs is limited by 
the data dispersion caused by the error in magnification. It was found that the magnification 
may vary substantially, but the distribution of the magnification is normal [20].  
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Figure 3. The HIPSTRESS method is based on the general algorithm of contact hip stress computation, 
as shown in Figure 2: the resultant hip force is computed with a static muscle model of one-legged 
stance and the joint geometry is assessed by measuring the femoral head radius r and the Wiberg lateral 
center-edge angle CE. 

Therefore in population studies the magnification should not affect the relative difference 
between the average or median values but rather increase the data dispersion and decrease the 
statistical significance of the difference between the considered populations. Also, in 
determining peak stress, not all the geometrical parameters are equally important as the 
functional relations between them are nonlinear. It ensues from the mathematical model that 
stress first depends on the radius of the femoral head, then on the interhip distance, 
subsequently on the lateral extension of the effective attachment point on the greater 
trochanter and at last on the pelvic height and width. For example, if the error made in 
determination of the pelvic height is about 15 per cent, this only yields a 2 per cent error in 
the peak stress [21].  

Three-dimensional imaging techniques have further improved the assessment of the 
contact hip stress distribution. Hip morphology data can be applied to the finite element 
models in order to simulate the hip contact stress distribution [22]. Patient-specific, non-
linear, contact finite element models of the hip, constructed from computed tomography 
arthrograms using a custom-built meshing program, were subjected to normal gait cycle 
loads.  

There were significant differences found between the normal control and the 
asymptomatic hips, and a trend towards significance between the asymptomatic and 
symptomatic hips of patients afflicted with developmental dysplasia of the hip. The 
magnitudes of peak cumulative contact pressure differed between apposed articular surfaces. 
Bone irregularities caused localized pressure elevations and an upward trend between chronic 
over-pressure exposure and increasing severity of hip dysplasia [22]. However, the method 
has not been applied to larger numbers of patients in the clinical studies. 
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CONTACT HIP STRESS IN THE ASSESSMENT OF DEVELOPMENTAL HIP 

DYSPLASIA AND HIP OSTEOARTHRITIS 
 
Contact hip stress measurements have turned out to be particularly useful in the 

evaluation of the developmental dysplasia of the hip [1, 7, 23]. With advances in knowledge, 
it has been established that the developmental dysplasia of the hip (previously called 
―congenital hip dislocation‖) is not a uniform clinical entity but rather a broad continuous 
spectrum ranging from asymptomatic dysplastic acetabula to dislocated hips. Because 
insufficient acetabular coverage implies the usual hip loads are distributed on a smaller 
weight-bearing surface compared with normal hips, biomechanical research has focused on 
estimation of the contact stress in the hip rather than simply morphologic evaluation [24]. In 
hips with more severe hip dysplasia, several epidemiologic cross-sectional surveys suggested 
increased incidence of hip osteoarthritis [25, 26]. Furthermore, hip dysplasia was found to be 
one of the independent risk factors for hip osteoarthritis in addition to age and body mass 
index [27]. A higher incidence of hip osteoarthritis together with higher average values of 
contact stress in dysplastic hips have led to the hypothesis that contact hip stress may be one 
of the key parameters involved in cartilage degeneration [1, 2]. Direct clinical assessment of 
the predictive value of contact hip stress was reported in two clinical studies of patients with 
hip dysplasia who were treated with closed reduction and followed up to the average age of 
31 years. These authors concluded increased cumulative stress exposure bears higher risk for 
an unfavorable clinical outcome or osteonecrosis [19, 28]. Although the most severe cases of 
hip dysplasia are clearly associated with early degeneration, reports on patients with 
borderline dysplastic hips have been more controversial. In a study with 10-year follow-up of 
age-matched patients with residual dysplasia without subluxation and normal hips, the 
authors reported no differences in the reduction of the joint space width or in self-reported hip 
pain [29]. A recent systematic review found little evidence for a relationship between hip 
dysplasia and late hip osteoarthritis discovered in patients older than 50 years of age [26]. 
However, the authors recognized the relationship for the subsequent risk of osteoarthritis in 
persons diagnosed with dysplasia at a young age compared with the subsequent risk of young 
patients with osteoarthritis without dysplasia. Some authors have speculated most of the cases 
of ―idiopathic‖ hip osteoarthritis in fact arise as a result of subtle abnormalities in the 
anatomic structure of the hip that remained unrecognized during childhood and adolescence 
and only began to cause clinical symptoms in old age [30]. 

A clinical study was conducted on the role of the contact hip stress for the development 
of osteoarthritis in initially asymptomatic human hips, either dysplastic or normal [23]. In the 
study nonoperatively treated nonsubluxated hips with developmental dysplasia without 
symptoms at skeletal maturity were identified and compared to adult hips without any 
disease. Peak contact hip stress was computed with the HIPSTRESS method [4-7] using 
anterior-posterior pelvic radiographs at skeletal maturity. This method enabled computation 
of the peak contact hip stress for every individual hip from known values of the body weight, 
the femoral head radius, the Wiberg center-edge angle, the magnitude of the resultant hip 
force and the inclination of the resultant hip force with respect to the vertical. The cumulative 
contact hip stress was determined by multiplying the peak contact hip stress by age at follow-
up. The WOMAC scores [31] and radiographic indices of osteoarthritis at a minimum follow-
up of 20 years were compared. Dysplastic hips had higher mean peak contact hip stress and 
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higher mean cumulative contact hip stress than normal hips. Mean WOMAC scores and 
percentage of asymptomatic hips in the study group at the average age of 51 years were equal 
to the control group at the average age of 68 years. After adjusting for gender and age, the 
cumulative contact hip stress, Wiberg center-edge angle, body mass index, but not the peak 
contact hip stress, independently predicted the final WOMAC score in dysplastic hips. 
Cumulative contact hip stress predicted early hip osteoarthritis better than the Wiberg center-
edge angle [23]. 

The relative maximum hip joint contact stress was found to be higher in healthy women 
than in healthy men [32]. As women have a higher incidence of the hip osteoarthritis [33], 
such epidemiological results support the hypothesis that the increased contact hip stress can 
be one of the risk factors of hip osteoarthritis [32]. This hypothesis was tested by two studies 
of standard anterior-posterior pelvic radiographs with no or subtle radiological signs of hip 
osteoarthritis of patients, who underwent hip arthroplasty for primary osteoarthritis years later 
[34, 35]. In the population of subjects with unilateral osteoarthritis, average peak contact hip 
stress was significantly higher in hips with arthroplasty than in contralateral hips. In the 
population of subjects with bilateral osteoarthritis, average peak contact hip stress was 
significantly higher in hips with earlier arthroplasty than in contralateral hips [34]. Younger 
age at hip arthroplasty was associated with higher body weight, higher peak contact hip stress 
normalized to the body weight, higher resultant hip force and larger peak contact hip stress, 
but not with body mass index [35]. 

 
 

CONTACT HIP STRESS IN PREOPERATIVE PLANNING OF 

ORTHOPAEDIC PROCEDURES 
 
Osteoarthritis can develop as an idiopathic disease, however, subtle abnormalities could 

be detected in the hip joint prior to the development of symptoms. Origins of the development 
of osteoarthritis are ascribed to metabolic resorption of cartilage and/or deformations of 
anatomical structures. The deviations in the size, shape, mutual proportions or orientation of 
the acetabulum and/or the femoral head occur frequently. Such deviations are described as hip 
dysplasia [19]. Although mostly a pediatric problem, hip dysplasia can persist in untreated or 
unsuccessfully treated cases into adulthood as residual hip dysplasia and may eventually lead 
to degeneration of the cartilage, presumably due to the pathologically increased stress within 
the joint. Therefore hip dysplasia represents an important indication for operative procedures 
that should reduce or redistribute the hip joint stress, thereby stopping or slowing down the 
pathological processes in the hip cartilage. The hypothesis of secondary osteoarthritis due to 
decreased femoral head coverage and consecutively higher contact hip stress [28, 36] has led 
to the invention of surgical procedures of acetabular reorientation in order to prevent the 
progression of osteoarthritis. Several operative procedures to increase femoral head coverage 
have been described [37-40] with limited possibilities of correction. Because of such 
limitations the ‗Bernese‘ periacetabular osteotomy was developed in 1984 and published in 
1988 [41]. The procedure has become widely used because it allows optimal correction with 
minimal exposure and low complication rate, although the operation is technically demanding 
and its learning curve is long [42]. Ideally this procedure would be indicated in younger 
adults with concentric hip motion, spherical joint surfaces and no secondary osteoarthritis, but 



Blaž Mavčič, Matej Daniel, Vane Antolič et al. 290 

many patients who present with symptomatic hip dysplasia do not meet these criteria [43]. 
Many attempts have been made to use additional clinical, radiographic or biomechanical 
factors to carefully select patients that would benefit from the joint preserving surgery [44]. 
Biomechanical parameters have also been used in the preoperative planning in order to 
determine the optimal degree of correction in different planes and to achieve the subtle 
balance between improvement of femoral coverage and restriction of range of motion [5, 16, 
17]. 

In patients who underwent the Bernese periacetabular osteotomy there have been many 
retrospective analyses published, but only two of them have so far included the pre- and 
postoperative computations of the contact hip stress [45, 46]. Both studies used the 
HIPSTRESS method applied to 170 hips altogether. The periacetabular osteotomy was shown 
to improve the lateral and anterior coverage of the femoral head and accordingly to reduce the 
normalized peak contact stress in all studied hips. Biomechanical results were consistent with 
previous studies that have shown contact pressure elevation in dysplastic hips [7, 19] and 
contact pressure reduction by simulated acetabular reorientation [17]. The postoperative 
values were in most cases reduced to the level observed in healthy adult hips [47]. Although 
the Bernese periacetabular osteotomy allowed medialization of the hip joint in addition to 
improvement of lateral and anterior coverage [48], some studied hips showed lateralization of 
the center of rotation on the postoperative AP radiographs. Accordingly, the magnitude of the 
resultant hip force increased in some stratification groups, which is consistent with theoretical 
predictions of the relationship between the center of rotation and the resultant hip force [5]. 
These clinical results therefore confirmed theoretical findings [5] that the resultant hip force 
itself is not a sufficient biomechanical parameter for preoperative planning and that rotational 
osteotomy can effectively decrease the contact hip stress although the resultant hip force may 
be slightly increased. The conclusions of this study have shown further reduction of the 
contact hip stress is only possible through medialization of the femoral head and not through 
excessive lateral coverage. Accordingly, the procedure was modified with curved 
periacetabular osteotomy that enables better medialization of the femoral head [46]. 

Contact hip stress has been tested as a risk factor for slipped capital femoral epiphysis, 
but with less success [49]. Many hypotheses about the etiology of slippage have been 
examined, yet the underlying mechanisms have not yet been fully elucidated. Hips 
contralateral to the slipped ones were compared to age- and gender-matched healthy hips with 
respect to the shear stress and the contact hip stress. The characteristics of individual hips 
were incorporated by means of geometrical parameters determined from standard anterior-
posterior radiographs. Shear stress was calculated by using a mathematical model where the 
femoral neck was considered to function as an elastic rod. Contact hip stress was calculated 
by the HIPSTRESS method [4-7]. Hips contralateral to the slipped ones had higher average 
shear stress in the femoral neck and more vertically inclined physeal angle in comparison to 
healthy hips, shear stress in the contralateral hips to the slipped ones remained significantly 
higher even when normalized to the body weight. However, there was no significant 
difference in the average contact hip stress [49]. 

The long-term effect of contact hip stress on the clinical outcome was also studied in the 
hips operated on by various intertrochanteric osteotomies due to avascular necrosis of the 
femoral head [50]. The hypothesis stated the hips with a more favorable postoperative 
distribution of contact hip stress had better clinical outcome. For each hip the peak contact hip 
stress before/after the operation was determined with the modification of the HIPSTRESS 
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method that took into account the non-weight-bearing necrotic part of the femoral head. The 
hips were evaluated clinically 9-26 years after the operation and divided into a successful and 
an unsuccessful group. In the successful group the operation caused an average decrease of 
the peak hip stress of about 10%, while in the unsuccessful group the operation caused an 
average increase of the peak hip stress of about 4%, the difference between the respective 
changes of the peak stress due to the operation being statistically significant [50].  

 
 

CONCLUSION 
 
The development of noninvasive models to estimate contact hip stress and clinical 

application of these models have been running hand in hand. Biomechanical studies of human 
hips based on the analysis of the two-dimensional pelvic radiographs have turned out to be a 
reasonable compromise between the measurement accuracy and the feasibility in clinical 
setting. Through wider availability of the three-dimensional imaging techniques, visualization 
of the femoral head coverage and pelvic muscle attachment points has improved 
considerably. However, the need to supplement the morphological hip status with 
biomechanical analysis remains. One of the limitations of the present biomechanical contact 
hip stress computations is the inability to estimate the patients‘ physical activity levels 
throughout their lifetime as such data cannot be reliably acquired retrospectively. The 
potential confounding effect of differences in physical activity is difficult to estimate because 
there is no clear evidence lifelong standing, walking, or lifting in the population with normal 
hips is a risk factor for osteoarthritis. The current trend in biomechanics is to combine the 
kinetic gait measurements of the resultant hip force with three-dimensional imaging of the hip 
weight-bearing surface in order to better estimate the contact hip stress for a given 
activity/body position. Nevertheless, the added value of such measurements over the two-
dimensional pelvic radiograph analysis still needs to be established by clinical trials with 
larger numbers of participating subjects. Eventually, the clinical use of the contact hip stress 
methods will depend both on their accuracy and feasibility. 
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ABSTRACT 
 

Resistance exercise has long been used to promote musculoskeletal health with the 
application of training regimens for the clinical treatment and prevention of low back 
pain growing in popularity over the last couple of decades. A variety of exercise modes 
have been utilized in an attempt to stimulate and promote increases in muscle function of 
the lumbar extensors. This chapter examines the current state of knowledge regarding the 
application of external pelvic fixation during trunk extension exercise and its importance 
on the concomitant increase of functional outcomes such as muscle strength, muscle 
activation patterns and compensatory muscle growth.  
 
 

Keywords: lumbar, exercise, muscle, low back pain. 
 
 

INTRODUCTION 
 
It has been suggested that lumbar muscle training aids in increasing pelvic and spinal 

stability [1], and over the past few decades a plethora of scientific interest has developed 
regarding the optimal way to effectively strengthen the integrity of the lumbar musculature 
that surrounds the spine. In 1994, the US Agency for Health Care and Policy Research (now 
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the Agency for Healthcare Research and Policy) concluded that back extensor muscle 
conditioning exercises were helpful in the management of acute low back pain (LBP) [2]. 
However, determining the most effective protocol to strengthen the lumbar musculature has 
proven somewhat difficult, as researchers have reported wide variations on the effectiveness 
of exercise prescriptions in increasing lumbar muscle mass and strength. While much of this 
variation is likely due to the between-study differences in the exercise prescription employed 
(i.e. training frequency, intensity and global versus targeted training), one potential factor 
involved in effectively increasing lumbar extensor muscle function surrounds the 
biomechanics of training and the degree to which the muscles are effectively isolated and 
targeted during resistance training exercises.  

Typically, extension of the trunk is a coupled movement initiated by extension of the hips 
followed by extension of the lumbar spine [26]. This normal lumbo-pelvic rhythm reduces the 
demands on the lumbar extensor muscles and underlying apophyseal joints and discs, thereby 
protecting the region against high stress [27]. Delay in lumbar extension shifts the extensor 
torque demand to the powerful hip extensors (hamstrings and gluteus maximus), at the time 
when the external flexion torque on the lumbar region is greatest [27]. This phenomenon 
creates difficulty in accurately quantifying range-of-motion and torque production making it 
difficult to determine the relative contribution of each joint segment on these measures [28].  

Pollack, Graves and others have previously suggested that to strengthen the lumbar 
muscles external pelvic fixation (EPF) is required whereby the lumbar extensors are activated 
in an isolated fashion to limit the compound lumbar-pelvic rhythm and the contributing 
effects of the gluteals and hamstrings which have a much larger cross sectional area (CSA) 
and larger moment arms (Figure 1) [3-6,9-14].  

 

 
Reprinted with permission from Carpenter and Nelson [6].  

Figure 1. During compound trunk extension the contraction of the gluteal and hamstring muscles can 
produce around 110 degrees of pelvic rotation about the femurs, while simultaneous contraction of the 
lumbar extensor muscles can produce around 72 degrees of lumbar vertebral movement. 
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Reprinted with permission from Clark and colleagues [23].  

Figure 2. Electromyogram (EMG) activity of the lumbar and hip extensor muscles during fatiguing 
trunk extension exercise without pelvic restriction. Note the plateau and subsequent decline in lumbar 
muscle EMG amplitude when the subjects reached approximately 55% of their maximal fatigue 
capacity, and the concomitant increase in hip extensor activity. This observation indicates that during 
lumbar extension without pelvic restriction the hip extensors accommodate the performance of the task. 
A similar observation has also been made with an increase in external loading [22, 25].  

For example, compound trunk extension involves both contraction of the hip extensor 
muscles (gluteal and hamstrings) that can result in ~ 110 degrees of pelvic rotation about the 
femur as well as a contraction of the lumbar extensor musculature that can result in ~ 72 
degrees of lumbar vertebral movement (Figure 1) [6].  

For the purposes of this chapter, the term external pelvic fixation (EPF) has been adopted 
so that the reader will not be confused with various interchangeable terms, such as neutral 
pelvis, lumbo-pelvic stabilization, isolated lumbar extension, pelvic restraint, pelvic isolation, 
or spinal stabilization which have been used when referring to mechanisms performed with 
internal structures or through external methods [1,4,5,10,11,16,20,21,29,30,31,32].  

In this chapter we will discuss the effect that external fixation of pelvic motion has during 
resistance training on the exercise-induced physiologic responses and muscle performance 
adaptations. Specifically, we will review the effect of EPF on the exercise training increases 
in neuromuscular strength and muscle mass as well as its effect on muscle activation patterns.  
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EFFECT OF PELVIC FIXATION ON TRAINING-INDUCED INCREASES IN 

STRENGTH 
 
When most skeletal muscles are exposed to short-term (i.e. 8-10 weeks) heavy resistance 

exercise training they tend to increase their maximal voluntary force output (strength) 
between 20-30% [7, 8]. With regards to the lumbar extensor muscles however, large 
variations in reported strength gains exist with some authors reporting no increases in strength 
[9] and others observing greater than 100% increases in strength [4, 5, 10, 11, 30]. While 
there could be a number of factors explaining these discrepant results one postulated reason is 
associated with the degree of EPF that is provided during the resistance training protocol. 
Graves and colleagues investigated whether pelvic stabilization was imperative to 
strengthening the lumbar extensor muscles and observed that 12-weeks of variable resistance 
training with EPF (1 day/wk) resulted in a significant mean increase of 23.5% in isolated 
lumbar extension strength (strength testing was conducted with EPF imposed to minimize 
synergistic contributions of the hip extensors) [4].  

Interestingly, subjects who performed the resistance training protocol without EPF did 
not significantly increase their isolated lumbar extension strength despite increasing their 
training load leading the authors to suggest that trunk extension exercise without EPF 
restriction primarily exercised the gluteal and hamstring muscles as they are heavily involved 
in pelvic rotation. Similarly, Mayer et al. did not observe significant increases in strength 
when trunk extension training did not include EPF [9]. In this study, subjects performed 
Roman chair exercise (a common exercise device found in fitness and rehabilitation settings) 
which involved progressive resistance back extension exercise on a device that allows one to 
lift and lower their upper body with variable resistance added by using hand-held metal 
plates. While subjects performed the training on the Roman chair (which does not limit pelvic 
rotation) strength testing was performed on a device that does limit the hip extensor 
contribution to maximal force.  

The aforementioned studies all utilized healthy individuals without low back pain. 
However, a number of authors trained symptomatic patient populations with EPF and found 
similar results with respect to strength increases, although to a lesser magnitude in 
comparison to that observed in healthy individuals [3, 12-14].  

These patient populations were quite varied including geriatric women [13], a post-
surgical population after just 6 weeks recovery from lumbar discectomy [3], and groups with 
chronic low back pain [12, 14]. When the results of the aforementioned studies performing 
resistance exercise training with EPF are considered collectively, the mean strength increase 
is on the order of ~ 50%.  

This magnitude is exceptional, especially when one considers that the training frequency 
in many of these studies was as low as one or two times per week. Other evidence of 
improvements with EPF in the symptomatic population has been documented in the literature, 
with one dramatic example by Deutsch reporting increases in lumbar extensor strength greater 
than 300% throughout the range-of-motion with an 8 week rehabilitation training protocol 
[30]. 
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EFFECT OF PELVIC RESTRICTION ON TRAINING-INDUCED INCREASES 

IN MUSCLE MASS 
 
A common outcome variable to determine the effectiveness of a resistance training 

protocol on activating and stimulating a target muscle is the assessment of muscle mass (most 
commonly cross-sectional area (CSA) or volume). An increased muscle mass is primarily 
resultant of an increase in the contractile proteins actin and myosin and is in part responsible 
for the increases in strength described above. Relatively few researchers have investigated 
CSA changes in the lumbar extensors with EPF exercise training and to our knowledge no 
one has directly compared exercise training regimens with and without EPF for this outcome 
variable. Li and colleagues reported that 1 set of resistance exercise at 80% of maximal 
strength 1 time per week for 12-weeks resulted in a 8% increase in lumbar extensor CSA 
while three times per week increased CSA 15% [15]. These morphological increases were 
accompanied with concomitant peak torque improvements of 31-43%. While it is difficult to 
determine the true effect of EPF on these morphological adaptations without having a 
comparison group performing the same protocol without restriction, these observations do 
suggest that lumbar muscle growth can be induced with a relative small degree of muscle 
overload when training with EPF is performed. More recently, Danneels et al. (2001) reported 
CSA changes in the multifidus muscle following 10-weeks of exercise training in chronic low 
back pain patients [16]. They found that dynamic core stability exercises such as leg 
extension in the four point kneeling position and trunk extension exercise without EPF did 
not significantly increase multifidus CSA, but when the same exercises were performed with 
a 5-sec isometric contraction separating the concentric and eccentric contraction phases they 
observed that multifidus CSA increased ~ 7%. Interestingly, the static component that they 
observed to be critical for compensatory muscle growth could in effect be construed as 
‗pelvic fixation,‘ albeit not external, since the isometric contractions are indeed non-moving 
and perhaps serving to minimize synergistic contribution from accessory muscles.  

 
 
MUSCLE ACTIVATION PATTERNS DURING TRUNK EXTENSION 

EXERCISE 
 
While the efficacy of training paradigms can only directly be determined with a clinical 

outcome trials study design, one can glean information on the effectiveness of different 
exercise tasks from acute studies evaluating the muscle activation patterns of synergistic 
muscles. The most common way to assess muscle activation patterns is through the recording 
and evaluation of the electromyogram (EMG) signal which is well-documented to have an 
increased amplitude associated with the recruitment of motor units and increases in discharge 
rate [17]; although another method to evaluate muscle activity is though the analysis of the 
transverse relaxation time (T2) obtained from magnetic resonances images, as a slowing in 
the T2 following exercise is associated with the intensity of skeletal muscle activation [18, 
19].  

As stated above, it appears that EPF is required to increase voluntary force output from 
the lumbar extensor muscles [11], thus, one might expect to find greater levels of activation 
during lumbar extension exercises with EPF than without. A recent report from San Juan and 
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colleagues investigated this potential with asymptomatic subjects, and indeed did report that 
submaximal lumbar extension exercise (load equal to 50% of maximal strength) with EPF 
resulted in a 51% greater amplitude of the surface EMG signal recorded from the lumbar 
paraspinals when compared to the EMG amplitude recorded from trunk extension without 
EPF (no differences were observed with respect to biceps femoris activity between the two 
conditions) [20]. While this finding does suggest that EPF is needed for optimal lumbar 
extensor activation, discrepant results do exist. For instance, Udermann and colleagues 
reported that pelvic fixation did not influence the muscle activation of the lumbar extensors 
during submaximal dynamic contractions [21], however, it is possible that the restraint 
condition imposed in this study did result in some pelvic restriction as they did apply restraint 
devices, but did not completely tighten them (as opposed to the San Juan paper which did not 
use any physical restraints to restrict pelvic motion).  

Our own data evaluating lumbar muscle activity during resistance exercise protocols has 
also addressed this question. For example, we have published several studies where we 
observed that during dynamic trunk extension without EPF, the EMG activity of the hip 
extensors (gluteus maximum and biceps femoris) increased substantially with loading and 
muscle fatigue suggesting that these muscles are highly responsible for accommodating the 
required muscle force production [22-24]. One of these studies reported a decrease in lumbar 
EMG activity occurred when subjects reached around 55% of their maximal fatigue capacity 
(the total number of repetitions performed volitionally), and that a concomitant increase in hip 
extensor activity resulted allowing for the continuation of the exercise task [23]. While this 
fatigue-induced alteration in lumbar and hip extensor muscle activation patterns has not been 
investigated under a condition of EPF it is likely that the synergistic contribution from the hip 
extensors would be minimized and thus the task duration shortened. In a different study we 
reported that when greater external loads were added to the lumbar extensors without EPF, 
EMG amplitude increased to a greater extent in the larger gluteals and biceps femoris 
musculature [22]. This finding is corroborated by findings from Mayer and colleagues 
indicating that MRI signal intensity of the intrinsic lumbar extensor muscles does not increase 
with an increase in exercise intensity from 50% to 70% of total trunk extension strength [25]. 
Collectively these findings suggest that when lumbar extension resistance exercise is 
performed without external pelvic fixation the larger hip extensor muscles are more 
responsible than the lumbar musculature for accommodating an increased load [22, 25].  

 
 

SUMMARY 
 
Compound lumbar-pelvic rhythm is responsible for trunk extension during normal daily 

activities when the pelvis is not restrained [4,26,27,28]. Thus, one might argue that since EPF 
does not occur in activities of daily living that performing more practical exercises that mimic 
the activities of daily living, functional tasks or even pain management classes is a more 
effective form of intervention [4, 36]. However, the scientific evidence suggests that this 
approach primarily targets the larger, more powerful gluteal and hamstring (global) muscles, 
and that the smaller, less leveraged, (specific) lumbar muscles remain in a relative state of 
disuse and/or poor neural activation [5,29,31,32]. Conversely, when EPF is employed gains in 
lumbar muscle strength and function are observed [4,5,6,10,11,12,13,30]. Neural activation 
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also appears to be enhanced as Graves and colleagues noted in their study [4]. They surmised 
that the relatively large increases in strength, which resulted from only 12 exercise bouts was 
most likely associated with a large neural component [4]. Similarly, Nelson and others found 
that 94% of patients who received good or excellent results during a training study were able 
to maintain their achieved training results even after a 1 year post-discharge [33]. Apparently, 
the musculoskeletal dysfunction had sufficiently diminished allowing normal neuromotor 
activity and functional tasks to be performed [34]. Certainly a large portion of the resistance 
exercise training induced adaptations are a result of neural adaptations, and the role of 
neuromotor control in both the pathogenesis and rehabilitation of low back pain has long been 
of interest. A recent meta-analysis investigating the effectiveness of motor control exercises 
in improving clinical severity of persistent low back pain concluded that motor control 
exercise training alone is superior to minimal intervention, but that it is not more effective 
than manual therapy or other forms of exercise [35]. Accordingly, they suggested a multi-
modal approach incorporating different exercise prescriptions (e.g., resistance exercise and 
motor control training) along with manual therapies may be most effective in treating 
persistent low back pain [35]. Accordingly, the functional relevance of successfully targeting 
and training the lumbar extensor muscles via EPF (isolation) is suggested as an aspect of this 
multi-modal approach.  
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ABSTRACT 
 

Most revisions of total joint replacements are due to implant loosening, which is 
mainly caused by wear particles (―wear disease‖) and inadequate primary implant 

stability. The optimised integration of cementless total hip and knee endoprostheses into 
the bone stock is the most adequate approach to achieve secondary implant stability and 
to prevent implant loosening. Secondary stability is characterized by bone ingrowth of 
the implant and decreases the amount of relative implant motion between the implant and 
bone stock. It has also been suggested that prostheses which are fully occupied by bone 
cells are less susceptible to infection. The economic impact of implant loosening is 
immense, hence orthopaedic implant manufactures refine their products continuously. 

Many technical developments have improved the survival rate of endoprosthetic 
implants. Modern materials and surface modifications such as coatings help to reduce 
wear rates, promote cell ongrowth or prevent infections. The cell adhesion of bone cells 
onto implant surfaces has not been thoroughly investigated so far. However, different 
methods to measure cell adhesion have been described. Some workgroups investigate 
short-term adhesion or proliferation of bone cells on implant materials in-vitro, but little 
is known about the long-term adhesion. Proliferation or short-term adhesion cannot 
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predict how strong the bonding between bone and implant will be. In most cases, cost 
intensive animal studies have to be performed in order to gain expressive data. Hence, it 
is important to assess the bone cell adhesion forces in an adequate experimental setup in- 

vitro. 
The exploration of bone cell adhesion on surfaces of orthopaedic implants 

encourages the development of bio-compatible, bio-active and anti-infectious surfaces. 
We have developed a test device, based on the spinning disc principle, which allows 
quantitative measurements of osteoblastic cells on implant surfaces. First results show 
differences in adhesion forces depending on the substrate. In future assessments different 
bio-active and anti-infectious surface modifications will be analyzed regarding bone cell 
adhesion prior to animal studies.  
 
 

INTRODUCTION 
 
Today, approximately 10 % of all total hip and knee endoprostheses need to be revised 

after a 10 year period [1,2]. However, implant survival rates of more than 20 years have been 
reported. The most common reason for implant failure is aseptic loosening mainly caused by 
particle wear (―wear disease‖) [3,4]. According to Malchau et al. [1] almost 75 % of all hip 

endoprostheses revisions are due to aseptic loosening. Other complications such as infections 
(7 %), dislocations (6 %), fractures (5 %) [1] or implant allergies [5,6] occur less often but 
can also lead to failure of the implant. 

Insufficient primary and secondary implant stability can compromise the survival rate of 
cementless implants [7]. Primary stability is the initial, post-operative fixation strength with 
which the endoprostheses is held into place due to a press-fit force exerted by the bone. 
Secondary stability is characterized by bone ingrowth of the implant and decreases the 
amount of relative implant motion between the implant and the bone stock. The optimised 
osseous integration of cementless hip and knee endoprostheses is the most adequate approach 
to achieve secondary implant stability and to prevent implant loosening [8]. It has also been 
suggested that endoprostheses which are fully occupied by bone cells are less vulnerable to 
infection [9]. 

Besides the risk that patients have to take undergoing surgical treatment, the economic 
impact of implant revision is immense. About 79,100 total hip and knee arthroplasties were 
revised in the United States in the year 2005 [10], which amount to treatment expenses and an 
economic damage of approximately 2.4 billion US-Dollars [11] per year. Infections 
associated with joint replacement result in 0.36 billion US-Dollars of medical and surgical 
treatment expenses annually [11]. 

In total joint replacement much effort has been put into the increase of implant survival 
rates and hence, the reduction of implant revisions due to aseptic loosening. Since medical 
implant materials are very demanding regarding biocompatibility and mechanical strength 
[12,13] the variety of possible materials is highly limited. Therefore, the main emphasis for 
endoprostheses improvement focuses on surface modifications. Coatings are already 
successfully applied on implant-tissue interfaces in order to increase wear resistance [14], 
promote osseous integration or to reduce the release of allergenic ions [6] (eg. Ni2+, Co2+, 
Cr+). A commonly used surface coating for wear reduction as well as lowering allergenic ion 
release is the titanium nitride (TiN) coating [15]. Newly developed coatings such as calcium 
phosphate (CaP) [16] or plasma polymerised allylamine (PPAAm) [17] strive to improve 
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bony ongrowth, while others attempt to reduce infections [18] eg. by integrating copper in 
titanium dioxide (TiO2-Cu2+) [19,20] or biodegradable PDLLA (poly d, l-acid) with 
antibiotics [21]. 

In general, cell interaction with the implant interface plays an important role in surface 
coating development. Cell spreading [22] and proliferation tests are carried out to acquire 
biocompatibility data of new surface modifications [23]. But proliferation or even short-term 
adhesion assays [24] cannot predict how strong the bonding between bone and implant will 
be. Extra cellular matrix (ECM) proteins such as collagens, elastins, proteoglycans, and 
adhesion proteins such as fibronectins and laminins [25] bind to a biomaterial surface within a 
few minutes and enable cells to adhere to the implant surface. So far, expressive data of bone 
cell adhesion on orthopaedic implants can only be obtained in cost intensive animal studies. 
Hence, it is useful to assess the bone cell adhesion forces in vitro in an adequate experimental 
setup to predict bone ongrowth and accompany the early stages of implant surface 
modification development. 

 
 

ADHESION ASSAYS 
 
Different experimental setups to measure cell adhesion have been proposed. The simplest 

method is the ―wash off‖ principle (Figure 1a) for short-term adherent cells (less than 60 min) 
[26]. Non-adherent cells are washed off from the implant surface and can be counted 
subsequently. This assay has no means of adhesive strength quantification. However, by 
applying centrifugal forces in a centrifuge (Figure 1b) the adhesion forces can be determined. 
This low-cost and easy to operate test setup [27,28,29,30] is only applicable to single cells or 
cell populations (biofilm) that have bonded to the substrate for a short period of time, since 
the utilised forces are not sufficient enough to detach long-term adherent cells. Nonetheless, 
bonding strength of long-term, as well as short-term, adherent cells can be determined using 
micromanipulative assays such as micropipettes (Figure 1c), laser tweezers or atomic-force-
microscope (AFM) cantilevers (Figure 1d) [30,31,32,33,34,35,36]. Normal and tangential 
forces can be applied in order to detach adherent cells from the substrate. Although, results 
are precise, only single cell measurements are possible and assessment of biofilms is 
impossible using these techniques and apparatus which are cost-intensive and require 
specialised operating personnel. 

Measurements of short-term as well as long-term adhesive single cells or of cell 
populations can be achieved using hydrodynamic flow assays. The relatively simple test setup 
is based on a flow chamber in which a fluid flows over adherent cells on a smooth surface. At 
a given flow pattern the generated shear stress w (force/area), respectively the resulting shear 
force, that is exerted on the cells can be calculated. Especially at high flow rates it is required 
to describe the flow patterns exactly since turbulences can arise and distort the results. 
Furthermore, the shear force depends on cell size and shape [37,38]. Hydrodynamic flow 
assays are classified by the type of flow generation or the build-up of the flow chamber. It can 
be distinguished between linear flow between two parallel plates (Figure 1e), which has been 
deployed successfully for cell adhesion [39,40], radial flow between two fixed, parallel 
circular discs (Figure 1f) and flow in the laminar layer on the surface of a rotating disc 
(spinning disc principle) [26].  



Andreas Fritsche, Frank Luethen, Barbara Nebe et al. 308 

 

Figure 1. Cell adhesion assays a) ―wash of‖ principle, b) centrifuge, c) micropipette, d) atomic force 
microscope cantilever, e) linear flow between two parallel plates and f) radial flow between two fixed 
parallel circular discs. 

 
APPROACH TO MEASURE BONE CELL ADHESION FOR ORTHOPAEDIC 

IMPLANT SURFACES 
 
Since little is known about long-term cell adhesion forces of bone cells on implant 

surfaces relevant for orthopaedic applications, we have developed an experimental adhesion 
measuring device based on the spinning disc principle [26]. The spinning disc principle 
describes a rotating disc in a resting fluid where the applied shear stress w = r·3/2 depends 
on the rotational velocity  and the radial distance r from the centre of the disc (Figure 2). 
Furthermore, the shear stress depends on the density  and the viscosity  of the fluid used 
for the experiments. Laminar flow conditions on the surface of the disc even at high rotational 
velocities are convenient in the attempt to measure cell adhesion. Another advantage is that 
forces can be applied under constant uniform chemical and biological conditions since the 
disc can rotate in cell culture medium [30].  

Our measuring device consists of a stainless steel (V2A) shaft, a fluid chamber made of 
polyetheretherketone (PEEK), a glass bottom, an electric motor and a disc shaped test sample 
(Figure 3).  
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Figure 2. Spinning disc principle. 

 

 

Figure 3. Adhesion measuring device adapted to be used in conjunction with a LSM shown 
schematically.  

The apparatus was designed to be placed on an inverse confocal laser scanning 
microscope (LSM) so that cells stained with a fluorescent dye can be observed through the 
glass bottom before and after rotation.  

The test setup was built in such a way that the shaft can be moved towards the glass 
bottom for microscopy and away for disc rotation. It is important to be far away from the 
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bottom of the fluid chamber during rotation in order to avoid interference of the arising 
convection current [41] with the laminar boundary layer at the disc surface. The test 
specimens were marked by a laser at different radial positions, so that distinct radial positions 
could be retraced by microscopy. 

First experiments were carried out using MG-63 cells, a human osteosarcoma cell line 
(CRL-1427, ATCC, Rockville, Maryland, USA), with polished disc shaped test specimens 
made of titanium alloy (Ti6Al4V) as well as Ti6Al4V samples coated with PPAAm. The 
bone cells were stained with PKH26 (Sigma-Aldrich, St. Louis, MO, USA) and seeded onto 
the specimens in 2 µl droplets of Dulbecco's Modified Eagle Medium (DMEM) with 10 % 
fetal calf serum (FCS, Gibco Invitrogen, Karlsruhe, Germany) and 1 % Gentamicin 
(Ratiopharm, Ulm, Germany) at defined radial positions. The cells were incubated at 37 °C 
and 5 % CO2 and allowed to settle for 20 min before the samples were fully covered by 
medium.  

After a further incubation period of 18 h the test specimens were fixed onto the shaft of 
the adhesion measuring device and the fluid chamber was filled with DMEM without FCS. 
Subsequently, the apparatus was mounted onto the LSM (LSM410, Zeiss, Oberkochen, 
Germany) (Figure 4).  

The disc was rotated in the fluid for a period of 3 min at a given speed after moving the 
sample away from the glass bottom. Imaging of the radial positions was performed before and 
after rotation at the marked radial positions (Figure 5). 

 

 

Figure 4. Adhesion measuring device mounted on LSM. 
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Figure 5. Miscoloured display of MG-63 after rotation showing adherent cells before (red) and after 
rotation (yellow) at different radial positions. 

The resulting shear stress res for the spinning disc at the radial position, where 50 % cell 
detachment was detected, was calculated using equation 1. 

 

 3
res ηρωr0.79981η        (equation 1) 

 
The obtained results show that the adhesion measurements are reproducible and 

comparable to bonding strengths found in literature [30,42]. Moreover, a significant increase 
in cell adhesion strength of MG-63 cells on a PPAAm surface coating compared to a polished 
Ti6Al4V surface was detected. Animal studies show similar result outcomes. Further 
exploration of bone cell adhesion on bio-active and anti-infectious orthopaedic implant 
surfaces is currently in progress. 

 
 

CONCLUSION 
 
The economic impact of orthopaedic implant revisions due to implant failure is immense 

which encourages further improvement of endoprostheses survival rates. Because potential 
biocompatible materials are limited for orthopaedic applications, surface modifications have 
become the focus of modern implant research. For higher survival rates sufficient 
osseointegration (i.e. secondary implant stability) is essential. In-vitro cell adhesion tests 
could indicate the potential of newly developed implant surface modifications regarding bone 
ongrowth in early stages of the development.  

To gain expressive test results different cell adhesion assays can be used, each with 
advantages and disadvantages. We have decided on a rotating disc in a resting fluid (i.e. 
spinning disc principle). This method is sensitive enough to show differences in cell adhesion 
between different types of surface modifications. The results are reproducible and comparable 
to those obtained by other workgroups. However, comparison and interpretation of the results 
among different workgroups has to be performed carefully, since cell adhesion depends on 
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many influencing factors. Different cell types adhere with different strengths but also the 
specimen‘s material, adhesion time period (i.e. incubation) or experimental parameters alter 
the outcome of the results.  

Further measurements on different bio-active, anti-infectious and anti-adhesive surfaces 
and materials are being carried out. These investigations include the analysis of cell adhesion 
time and different bone cell types (primary osteoblasts, mesenchymal stem cells). 
Furthermore, the influence of metal ions (e.g. Cu2+) and the significance of specific integrins 
on cell adhesion by blocking different integrin receptors will be studied extensively.  
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The aim of this work was to establish and compare the patterns expressed on the fast 

model of motor learning of children and adults executing a fast and accurate task. 
The acquisition of a new motor skill follows two distinct stages with continued practice: 

first, there is an early, fast learning stage in which performance improves rapidly within a 
single training session; later, there is a slower learning stage within the time period of several 
sessions of practice (Ungerleider et al., 2002). Motor learning is characterized by a specific 
set of changes in performance parameters (Flament et al., 1999; Kempf et al., 2001). These 
changes occur gradually in the course of a learning period. While the decreases or increases in 
these parameters have been documented in a variety of tasks, it remains to be determined 
whether the time of fast learning is different for children and adults. Therefore the main aim 
of this study was to establish if there are differences in reaction time, average and maximal 
velocity, trajectory, and accuracy as well as the variability of these parameters during motor 
learning. The tasks involved 5 series with 20 repetitions in each.  

For this experiment, we used a standard Analyzer DPA-1 measuring dynamic parameters 
of movements of different segments of the body. The subjects performed a complicated task. 
They had to react to a target on the computer screen as quickly as possible and follow the 
most accurate trajectory towards the target, stopping within it. We measured the specific 
parameters: reaction time (RT), average velocity (Va), maximal velocity (Vm), path of 
movement (S), the period of achievement of maximal velocity (Tv) and time from 
achievement of Vm to reaching the target. 
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We found a significant difference (P<0.05-0.001) in RT, Va, Vm and S between children 
and adults. One-way ANOVA showed a significant effect of time (five series: quick learning) 
in Vm and S of children (P<0.01) and in Va of adults (P<0.05). There was a significant 
difference in the changes of Va, Vm and S between children and adults. It is remarkable that 
S and Vm decreased significantly after the first series and did not change during the 2nd-5th 
series while Va increased gradually during all the five series in adults. 

This is the first study to show, that the time of fast motor learning in a speed-accuracy 
task was different between children and adults. We showed that the level of accuracy was 
highly improved by the children at the expense of quickness of reaction, while adults 
improved only the average velocity of their performance. It might be considered that the fast 
motor learning process is expressed more in children than in adults. It is well established that 
children have different information-processing capabilities compared with adults (Wade 
1976).  

Besides, most of the indices of variability of performance changed more significantly in 
children than in adults. The reduction in performance variability was achieved along with 
increased accuracy in children It might be speculated that children are more prone to change 
motor variables during the fast learning process than adults. Though the underlying 
mechanism for the fast learning difference between children and adults has to be elucidated, it 
might be speculated that feed-forward and error correction mechanisms, as well as the 
development of internal models of movement, may be more changeable in children than in 
adults during the fast learning process.  



In: Biomechanics: Principles, Trends and Applications ISBN: 978-1-60741-394-3 
Editor: Jerrod H. Levy, pp. 317-351   © 2010 Nova Science Publishers, Inc. 

 
 
 
 
 
 

Chapter 14 

 
 
 

APPLYING PRESSURE SENSORS AND SIZE 

DIFFERENCES IN RUNNING SHOES FIT 

MEASUREMENT 
 
 

Y. L. Cheng and Y. L. Hong 
Department of Sports Science and Physical Education 
The Chinese University of Hong Kong, Hong Kong 

 
 

INTRODUCTION 
 

Background 
 
Fit is one of the most critical factors affecting footwear comfort (Miller et al., 2000). 

Blistering, chafing, bunions and pain may be the result of poor fitting shoes. In long run, it 
may cause the foot skeleton deformity. 

In order to find out the proper fitting of footwear, it involves getting to know the size of 
feet, shoes, and the subjective perception for the shoes selection. Traditional method in 
measuring the feet size is to measure the length and width of the feet which can be obtained 
easily by tape measure and devices like Brannock (The Brannock Device Co., Inc., USA). 
However these are considered to be insufficient for good footwear fitting (Witana et al., 
2004). Furthermore, researchers were also encountering problem in quantifying fit as it is 
rather subjective which was also suggested to be affected by shoe wearing experience such as 
tightness and looseness of the shoes (Kouchi et al., 2005). Therefore researchers are exploring 
new method in measuring footwear fit, both objectively and subjectively. 

3D technology has been applied to quantify footwear fit. Nacher et al. (2004) used 3D 
foot digitizing technology to predict fit by getting the foot geometrical characterization data 
and subjective fit perception from the users. Witana and the colleagues (2004) applied foot 
scanners in their study to get the 3D foot shape which was then post processed to obtain the 
2D outlines, and the dimensional differences between the feet and shoe last were analyzed 
with the subjective fit perception. The dimensional differences plot allowed the shoe lasts 
designer to determine the critical position for fit and unfit. One limitation for the 3D 
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technology is that feet and last alignment has to be done manually. The actual position of the 
feet in the shoes could not be ensured. 

Apart from sizing, pressure distribution is likely to be a valid measurement for footwear 
fit. Dewan et al. (2004) placed pressure sensors between the foot-shoe interfaces for dynamic 
pressure measurement. The authors suggested that the pressure might have the implication for 
footwear fitting and they had also identified the feasibility of using pressure sensors for 
footwear fit. This was the only study that applied pressure sensors for fit measurement. 
However this study did not relate the subjective perception of fit with the loading and how 
each particular anatomical position of foot contributed to the overall fitting of the footwear. 
With the interest to explore this area, Gheorghiu and the colleagues (2004) proposed to 
investigate the relationship between pressure distribution and subjective fit rating. 

The advantage of the pressure sensor application in footwear fit measurement is that it is 
the real time assessment of the foot – shoe interaction. Unlike 3D technology, manual 
alignment of feet and last was not required. The loading of the pressure sensors reflects the 
actual interaction of the feet and the shoes. The investigation of the loading at different foot 
anatomical position by using pressure sensors and by relating it to subjective fit perception, 
critical position for fit may be identified. It is also hoped that norm can be built to show how 
certain parts of the foot and shoe contribute to the overall fit feeling. However, despite the 
advantages of using pressure sensor, its result can only reflect the shoes tightness but not 
looseness. It is one of the limitations of pressure sensors application in fit measurement. 

Subjective perception of fit of footwear had been measured in many studies (Gheorghiu 
et al., 2004; Kouchi et al. 2005; Witana, et al. 2004). However none of the questionnaires 
used above had been proved to be valid and reliable. Only one project had been done in 
measuring footwear comfort by Mundermann et al. (2002) that tried to validate a footwear 
comfort questionnaire. They tried to develop a reliable method to assess footwear comfort 
during running by the Visual Analogue Scales (VASs) (Mundermann et al., 2002). A protocol 
including a control condition during running was used and the resulting intraclass correlations 
between comfort ratings for repeated conditions were found to be high. The authors thus 
concluded that using VASs with a control condition in the protocol provided a reliable 
measure to assess footwear comfort during running. 

Despite the importance of fit in footwear has been announced in a number of researches, 
only a few studies have been done on relating the shoe-foot size difference to the subjective 
fit measurement. For the pressure distribution, there is even no concrete finding on the 
association of the objective pressure measurement of the shoe-foot interface and the 
subjective fit rating. Therefore, it is worthwhile to explore the feasibility of the application of 
these objective measurements in measuring the subjective fit rating. 

The purpose of this study was to find out the relationship between three variables: 
subjective fit rating, foot-last size difference and pressure distribution of foot-shoe interface. 
It is hoped that through the study of the two objective independent variables: foot-last size 
difference and pressure distribution, variances of subjective fit rating can be more thoroughly 
explained. 

Furthermore, although previous studies have applied fit questionnaire in measuring 
subjective fit perception, none of the questionnaire has been proven reliable. Therefore 
another purpose of the present study is to test the reliability of a footwear fit questionnaire 
that applied VAS scale with the control condition (Mundermunn et al. 2002). The reliable fit 
questionnaire developed is necessary in quantifying subjective fit perception. Such 
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information will be very useful in the area of research, production and sales in footwear 
industry. 

Although footwear fit is of high importance, present devices available in measuring fit 
are obviously inadequate. Results of present study will help introduce new technology into 
this area. 

The knowledge of different objective measures in predicting subjective fit rating is 
especially useful for those who are unable to express their subjective feel towards the fit of 
the footwear e.g. young children, diabetes patients and the elderly.  

 
 

Operational Definition 
 
Foot length the distance between pternion (the rearmost point of the heel) and the 

midpoint of the maximum breadth of the ball cross section. The ball cross section is the 
vertical cross section passing through MT (metatarsale tibiale: the most medially protruding 
point on the head of the 1st metatarsal bone) and MF (metatarsale fibulare: the most laterally 
protruding point on the head of the 5th metatarsal bone). 

Foot circumference the circumference of the ball cross section. Ball cross section is the 
vertical cross section passing through MT. Foot breadth the maximum breadth of the ball 
cross section. Heel breadth the breadth of the heel measured perpendicular to the foot axis at 
the 16% of foot length from pternion. 

Shoe last is the solid form around which a shoe is constructed resulting the inside shape 
of the shoe (Figure 1). And each shoe last is designed for a particular heel height, toe shape 
and type of footwear. Visual Analogue Scale (VAS) is a measurement instrument that tries to 
measure a characteristic or attitude that is believed to range across a continuum of values and 
cannot easily be directly measured (Gould et al., 2001). VAS that was used in this study is a 
150mm horizontal line, anchored by word descriptors that enquire footwear fit perception at 
each end. The subject will mark on the line the point that they feel which represents their fit 
perception of their current state. 

 

 

Figure 1. Shoe last. 
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Unlike the usual VAS used in other studies in which the VAS score was determined by 
measuring from the left hand end of the line to the point that the subject marks, the 
measurement starts in the middle in this study. The middle point of the line represents the 
optimum perception of fit. 

 
 

REVIEW OF LITERATURE 
 

Problem of Poor Fitting 
 
Fit is one of the most critical factors affecting footwear comfort (Miller et al., 2000). 

Blistering, chafing, bunions and pain may be the result of poor fitting shoes. In long run, it 
may be the cause of foot skeleton deformity. 

Research regarding footwear fit problem in elderly has been carried out, it was found that 
among the 65 elderly being investigated, 47 (72%) of them had ill fitting shoes (a discrepancy 
in length of more than half a British shoe size or more than one British width fitting, 7 mm). It 
was also found in the study that incorrect shoe length was significantly associated with the 

presence of ulceration and self reported pain (Burns, Leese and McMurdo, 2002). In addition, 
ill fitting shoes were also associated with the presence of corns on the toes, hallux valgus 
deformity and foot pain (Menz and Morris, 2005). Gender was a factor found to be associated 
with the prevalence of foot problem. 

A study conducted by Frey and the colleagues (1993) evaluated the foot size and shoe 
preference, shoe comfort, shoe size and the presence of foot pain and foot deformities of 356 
healthy women between 20 and 60 years of age. In that study, 80% of women reported 
significant foot pain while wearing shoes. 76% of the women had one or more forefoot 
deformities, with hallux valgus being the most common (71% of this group had hallux valgus, 
50% had hammertoes, 17% had bunionettes, 13% had prominent metatarsal heads, and 4% 
had miscellaneous deformities). The overall incidence of hallux valgus was 54%. 

The same study also showed that 88% percent of the women were wearing shoes that 
were smaller in width than their feet (average, 1.2 cm smaller). In the women who had no foot 
pain (20%), the average foot-to-shoe discrepancy was only 0.56 cm. In those women without 
any deformity (23%), the average foot-to-shoe discrepancy was 0.6 cm. 

It is clear from the above study that the majority of women wore shoes that were small 
for their feet and they would suffer resultant pain and deformities. The patients in the study 
wore a shoe that was 1.3 to 2.5 cm smaller than the width of the forefoot in average. The 
patients without pain or deformity wore a shoe that was only smaller than the forefoot by 1.3 
cm or less. 

Many shoes for females are simply scaled down versions of the same shoe for males. In 
general, women‘s feet were in a smaller width to length ratio than male, and the heel is 
narrower in comparison with the forefoot (Frey, Thompson and Smith, 1995). 

Not only gender plays a role in footwear fit, different foot size is also influential. A 
similar study conducted by Frey and colleagues (1995) found that women with larger feet 
would have more pain and deformities than the control group in the study. It was suggested 
that because women with larger feet might have more difficulties in finding shoe with proper 
fit than those with smaller feet. Women with wider forefeet tended to have wider heels. As 
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foot length increased, both forefoot width and heel width increased but with the heel width 
increased to a lesser extend. However, as shoe length increased, all the key internal 
dimensions in the shoes were enlarged in a fixed proportion. Therefore in order for the 
women with larger feet to find the shoes with heel counter which could grip the heel firmly, 
smaller shoe should be selected and it might be too snug for the forefoot resulting in 
deformity and pain.  

A study conducted by Nixon and the colleagues (2006) examined the shoes size and 
width, sex, presence of diabetes, neuropathy and foot wound, type and condition of shoes 
usually worn in order to find out the relationship of poorly fitting footwear with and without 
diabetic foot ulceration. 400 US veterans were recruited. Of this population, only 25.5% were 
wearing appropriately sized shoes. Patients with diabetic foot ulceration were 5.1 times more 
likely to have poorly fitting shoes than those without a wound. The authors thus suggested 
that greater accuracy in shoe-foot match could be useful in reducing the risk of foot 
ulceration. 

―Diabetic foot ulcerations are the most common severe complications of diabetes‖. 
Ulcers form in patients with diabetes because of a lack of sensation, coupled with repetitive 
pressure forces (walking). One of the central tenets in reducing the incidence of ulcers is 
pressure reduction through the use of appropriate shoes and insoles. Poorly fitting shoes may 
account for a large proportion of diabetic foot ulcers and may also play a role in creating or 
exacerbating other complications in people without diabetes.  

However, the result of a randomized controlled trial conducted by Reiber et al. (2002) 
seems to contradict the above wisdom. A two year randomized trial of 400 diabetes patients 
was conducted.  

Participants were randomly assigned to receive customized shoes or their usual footwear. 
It was found that there were as many foot ulcers in specifically designed footwear compared 
with ordinary footwear. In respond to this finding, Chantelau (2002) commented the ways 
Reiber et al. (2002) analyzed the results. With a closer look to the result of the study, 9 out of 
47 ulcer episodes occurred in well-fitted intervention shoes, compared to 19 out of 37 ulcer 
episodes occurring in normal shoes and these results were highly statistically significant. 
However these results were not reported by Reiber et al. (2002). Chantelau (2002) thus 
elaborated the finding to be supportive of the rationale that fit of footwear was important 
rather than oppositing it.  

Chantelau and Gede (2001) investigated the foot size of the elderly people with and 
without diabetes mellitus in German. The result showed that the feet of most elderly people 
were broader than the ‗normal‘ footwear that was currently available on the market. The 
authors thus suggested that a fixed breadth-to-length ratio for the footwear construction might 
not be enough to fit all the individual characteristics. 

Apart from being one of the factors of foot deformities, fit also appears to govern 
comfort. If a pair of shoes were tight, the pressure produced between the foot shoe interface 
may cause pain to the wearer. On the other hand, if a shoe was too loose, the friction caused 
by the slippery effect would also produce the sense of discomfort. (Luximon, Goonetilleke 
and Tsui, 2003) 
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Definition of Fit 
 
However the importance of footwear fit, it is not well defined. It is suggested that ―proper 

shoe fit requires shape or last design with proper toe depth and shape, proper instep depth, 
proper heel width, and proper curve (flare) of the shoe‖ (Tremaine and Awad, 1998). 
However, this definition does not take into the account of individual characteristic of the 
human feet and it also does not point out the importance of matching between human feet and 
the shoes. As it was stated ‗closeness of match of shoe shape to that of the human foot‖ was 
one of the most important factors for comfort of fit (Hawes et al., 1994). 

One of the most common methods in measuring the fit of footwear was by finding out the 
size difference between foot and shoes. Menz and Morris (2005) applied this idea by 
assessing the footwear and foot dimensions and to find out their length, width and area. Ill 
fitting footwear was defined as having size smaller than the foot. Similar concept was applied 
by Nixon et al. (2006), inappropriately sized footwear was defined as a shoe size at least one 
full size too large or too small using a specific foot measuring device. 

Tremaine and Awad (1998), on the other hand, did not regard smaller size of the shoes as 
unfit. Instead they proposed a range for fit should be equal or no more than 0.25 inch less that 
fore-foot width. Witana et al. (2004) proposed a linear regression to predict forefoot fit by the 
summation of the lateral and medial maximum dimensional difference of the forefoot. 
According to the equation, maximal dimensional difference should be about -8.5mm. 

Goonetilleke (2003) summarized a few important factors for footwear fit measurement: 
dorsal arch height (a measure of foot height), plantar arch height, foot flare, and the angular 
orientation of the metatarsal; another combination of the foot factors are: length, flare, width 
and height. Although there are many guidelines available, the ultimate goal of footwear 
selection is to find out the right match between the foot and the footwear, as Janisse (1992) 
suggested: ―proper fit is achieved when shoe shape is matched to foot shape‖. The selection 
of proper fit however is based on the subjective feeling of the person. Thus quantifying the 
subjective feeling of fit becomes one of the importance research questions in footwear 
industry. 

In order to find out the proper fitting of footwear, it involves getting to know the size of 
feet, shoes, and the subjective perception for the selection of shoes. Traditional method in 
measuring the feet size is to measure the length and width of the feet which can be obtained 
easily by tape measure and other device like Brannock. However these are considered to be 
insufficient for good footwear fitting (Witana et al., 2004). Furthermore, researchers were 
also encountering problem in quantifying fit as it is rather subjective and it is suggested to be 
affected by shoe wearing experience (Kouchi et al., 2005). 

 
 

Recommendation of Shoe Fit 
 
Determining correct shoe shape and the right size is the primary component in achieving 

proper shoe fit (Janisse, 1992). Many recommendations are available for footwear selection to 
ensure fit. 
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As suggested by American Orthopaedic Foot and Ankle Society1, a shoe should conform 
the shape of the forefoot. Apart from shape matching, Fit can be achieved by having proper 
shoe length that allow extra one half inch in the front. This extra space helps prevent the toes 
from banging against the shoes. Proper shoe width is also important. Shoes must be wide 
enough in the front to allow the toes to extend straight ahead and adequate room across the 
ball of the foot (Janisse, 1992). Metetarsal should be situated in the widest part of the shoe. 

Lace up shoes are recommended as laces allow adjustability. The lacing stops the 
unnecessary movement of the foot (Janisse, 1992). 

 
 

Sizing 
 
In an attempt to evaluate the relevant dimensions of feet which are necessary for three 

dimensional foot modeling, Goonetilleke et al. (1997) measured fourteen foot dimensions of 
31 male subjects. The result of factor analysis, suggested that length, width, height at midfoot 
and forefoot, and toe dimensions are needed to be considered for proper footwear fitting and 
for the foot modeling. 

3D technology has been applied to quantify footwear fit. Nacher et al. (2004) used 3D 
foot digitizing technology to predict fit by getting the foot geometrical characterization data 
and subjective fit perception from the users. Witana and the colleagues (2004) applied foot 
scanners in their study to get the 3D foot shape which was then post processed to obtain the 
2D outlines, dimensional differences between the feet and shoe last were analyzed with the fit 
perception. The dimensional differences plot allowed the shoe lasts designer to determine the 
critical position for fit and unfit. One limitation for the 3D technology, the feet and last 
alignment has to be done manually that the actual position of the feet could not be ensured. 

With an interest to know the 3D foot shape data without using the foot scanner, other 
technology likes generating 3D foot shape from 2D information was proposed (Luximon et al. 
2005). In order to develop the two models suggested by the authors, foot information of 40 
participants was used and the models were validated by using another set of 40 Hong Kong 
male subjects. In the first method, foot height and foot length were used to predict the 3D foot 
shape by recursive regression equations. In the second method foot profile and foot shape was 
used to predict the foot shape. Both methods were found to be valid in foot shape prediction 
and both of them were relatively cheaper than using the foot scanner to determine the foot 
shape for custom footwear design. 

 
 

Pressure Distribution 
 
Apart from sizing, pressure seems to be a valid measurement of fit. DeLooze et al. (2003) 

states that pressure distribution appears to be the objective measure with the most clear 
association with the subjective ratings. Although this study was done on car seat, this idea 
should be applicable to footwear as well. Dewan et al. (2004) placed pressure sensors 
between the foot-shod interfaces for dynamic pressure measurement. The authors suggested 

                                                        
1 10 Points for a Proper Shoe fit, American Orthopaedic Foot and Ankle Society, http://www.aofas.org/ 

i4a/pages/index.cfm?pageid=3300 
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that the loading might have the implication for footwear fitting and had also identified the 
feasibility of using pressure sensors for footwear fit. This was the only study that applied 
pressure sensors for footwear fit measurement. However this study did not relate the 
subjective perception of fit with the loading and how each particular anatomical position of 
the foot contributed to the overall fitting of the footwear. With the interest to explore this 
area, Gheorghiu and the colleagues (2004) proposed to investigate the relationship between 
pressure distribution and subjective fit rating.  

 
 

Subjective Fit 
 
Subjective perception of fit of footwear had been measured in many studies (Gheorghiu 

et al., 2004; Kouchi et al., 2005; Witana, et al., 2004). However none of the questionnaire 
used above had been proved to be valid and reliable. Only one project had been done on 
measuring footwear comfort by Mundermann et al. (2002). They tried to develop a reliable 
method to assess footwear comfort during running by the Visual Analog Scales (VASs). It 
will be discussed in greater detail below. 

 
 

Footwear Comfort 
 
Apart from its influential role in foot health, footwear fit also contributes much in 

comfort. Comfort is one of the most important factors for the design of footwear. However as 
comfort is a subjective feeling depending on individual differences and it is difficult to 
measure directly. Many methods were used to quantify comfort. Borg scale was widely used 
to evaluate the comfort perception of the subjects. 15-point, 10-point and 5-point scale were 
used respectively in different studies (Milani et al., 1997, Miller et al., 2000, Jordan and 
Bartlett, 1995). Ranking was also one of the methods used by investigators (Chen et al, 1994). 

Mundermann et al. (2001) used a visual analog scale (VAS) to assess footwear comfort 
and later, they tried to develop a reliable method to assess footwear comfort during running 
by the VASs (Mundermann et al., 2002). A protocol including a control condition during 
running was used and the resulting intraclass correlations between comfort ratings for 
repeated conditions were found to be high. It was suggested by the authors that a control 
condition should be used before each test condition in order to have reliable comfort 
measurement. For long term comfort, assessments with more sessions (four to six) should be 
used. It was concluded that VASs provide a reliable measure to assess footwear comfort 
during running when a control condition was included. 

Investigators were interested in identifying biomechanical variables to measure the 
comfort rating. Plantar pressure distribution was one of those under investigation. It was 
reported that high plantar pressure in the midfoot area and low pressure in the medial forefoot 
and hallux area were related to better comfort during walking (Chen et al., 1994). In the 
study, fourteen subjects were first asked to rank the insoles in the order of comfort after 
walking and running on a treadmill in self paced speed. After then plantar pressure was 
measured by inserting a pressure distribution measuring device in the shoes. With more 
comfortable insole, the path of centre of force at the plantar surface showed a movement to 
the lateral side. It was suggested that measurement of pressure distribution might be useful to 
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detect change of shoe comfort. Similar result was obtained by Jordan and Bartlett (1995) and 
a conclusion of the use of pressure distribution at foot-shoe interface to be a tool to identify 
causes of discomfort in footwear. 

Fit between the foot and shoe on comfort assessment was also studied. Good fit was 
reported to be the most critical factor for shoe comfort. The most critical foot dimensions 
included hallux height, dorsum height and length, forefoot and posterior calcaneus width and 
toe lengths. If the fitting is good, other factors like skeletal alignment became important. 
Moreover, shoes comfort was related to the activity performed and so did shoes torsional 
stiffness and cushioning (Chen et al, 1994). 

 
 

METHOLOLOGY 
 

Design 
 
The measurement of this study consisted of three parts: Foot scanning, pressure 

measurement and perceive fit rating of running shoes. Foot scanning was to collect the foot 
shape data of the subjects and also the shoes lasts‘ information. Pressure measurement was 
applied to collect the pressure data between the foot-shoe interfaces. Subjective fit 
measurement of the running shoes was obtained by fit questionnaire in order to collect the 
subjective rating of the fit perception of the subjects. 

 
 

Subject 
 
Fifteen physically healthy male were recruited as subjects. Their foot sizes were screened 

to be within the range of 25.5-27.5 cm. All subjects were injury free at the moment of study 
and no injury history to be resulted in abnormal gait. Experiment detail was explained and 
subjects were required to sign the informed consent before participating in this study). 

 
 

Instrumentation 
 
Fit Questionnaire. A fit questionnaire composed of 12 questions by using the VAS scale 

was used. The questions include 1) Overall fit 2) free space in front of toe 3) fit at the side of 
forefoot 4) upper forefoot fit 5) overall forefoot fit 6) height of dorsal arch 7) height of plantar 
arch 8) fit at the side of midfoot 9) overall midfoot fit 10) free space at the back of rearfoot 
11) fit at the side of the rearfoot 12) overall rearfoot fit.  

The questionnaire was first developed in English and then translated into Chinese. Both 
versions were amended and approved by respected professions respectively. Reliability of the 
questionnaire was tested by asking the subjects to rate the test shoes again in the second day. 

Foot scanner. The InFoot foot scanner (I-Ware Laboratory Co., Ltd) (Figure 2) was used 
to collect the shoe lasts and subjects‘ foot shapes data. It is a 3D foot scanner which consists 

of eight progressive CCD cameras and four semiconductor laser projectors. 
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Figure 2. InFoot foot scanner. 

Pressure Sensors. 16 flexible pressure sensors (FSA, Canada) (Figure 3) was used to test 
the shoe-foot interface pressure in the experiment. 12 out of the 16 sensors was attached on 
the subjects‘ foot landmarks. Pressure data while standing and walking will be collected with 
the frequency of 10 Hz. 

Running shoes. 5 pairs of running shoes with the size of Eur 41 which were identical in 
appearance but were made by different shoes lasts were in this study (Figure 4). A pair of 
running shoes (Gel-Kayano XI, AXIS) was used as the control shoes in this study. 

 

 

Figure 3. FSA pressure sensors. 
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Figure 4. Running shoes with identical appearance. 

Shoe Lasts. The shoes lasts of the 5 running shoes (Figure 5) were provided by the shoe 
producing company. They were scanned in order to get the lasts‘ dimensions: Length, ball 
girth circumference, breadth, instep circumference and heel breadth. 

 

  
 

 

Figure 5. Shoe Lasts: lateral view (left top); frontal view (right top); medial lateral view (left). 
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Procedure 
 
Subjects came to the Human Biomechanics Laboratory for the experiment. They were 

required to sign the consent form and their anthropometric data including body height and 
body weight were measured and recorded. They first completed the foot scanning test and 
then the subjective fit test and pressure distribution test were completed in the same section. 

Foot Scanning. Feet of the subjects were cleaned by alcohol prep pad and twelve markers 
were attached on the following foot landmark positions: 1) The most medial point of medial 
malleolus 2) Sphyrion 3) The most lateral point of lateral malleolus 4) sphyrion fibulare 5) 
Navicular 6) Tuberosity of 5th metatarsalis 7) Metatarsale tibiale 8) metatarsale fibulare 9) toe 
1 joint 10) toe 5 joint 11) head of 2nd metatarsal bone 12) tentative junction point (Figure 6). 

Foot scanning was done of half weight bearing state. Subjects were required to put one 
foot in the foot scanner during foot scanning while another foot on a weight. Both feet were 
scanned(Figure 7 and figure 8). 

Landmark positions of the lasts were identified and they were scanned by the foot 
scanner to get the lasts‘ dimensions. 

 

 
 

Figure 6. Foot scanning- landmark positions. 
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Figure 7. Participants standing posture while foot scanning. 

 

 

Figure 8. Half weight bearing while foot scanning. 
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Figure 9. Setting for shoes fit assessment. Participants were asked to walk on a 7 meter long route for 6 
times before filling in the questionnaire. 

Fit Questionnaire. Subjects were asked to evaluate the tightness or looseness of the 
running shoes by filling the fit questionnaire which was designed by using a visual analogue 
scale (VAS). There were totally 12 questions in the questionnaire. Fit at forefoot, mid foot 
and rear foot position of the footwear were ranked. Detail instructions were given to each 
subject to make sure every subject understand the questions clearly. 

Set-up. Both subjective rating of standing and walking of the running shoes were 
obtained. For the standing rating, subjects were required to stand for 30 second and then fill in 
the questionnaire. They were then asked to walk on a 7 meter long route for 6 times before 
filling in the questionnaire again (Figure 9). Such route was set up to make sure they have 
completed a minimum walking distance before assessing the shoes‘ fit. Subjects were allowed 
to fill in the questionnaire while walking.  

Subject would first assess the fit of the control shoes and followed by the assessment of 
each of the test shoes which were randomized in order. Between each trial of the test shoes, 
subjects were requested to wear the control shoes and walked on the route for 3 times again in 
order to make sure that they had the same fit sensation baseline for comparison. 

Reliability Test In order to assess the reliability of the questionnaire, subjects were 
required to come to the laboratory in the other day and to fill in the fit questionnaire again. 
The sequence of the running shoes were randomized and same protocol as above was used. 
Reliability for each shoed condition would be obtained to assess the repeatability of the 
questionnaire.  

Fit rating on the first day would be used for data analysis later. The rating got in the 
second day was used to test the reliability of the questionnaire only. 

Pressure measurement. Twelve of the sixteen flexible sensors were attached on the right 
foot of the subjects on the following location: 1) Tip of toe 1 2) Metatarsal tibiale 3) Tip of 
toe 2 4) Toe 1 Joint 5) Toe 5 joint 6) Metatarsal fibulare 7) Instep height 8) Navicular 9) 
Tuberosity of 5th metatarsalis 10) Pternion 11) Medial calcaneous12) Lateral calcaneous 
(Figure10, figure 11 and figure 12). 
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Figure 10. Pressure sensors location. 

 

Figure 11. Anterior view of pressure sensors attachment (left). 
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Figure 12. Lateral view of pressure sensors attachment (top right). 

 

 

Figure 13. Pressure data collection with the test shoes while standing (right). 

Pressure data of three different conditions were collected: 1) socks only when standing 2) 
test shoes when standing (Figure 13) 3) test shoes when walking. In condition 1, subjects 
were required to wear the socks and stand with their weights balance at the center. Pressure 
between the foot shoe interface were collected for 5 seconds. Similar to condition 1, subjects 
stood steadily with the test shoes on in condition 2. In condition 3, pressure data were 
collected while the subjects were walking on the route as in the questionnaire test (Figure 14). 
Participants were asked to perform 3 trails in condition 1 and condition 2; 2 trials in condition 
3. 

When pressure data collection began, red light on the FSA data collection box flashed. 
Video were taken to identify the red light and each heel strike during the walking trial. The 
video was synchronized with pressure sensors. 
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Figure 14. Setting for pressure measurement. 

In order to ensure the same shod condition during pressure data collection and subjective 
fit test, pressure sensors were attached on the subjects‘ foot before the subjective fit test. 
Therefore right after fit questionnaire completion, pressure data of the same running shoes 
condition could be collected. Due to the thinness of the pressure sensors, the interference that 
would be caused to the subjective fit perception was believed to be very small.  

 
 

Data Reduction 
 
Foot Scanning. In order to describe the fit of the shoes, size differences between the foot 

and shoe last were found. Length, Ball girth circumference, foot breadth, instep 
circumference, heel breadth the foot and last were obtained and five fit indicators were 
calculated (figure 15) (Kouchi et al., 2005): 1) Foot length allowance (FLA): FL of last – FL 
of foot; 2) Ball girth circumference allowance (BGCF): BGC of last – BGC of foot 3) Foot 
breadth allowance (FBA): FB of last – FB of foot; 4) Instep circumference allowance (ICA): 
IC of last –IC of foot]; 5) Heel breadth allowance (HBA): HB of last – HB of foot. 

Fit Questionnaire. For each question, mid point of each line was defined as zero. Distance 
between the mark and the mid point was measured. When the mark is on the left hand side of 
the mid point, it was defined as negative while if it was on the right hand side of the point, it 
was defined as positive.  

Data of each question was then input into SPSS version 12 for analysis. 
Video. Video taken during the pressure distribution test was captured. The time at which 

the red light on the FSA collection box flashed was identified and synchronized. Time at each 
heel strike was recorded. 

Pressure Distribution. Pressure data of the sensors were exported to excel file. For the 
sock standing and shoe standing trials, mean pressure values for each sensor were recorded. 
As there were 3 trails for each shod conditions (5 pairs of shoe, excluding the sock condition 
which acted as the baseline value), and there were 16 sensors. The total number of pressure 
data for each subject was (3 X 5 X16) = 240. 
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1. Length 
2. Ball girth circumference 
3. Foot breadth 
4. Instep circumference 
5. Heel breadth 

Figure 15. Foot dimension measurement. 

Mean pressures got in sock standing condition was the baseline value. All the other data 
would subtract the ground value before further analysis. 

 
 

Data Analysis 
 
SPSS (ver 12.0) was employed to perform all statistical analysis. Pearson Correlation 

Coefficient and Intraclass correlation coefficient were determined in the reliability test of the 
fit questionnaire. Stepwise regression was used to evaluate the relationship between the 
subjective fit perception (dependent variable) and objective measurement (independent 
variable). Statistical significance was accepted at the 0.05 level of confidence.  

 
 

RESULT 
 

Subject Detail 
 
15 young male with aged 22.27+ 2.05 years, height 175.3+ 3.23 cm and weight 68.03+ 

7.49 kg were recruited in the study (table 1).  
 

Table 1. Summary of descriptive statistic of the subjects 

 
 Mean + SD Maximum Minimum 

Age 22.27+ 2.05 19 26 

Height (cm) 175.3+ 3.23 180.2 169.6 

Weight (kg) 68.03+ 7.49 54.04 70.05 
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Questionnaire 
 
In order to find out the reliability of the questionnaire, Pearson correlation coefficients of 

fit ratings measured by the fit questionnaires for different conditions were found. Standing 
condition and walking condition were combined and analyzed together and were represented 
as overall condition. The Overall test-retest reliability of each question in the questionnaire 
ranges from 0.624 to 0.787. All the correlations are significant (p < 0.01). The test-retest 
reliability of each question in standing and walking condition ranges from 0.538 to 0.813 and 
all the correlations are significant (p<.01). Test-retest correlation coefficient of every question 
for all subjects during standing and walking were shown in table 2 and figure 16.  

ICCs of fit rating in different conditions were also found (Table 3). The ICC was 0.841 
for overall fit rating in overall condition. The ICC for overall condition is 0.755 – 0.879; 
standing condition is 0.754 – 0.864; walking is 0.695 – 0.894. 
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Figure 16. Pearson Correlation coefficient of fit ratings in different conditions (overall, standing, 
walking). 

 
 



 

Table 2. Test-retest Pearson correlation coefficients of fit ratings for different conditions (Overall, standing and walking) 

 
Question  1 2 3 4 5 6 7 8 9 10 11 12 

 

rtt 

Overall .726** .719** .626** .673** .741** .624** .719** .766** .787** .719** .635** .712** 

standing .738** .683** .624** .667** .764** .699** .695** .751** .764** .692** .625** .626** 

walking .717** .755** .638** .683** .728** .538** .741** .788** .813** .745** .650** .792** 

**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level. 

 
Table 3. ICC of fit ratings for different conditions (Overall, standing and walking) 

 
Question  1 2 3 4 5 6 7 8 9 10 11 12 

 

ICC 

Overall .841 .834 .759 .801 .844 .755 .820 .846 .879 .833 .775 .832 

standing .848 .810 .754 .797 .859 .799 .809 .845 .864 .812 .764 .767 

walking .853 .858 .771 .807 .828 .695 .830 .852 .894 .852 .787 .883 
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Fit Rating 
 
Optimal fitting scored zero, negative values reflect tightness whereas positive values 

reflect looseness. Apart from the fore foot fit rating for shoe 3, all the other fit rating were 
ranked as negative which means that the testing shoes were generally ranked as tight by the 
subject as compared with control shoes(Table 4 and Figure 17). When compared with the 
other shoes, shoe 3 got all the overall fit, forefoot fit, mid foot fit and rear foot fit rating 
closest to zero (overall fit = -2.50; forefoot fit = 0.23; mid foot fit = -2.6; rear foot fit = -3.2). 
As a result, shoe 3 was rated the fittest by the participants among the 5 pairs of shoes.  

ANOVA revealed significant difference in the forefoot fit rating. Post Poc Test result 
showed that there was significant difference between shoe 3 and shoe 4 in forefoot fit rating 
(p = 0.05). The average forefoot fit rating of shoe 4 was -13.53 and that of shoe 3 was 0.23 
respectively. 

 
Table 4. Mean score of overall, forefoot, mid foot and rear foot fit rating 

 
Shoe 1 2 3 4 5 

Overall fit -8.07 -8.34 -2.50 -13.34 -8.73 

Fore foot fit -8.4 -9.63 0.23* -13.53* -9.97 

Mid foot fit -8.43 -4.97 -2.6 -9.2 -6.93 

Rear foot fit -8.37 -10.93 -3.2 -9.83 -5.40 

 

-16

-14

-12

-10

-8

-6

-4

-2

0

2

1 2 3 4 5

shoe

fit rating

Overall fit

Fore foot fit

Mid foot fit

Rear foot fit

 

Figure 17. Magnitude of fit ratings of the five testing shoes. 
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Size Difference 
 
Table 5 showed the descriptive statistic of the subjects‘ feet: foot length (262.08 + 4.06 

mm); ball girth circumference (255.79 + 8.99 mm); foot breadth (105.14 + 3.84 mm); instep 
circumference (105.14 + 7.76 mm); Heel breadth (67.13 + 3.48mm).  

All the subjects with foot length smaller than the length of the shoe last. For foot breadth 
size, except in one foot-last combination (subject 15 and shoe last 3), all the subjects have 
foot breadth larger than that of shoe last. The average size difference between the foot and the 
shoe lasts were summarized in table 6. 

Heel breadth was found to be moderately related to forefoot fit (r = 0.545; p<0.01) and 
rear foot fit (r = 0.467; p<0.01). Low correlations were found between foot length and rear 
foot fit (r = 0.254; p<0.01), foot breadth and forefoot fit (r = 0.203; p<0.05), foot breadth and 
rear foot fit (r = 0.370; p<0.01), instep circumference and forefoot fit (r = 0.2387; p<0.01), 
instep circumference and rear foot fit (r = 0.324; p<0.01), heel breadth and mid foot fit (r = 
0.2; p<0.05) (Table 7). 

 
Table 5. Descriptive statistic of subjects’ feet 

 
 Foot 

length 

Ball Girth 

Circumference 
Foot Breadth 

Instep 

Circumference 
Heel breadth 

Mean (mm) 262.08 255.79 105.14 255.60 67.13 

SD 4.06 8.99 3.84 7.76 3.48 

 
Table 6. Foot – last size difference 

 
 Minimum Maximum Mean Std. Deviation 
Foot length (mm) 3.20 19.70 12.27 4.10 
Ball Girth Circumference (mm) -36.40 5.40 -12.01 9.19 
Foot Breadth (mm) -16.20 .10 -10.22 4.00 
Instep Circumference (mm) -13.20 19.30 1.39 8.34 
Heel breadth (mm) -11.70 3.90 -2.44 3.65 
 

Table 7. Pearson Correlation Coefficients between foot last dimensional difference and 

fit rating (forefoot fit, mid foot fit and rear foot fit) 

 

r Foot length Ball Girth 
Circumference 

Foot 
Breadth 

Instep 
Circumference Heel breadth 

Overall Fit .120 .253** .301** .284** .478** 
Forefoot Fit .085 .171* .203* .238** .545** 
Mid foot Fit -0.89 .118 -.032 .120 .200* 
Rear foot Fit .254** .173* .37** .324** .467** 

** Correlation is significant at the 0.01 level (2-tailed). 
* Correlation is significant at the 0.05 level (2-tailed). 
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Pressure Distribution 
 
Pressure at MF was the highest among the 12 foot landmark positions, which was 

followed by Toe 5 Joint. Average pressures of Shoe 3 were found to be the lowest in the 5 test 
shoes at 8 landmark positions Toe1, Metarsal Tibiale, Toe 2, Toe 1 Joint, Toe 5 Joint, 
Pternion, Medial Cancanous, Later Cancanous.(Figure 18). 

One way ANOVA was applied to analyze the pressure at different foot landmarks 
position of the 5 running shoes. No significant difference was found between the test shoes. 

Moderate correlation was found between subjective overall fit and Toe 1 joint (-0.422; 
p<0.01), Toe 5 joint (-0.419; p<0.01) (Table 8). 
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Figure 18. Mean pressure at different foot landmark positions (psi) of the 5 running shoes. 

 
Table 8. Pearson Correlation Coefficients between subjective overall fit and pressure 

 
Foot 

Landmark 

Toe1 MT Toe2 Toe1J Toe5J MF I H Nav Meta 

5 

Pternion M Cal L Cal 

r -

.205 

-

.187 

-.11 -

.422** 

-

.419** 

.251* .075 -

.201 

-.237 -.292** -

.343** 

-

.264* 

 
Regression 

 
Three regression models were performed by using dimensional differences only, pressure 

only, dimensional differences and pressure as independent variables to predict the subjective 
overall fit in standing which is the dependent variable. Stepwise multiple regression was used 
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to find out the model with the greatest R square which indicates that larger variance of 
subjective fit rating can be explained. 
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Figure 19. Pearson Correlation Coefficients between subjective overall fit and pressure. 

Dimensional differences only: 

 
Table 9. Summary of step-wise regression results by using dimensional difference 

variables as predictors of subjective fit rating 

 

Model Variables Entered R R Square 
Adjusted R 
Square 

Std. Error of the 
Estimate 

1 Heel breadth .478(a) .228 .217 13.21577 
2 Ball Girth 

Circumference .554(b) .307 .286 12.62078 

a. Predictors: (Constant), Heel breadth. 
b. Predictors: (Constant), Heel breadth, Ball Girth Circumference. 

 
2 models were run in the stepwise regression for dimensional difference. Heel breadth 

joint was entered in the first model and the R square was 0.228 (adjusted R square = 0.217). 
Ball Girth Circumference was added in the second model and the resulting R square increased 
to 0.307. Summary of the regression was shown in table 9.  
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Table 10. Coefficients, t values and significant values of step-wise regression results by 

using dimensional difference variables as predictors of subjective fit rating 

 

Model 
Unstandardized 
Coefficients 

Standardized 
Coefficients t Sig. 

 B Std. Error Beta   
1 (Constant) -3.040 1.906  -1.595 .115 
 Heel breadth 1.938 .435 .478 4.454 .000 
2 (Constant) 2.547 2.737  .930 .356 
 Heel breadth 2.002 .416 .494 4.810 .000 
 Ball Girth 

Circumference .451 .165 .280 2.732 .008 

 
Table 10 shows the coefficients, t values and significant values of step-wise regression 

results by using dimensional difference variables as predictors of subjective fit rating. 
Below is the regression equation that uses dimensional difference as predictors of 

subjective fit rating: 
 
Subjective overall fit = 2.547 + 2.002 (Heel Breadth) + 0.451 (Ball Girth Circumference)  
 
R2 = 0.307 (adjusted R2 = 0.286) 
 
Pressure only: 

2 models were run in the stepwise regression for pressure sensors. Toe 1 joint was 
entered in the first model with the resulting R square to be 0.168. MF was added in the 
second model and the resulting R square increased to 0.255. Summary of the regression was 
shown in table 11. Both predictors were found to be significant in the analysis (table 12). 

The regression equation for pressure sensors as predictor of subjective overall fit is: 
 
Subjective overall fit = 0.597 (MF) – 2.725 (Toe1 Joint) – 10.285 
 
R2 = 0.255 (adjusted R2 = 0.237) 
 

Table 11. Summary of step-wise regression results by using pressure sensors variables 

as predictors of subjective fit rating 

 

Model Variables Entered R R Square Adjusted R Square 
Std. Error of 
the Estimate 

1 Toe1J .422(a) .178 .168 13.14 
2 MF .505(b) .255 .237 12.59 

a Predictors: (Constant), Toe1J. 
b Predictors: (Constant), Toe1J, MF. 
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Table 12. Coefficients, t values and significant values of step-wise regression results by 

using pressure sensors variables as predictors of subjective fit rating 

 

Model Unstandardized Coefficients 
Standardized 
Coefficients t Sig. 

 B Std. Error Beta   
1 (Constant) -2.043 2.044  -1.000 .321 
 Toe1J -2.620 .625 -.422 -4.189 .000 
2 (Constant) -10.285 3.469  -2.965 .004 
 Toe1J -2.725 .600 -.439 -4.541 .000 
 MF .597 .208 .278 2.878 .005 

 
Dimensional differences and Pressure: 
When using both the dimensional differences and the pressure for prediction, a final 

equation with a higher R square (R2 = 0.626) was obtained (table 13). Three of the five 
dimensional differences were entered in the equation: heel breadth, Ball girth circumference 
and foot length. For the pressure data, pressure of the MF (metatarsal fibulare) and M cal 
(medial calcaneous) were entered in the equation (table 14).  

 
Table 13. Summary of step-wise regression results by using dimensional difference and 

pressure sensors as predictors of subjective fit rating 

 

Model 
Variables 
Entered 

Variables 
Removed R 

R 
Square 

Adjusted R 
Square 

Std. Error of 
the Estimate 

1 Toe1J . .517(a) .267 .255 13.11210 
2 MF . .629(b) .396 .376 12.00389 
3 Heel breadth . .670(c) .449 .421 11.56204 
4 Ball Girth 

Circumference . .714(d) .510 .477 10.98635 

5 M_cal . .740(e) .547 .508 10.65697 
6 . Toe1J .731(f) .534 .503 10.71514 
7 Foot length . .791(g) .626 .594 9.68005 

a Predictors: (Constant), Toe1J 
b Predictors: (Constant), Toe1J, MF 
c Predictors: (Constant), Toe1J, MF, H_breadth 
d Predictors: (Constant), Toe1J, MF, H_breadth, BG_Circ 
e Predictors: (Constant), Toe1J, MF, H_breadth, BG_Circ, M_cal 
f Predictors: (Constant), MF, H_breadth, BG_Circ, M_cal 
g Predictors: (Constant), MF, H_breadth, BG_Circ, M_cal, F_length. 

 
The regression equation by using dimensional difference and pressure sensors as 

predictor of subjective overall fit is: 
 
Subjective overall fit = 22.811 + 0.443 (MF) + 2.62 (Heel Breadth) + 0.680(Ball Girth 

Circumference) – 2.962 (M Cal) – 1.286 (F Length)  
 
R2 = 0.626 (adjusted R2 = 0.594) 
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Table 14. Coefficients, t values and significant values of step-wise regression results by 

using dimensional difference and pressure sensors as predictors of subjective fit rating 

 
Model 
 

Unstandardized 
Coefficients 

Standardized 
Coefficients t Sig. 

 B Std. Error Beta   
1 (Constant) .500 2.351  .213 .832 
 Toe1J -3.668 .771 -.517 -4.756 .000 
2 (Constant) -10.700 3.781  -2.830 .006 
 Toe1J -3.817 .707 -.538 -5.396 .000 
 MF .777 .216 .359 3.602 .001 
3 (Constant) -7.688 3.853  -1.995 .051 
 Toe1J -3.003 .761 -.423 -3.945 .000 
 MF .641 .215 .296 2.975 .004 
 Heel breadth 1.066 .444 .263 2.398 .020 
4 (Constant) .620 4.760  .130 .897 
 Toe1J -2.354 .761 -.332 -3.092 .003 
 MF .481 .213 .222 2.262 .027 
 Heel breadth 1.462 .446 .361 3.275 .002 
 Ball Girth 

Circumference .480 .176 .272 2.730 .008 

5 (Constant) 3.241 4.773  .679 .500 
 Toe1J -1.176 .917 -.166 -1.283 .205 
 MF .419 .208 .194 2.009 .049 
 Heel breadth 1.759 .454 .434 3.872 .000 
 Ball Girth 

Circumference .505 .171 .286 2.957 .004 

 M_cal -1.673 .771 -.240 -2.169 .034 
6 (Constant) 4.558 4.687  .973 .335 
 MF .346 .202 .160 1.715 .092 
 Heel breadth 2.088 .377 .515 5.537 .000 
 Ball Girth 

Circumference .569 .164 .322 3.463 .001 

 M_cal -2.259 .625 -.324 -3.616 .001 
7 (Constant) 22.811 6.422  3.552 .001 
 MF .443 .184 .205 2.406 .019 
 Heel breadth 2.620 .369 .646 7.108 .000 
 Ball Girth 

Circumference .680 .151 .385 4.497 .000 

 M_cal -2.962 .594 -.425 -4.985 .000 
 Foot length -1.286 .340 -.359 -3.781 .000 
 
 

DISCUSSION 
 
The purpose of this study was to find out the relationship between the three variables: 

subjective fit rating, foot-last size difference and pressure distribution of foot-shoe interface.  
To my knowledge, this is the first study that tried to use both size and pressure 

distribution as the predictors of subject overall fit of footwear. 
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Subjective Fit Rating 
 

Reliability of the Fit Questionnaire 

Pearson correlation coefficient and ICC were applied to examine the reliability of the fit. 
It was a usual practice for researchers to use Pearson Correlation to test the reliability of a 
questionnaire. However, recent research has questioned using correlational methods as a 
measure of test retest reliability. Correlation is good at comparing deviations from the mean 
on two measurements, but it is not sensitive to changes in the means of the scores (Vincent, 
1999). Therefore ICC was also used in this study to ensure the reliability of the questionnaire. 
ICC of the questionnaire fell within moderate to high in both standing and walking condition. 
Similar to the finding of Mundermann and colleagues (2002), the reliability of VAS and a 
protocol with a control condition to assess footwear fit was good. The satisfactory reliability 
of the present study allowed the application of the fit questionnaire for fit assessment in the 
present study. 

There were large variations in test retest correlation in fit assessment between individuals 
(table2). As suggested in Mundermann et al‘s study (2002), it may be due to the low foot 
sensitivity of some individuals. Different individual has different sensory threshold to 
pressure stimuli of the foot. The foot shod contact causes an input signal into the body. The 
input signal into the system will be modified according to the change in size of the shoes. If 
the modified input signal is above threshold in some individuals but below the threshold in 
some individuals, differences in fit perception will be result. 

Another reason for that may be due to change of foot sizes at different time of the day or 
in different day. The foot size of an individual is smaller in the beginning of the day than the 
end of the day. Therefore it is understandable that the fit perception of the shoe change along 
with the foot size.  

Besides, it is possible that some individuals are initially not able to use VASs in a reliable 
way (Mundermann et al., 2002). The repeatability was found to improve if they were allowed 
to fill in the questionnaires in more sessions and it was suggested to use four to six 
assessments sessions. However, as there were only two sessions included in the present study, 
it is thus understandable that some individuals might have low repeatability in filling in the 
VAS questionnaire. 

To sum up, the overall satisfactory reliability justifies the use of the questionnaire as the 
accurate measurement of subjective fit rating in the present study. 

 
Fit Rating 

Although significant difference was only found in forefoot fit rating between shoe 3 and 
shoe 4, shoe 3 was rated the best in average in the overall fit, forefoot fit, mid foot fit and 
rearfoot fit. The result showed that shoe 3 fitted the subjects best in this study. The negative 
fit rating of the other test shoes reflected the general sense of tightness of the test shoes felt by 
the subjects. Shoe 3, which scored less negative then the other test shoes showed that it was 
rated as less tight by the subjects. When we looked at the shoe last information of shoe 3, it 
was found to have the largest foot length, ball girth circumference, foot breadth and heel 
breadth.  
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When we compared shoe 3 with shoe 4, the instep circumference of shoe 3 is 4.5mm 
larger. The difference is the largest among the test shoes in term of instep circumference and 
it accounts for significant difference found in forefoot fit rating between the test shoes. 

The difference between last 3 and the other shoe lasts were within 3 mm in all the 
dimensions but yet, the small differences were proven to have an impact on the subject 
subjective fit perception. The result shows the sensitivity of the foot to the dimensions 
changes of the shoes which was within a few millimeters.  

 
 

Size 
 

Foot Shape 

Five foot shape parameters were examined in the study: foot length, ball girth 
circumference, foot breadth, instep circumference, heel breadth. The average foot length and 
foot breadth of the subjects in the present study were found to be 262.08mm and 105.14mm 
respectively. Hawes et al. (1994) found that Japanese and Korean with foot length smaller 
than 265.7mm had the foot breadth average of 102.5mm. For the North American with the 
same range of foot length, they had the foot breadth average of 99.1mm. Chantelau and Gede 
(2002) found that individuals with foot length between 263mm-265mm had the foot breadth 
between 97mm-101mm. When compared the foot shape of the subjects in present study with 
those found previously, subjects in this study had wider foot breadth in general.  

 

Dimensional Difference 

The average foot shoe-length difference was 12.27mm (3.2-19.7 mm). All the subjects 
have the foot size smaller than that of the shoes. This result was expected to be due to the 
selection criteria of the foot size of the participants, those who had foot size larger than that of 
the last would not have been invited to the study.  

The average shoes breadth and foot breadth discrepancy in the present study was -
10.22mm. The negative value indicated that breadth of the shoe were smaller than the feet. 
The dimensional differences here was greater than that found by Menz and Morris (2005) 
which was -7.27mm for outdoor footwear; but smaller than that found by Frey et al (1993) 
which was 12mm. According to the recommendation made by Tremaine and Awad (1998), a 
shoe with proper fit should be equal or no more than 6.25mm (0.25 in) less that the fore-foot 
width. Therefore the shoes used in the present study might be regarded as too narrow or unfit 
to the participants. In addition, ball girth circumference and heel breadth also showed a 
negative discrepancy when compared the foot data with the shoe last. 

There is no universal agreement of the definition for footwear fit. Although there are a lot 
of guidelines available, most of which have not been validated. Menz and Morris (2005) 
defined incorrect size as at least half a British shoe size too small or too large. Nixon and the 
colleagues (2006), on the other hand, defined inappropriately sized footwear as a shoe size at 
least one full size too large or too small by using a foot size measuring device. However, a 
proper fit of footwear should also put subjective feel of fit into consideration. Therefore it is 
not possible to assess footwear fit only by looking at the dimensional difference between the 
shoes and the foot. One would expect to know the function of the shoes, the activity they 
perform before making the conclusion.  
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Correlation with Subjective Fit 

No substantial relationships were found between size difference at a particular region and 
subjective overall fit because size differences at different foot regions contribute together to 
the overall fit rating. In addition, overall fit perception is a subjective measure that involves 
individual preference of the shoe tightness and looseness (Kouchi et al., 2005). That explains 
the low correlation found between ball girth circumference, foot breadth, instep 
circumference and the subjective fit rating(r =0 .253, 0.301 and 0.284; p<0 .01). 

As a result, it is interesting to find a moderately strong correlation between heel breadth 
(r = .478, P < .01) and subjective fit rating, which is greater than that of the other foot regions 
mentioned above. Au and Goonetilleke (2007) reported the distributions of 186 responses of 
the importance of fit rating at different foot regions of comfortable and uncomfortable shoes 
ladies‘ dress shoes. The majority of fit ratings were in the MPJ region (25.3%) and Toe region 
(21.0%). Rear-foot region accounted for 16.7% which was relatively less than the above 
regions. The result of Au‘s study showed that people would rate the fit in MPJ region (foot 
breadth) as more important than rear – foot region (heel breadth). 

The different results found showed the disagreement between subjective measurement 
and objective measurement of fit rating. One might perceive MPJ region as more important in 
influencing the overall fit but in fact, the rear foot region related more to the overall fit rating. 
This interesting finding calls for further investigation in the topic. One of the reasons 
suggested here is the rigidity of the rear foot part of the shoes. In the present study, the fore 
and mid part of the shoes allowed certain adjustment by the shoe laces. The rear part of the 
shoes, on the other hand is not adjustable. After the adjustment of the shoe lace, one may 
perceive the fore part of shoe as more fit. At a result, the correlation between the subjective fit 
rating and the dimensional difference of the fore part of the shoes was reduced.  

No significant relationship was found between the dimensional difference of foot – last 
length and the subjective fit perception. This finding contradicted the wisdom of the 
contribution of shoe length in footwear fit. The sizes of the subject‘s foot were controlled 

within 25.5cm – 27.5cm and the actual foot sizes ranged between 25.51cm-27.06cm. Such 
screening prevented extreme unfit condition caused by improper foot length thus reduces the 
sensitivity in detecting the correlation. 

In an attempt to find out how much dimensional difference can explain the variance of 
subjective overall fit, stepwise regression was applied. Heel breadth and ball girth 
circumference were input in the equation and the resulting R square was found to be small (R2 
= 0.307). Only 30% of subjective fit rating can be explained by foot-last dimensional 
difference which is small for satisfactory prediction. 

This result was expected due to the absence of strong correlation between dimensional 
difference and subjective fit rating. Contradicting the result of a similar study conducted by 
Witana and colleagues (2002), regression equation with high R square (R2 = 0.8247) was 
found. One of the reasons accounting for the difference might due to the manual alignment of 
the foot and shoe lasts. In Witana and colleagues‘ study (2002), the foot outlines were aligned 
with each of the respective last outlines using the heel centerline and the measured end 
distance between shoe and foot. This alignment, however was not done in the present study.  

Furthermore, it was suggested that the perception of fit was significantly affected by 
experience (Kouchi et al., 2005). The personal preference of tightness of the shoes reduced 
the predictive power of dimensional difference which results in making generalization of the 
result difficult. 
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Pressure 
 
Greater pressures were generally added on the lateral side of the foot as it was shown in 

the larger average pressure applied at MF and Toe 5 Joint (Figure 17). This may be due to the 
protruding shape of the metatarsal fibula and the toe 5 joint. The contact of those areas with 
the shoe produced pressure. Thus it is reasonable to see the relatively smaller average 
pressure in shoe 3 which is, in average larger then the other test shoe. However, despite the 
observable variations of the pressure between the foot-shod interface, it wasn‘t great enough 

to demonstrate significant difference between the shoes. 
Most of the significant correlation of subjective fit rating and pressure were found to be 

negative. The result implies that tightness of the shoes accompanies poor fit sensation of the 
subject. The correlation is stronger at the position of Toe 1 joint and toe 5 joint. However, 
opposite result was found at MF, where fit was directly related to pressure. The result showed 
that sensation of tightness varied from location to location. One may prefer a pair of shoes to 
be tight at certain position but not another. This result is in coherence with the finding of Au 
and Goonetilleke (2007). 

When examining forces and pressures at the foot-shoe interface using pressure as the 
measuring device, one might suspect that the presence of the pressure sensors themselves 
could influence the parameters that were being considered. The high test and retest correlation 
of the subjective test measurement, however, provided a proof that the presence of pressure 
sensors may not influence the subjective fit measurement. 

Similar to dimensional difference, stepwise regression was applied to examine how much 
variance of subjective overall fit can be explained by pressure. MF and toe 1 Joint were input 
in the equation. The resulting R square was found to be 0.237 showing that around 23% of 
subjective fit rating can be explained by foot-shod interface pressure measurement. The 
smaller R square of pressure suggests that dimensional difference is more capable in 
explaining subjective fit than that of pressure.  

Pressure measurement, unlike dimensional difference which can provide real time 
pressure data while footwear fit is being assessed. However, the incapability of pressure 
sensors in measuring shoe looseness reduces their prediction power of fit rating. Pressure 
sensors, in one hand is very sensitive in measuring shoe tightness when the foot-shod 
interface is in contact. But on the other hand, once the foot is not in contact with the foot, the 
pressure sensors fail to detect the extend of looseness.  

 
 

Dimensional Difference and Pressure 
 
In order to improve the predicting power of the objective measures to the subjective fit 

measurement, both dimensional difference and pressure were input in the stepwise regression. 
The resulting regression equation was found to have a R square of 0.626 showing that 62.6% 
of subjective fit rating can be explained by using dimensional difference and foot shod 
interface pressure together. Four of the five dimensional differences were entered in the 
equation: heel breadth, Ball girth circumference, medial calcaneous and foot length. For the 
pressure data, pressure of the MF was entered in the equation. 

The predicting power of the objective measures have increased twice from using solely 
dimensional difference (R2 = 0.307) or solely pressure sensor (R2 = 0.255) to using both 
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measures together (R2 = 0.626). Despite only one pressure value was included in the 
regression equation. 

The result of the present study shows that by using 2 objective measures: dimensional 
difference and pressure sensors at the same time can improve the explained variance of 
subjective fit rating. 

 
 

Subjective Fit and Objective Measures 
 
Footwear fit is a controversial topic which is under the interest in the field of sport 

biomechanics. Researchers have tried to quantify footwear fit by many methods. The biggest 
challenge we are facing is the difficulty in quantifying footwear fit as ‗right fit‘ or 

compatibility is generally unknown in many circumstances. As stated in Witana and 
colleagues (2004) study, foot-shoe fit depends on many factors. Time of day, activity 
performed will also influence the fit perception. As a result, footwear purchased at some time 
on one day may not be as fit at another time of the day. Therefore, the role of subjective fit is 
always downplayed especially by the professional in sports biomechanics. However, due to 
the important role that footwear fit is playing in footwear comfort (Mundermann et al., 2003), 
foot health and sports performance and which subjective perception should be one of the 
determining factors.  

However, not everyone has the precision sense to judge the footwear fit e.g. diabetes 
patients, elderly and children. It is necessary to develop reliable objective measures in order 
to predict or to estimate the subjective footwear fit.  

Previous studies provided a lot of guidelines in footwear selection in order to ensure fit. 
Some researchers have also tried different objective measures like foot scanning, foot-shoe 
dimensional difference, pressure sensors to find out footwear fit. More attention has been put 
in subjective fit rating nowadays. Many studies are now undergoing to explore the feasibility 
to use different device to explain subjective footwear fit (Dewan et al., 2004; Gheorghiu et 
al., 2004; Nacher et al., 2004; Witana et al., 2004). Many of which are of preliminary state of 
exploration and seldom did these studies try using two kinds of objective measures at the 
same time. Although the subject group in this study was not the target group we are focusing 
on, it should be treated as the preliminary study for the application of measuring methods. 
Therefore, result of the present study is very encouraging and it also gives us insight in future 
footwear fit research direction. 

 
 

CONCLUSION 
 
This study examined the relationship of subjective rating and objective measures of 

footwear fit by using dimensional difference and pressure sensors. Stepwise regression was 
applied to find out the amount of explained variance that objective measure(s) could account 
for the subjective fit rating. 

Result showed that using dimension difference alone accounted for 30.7% of subjective 
fit and 25.5% by using solely pressure sensors. When both objective measures were entered in 



Applying Pressure Sensors and Size Differences… 349 

regression, R square increased to 62.6%. This indicated using two objective measures at the 
same time increased the predictive power of subjective fit rating. 

Dimensional difference and pressure sensors were able to compensate the limitations and 
restrictions of one another which resulted in an increased predicting power of subjective fit 
rating. 
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Abstract

Usually, biomechanical models used for human motion analysis are oversimpli-
fied, especially for clinical analyses (e.g. Helen Hayes model). The calculated net
joint forces and torques are sensitive to the input data: segment kinematics and body
segment inertial parameters. It is therefore necessary to improve these input data us-
ing new methods and models adapted to the population and movement of interest. The
general problem is divided into three parts: (i) minimization of soft tissue artefacts,
(ii) joint centre location and (iii) identification of the personalized body segment pa-
rameters.

1 Introduction

In sports and clinical biomechanics, most of the analyses are based on the joint kinematics
and kinetics using force sensors e.g., force platform) and motion analysis systems. Since
the optoelectronical motion analysis systems measure only the spatial coordinates of targets
put on the skin, several steps — calculations and assumptions — are involved in the dynam-
ical analysis of the movement. In the eighties, three-dimensional (3D) kinematical models

∗tony.monnet@univ-poitiers.fr



appeared for gait analysis using a few markers [28, 39] ; these models and their marker sets
have been progressively adopted as standard models by motion analysis software (e.g., Vi-
con Polygon and OrthoTrack from Motion Analysis Corporation) to automate the process
from the marker capture to the joint torque calculation and some interactive multimedia
reports.

Figure 1: Helen Hayes model in [28].

Helen Hayes model (Figure 1) for example was proposed with a minimal set of markers
and assumptions about the lower-limb joint centres. Fifteen markers are needed for captur-
ing the lower-limbs (seven body segments) and then calculating the kinematics and kinetics.
This model is still widely used for two main reasons: the markers are easy to track in a 3D
space with optoelectronical motion analysis systems [64] and a large database has been ob-
tained from this model. In gait analysis, one of the goals is to discriminate between normal
and pathological gaits and to assess changes in dynamics over time. Due to the error magni-
tude widely quantified by the literature [11, 17, 29, 38], these simplest models are suitable
for movie or video game motion capture. To some extent, they can identify intra-subject
changes between various conditions and large inter-subject or population differences, since
some assumptions (joint centre locations, inertia parameters) can affect differently two sub-
jects or two populations. In applied biomechanics or research fields using human movement
measurement tools (e.g., motor control), motion analysis systems combined with analysis
software are sometimes used as an ”intelligent black box” where the marker placement,
height and body mass are the input and the joint angles and torques are the output. How-
ever the relationship between marker coordinates and joint torques is not so obvious; it
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appears indirectly in the motion equation. Using the Newton-Euler formalism proposed by
[5], the equations of motion for one segment of a serial chain read:

m1 (r̈P1 − g) + 1
0R̈

(
m1c

(1)
1

)
= F, (1)

[
(r̈P1 − g) ⊗ m1c

(1)
1

]
1
0R

T − 1
0R

[(
m1c

(1)
1

)
⊗ (r̈P1 − g)

]
+

1
0R̈ K

(1)
P1

1
0R

T − 1
0R K

(1)
P1

1
0R̈

T
= MP1 , (2)

the details of the notations are presented in the second part of this chapter (3.1).
The matrix of rotation (10R) is sensitive to the marker positions. It respects, as much

as possible, the anatomical axes of the segment to describe the joint kinematics and ki-
netics in line with the functional anatomy e.g. flexion-extension, abduction-adduction and
mediolateral rotations). Additionally, Equations 1 and 2 show that the joint efforts appear
to depend linearly on to the mass (m1), the first order moments ( m1c1) and the matrix of
inertia (KP1 ).

In parallel to the use and abuse of these models for any kind of movements and popu-
lations, modeling research and tools have progressed. Nowadays, with the improvement in
resolution of the motion analysis systems, increasing the number of markers is no longer a
problem. Hundreds of markers can be tracked and identified in real time with a high degree
of accuracy; medical imaging devices ( e.g. full-body CT scan, DXA) are used to esti-
mate the segment inertial parameters and the human body models become more and more
realistic, e.g. introduction of wobbling masses [52] or splitting the foot in subsegments
[58].

A first source of uncertainties is the skin movement artefact that affects the skeletal
kinematics. Recently, methods and protocols have appeared for estimating the soft tissue
artefact or the effect of wobbling masses by placing multiple markers on the body segments
(Figure 2a). In their paper, Stagni et al. [62] evidenced that soft tissue artefact is subject-
and task-specific, and that critical errors are propagated on knee kinematics. In a recent
paper, Monnet et al. [46] proposed a method for determining the most deformed markers
and the lesser one on the thigh (Figure 2b). A set of 26 markers was placed on the thigh and
the most deformed markers were iteratively eliminated until only three markers remained.
First results of this study highlight that the worst markers are located on the medial part of
the thigh (1-2, see Figure 2b) or close to joints: the greater trochanter (17, see Figure 2b)
and above the patella (10, see Figure 2b). These recent papers have a direct application for
the joint centre estimation using functional methods [32]. These methods consist in locating
the joint centre from the kinematics of the adjacent segments. Functional methods are not
commonly implemented and predictive methods are still used in many research studies and
in clinical settings. For human hip joints, predictive approaches have been shown to be
accurate to approximately 20 mm when compared with X-ray measurements [10, 50]. The
main purpose of the functional methods is to improve this accuracy whatever the marker
placement and the subject morphology.

The second source of uncertainties concerns the body segment inertial parameters. They
are commonly estimated using regression equations of proportional anthropometrical mod-
els determined from specific populations e.g. Bulgarian [51], Caucasian [68]). Recent
papers in this field aim at proposing new and more accurate approaches for estimating
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[a] Quantification of soft tissue
artefact [62].

[b] Determination of the most deformed markers [46].

Figure 2: Redundant set of markers for [a] the quantification of soft tissue artefact or [b]
the determination of the most deformed markers.

subject-specific body segment inertial parameters. Most of the times, they consist in the use
of medical imaging [4, 42, 67] and cannot be used easily and widely for sport or clinical
analysis.

This chapter aims at describing recent techniques for optimizing the segmental kinemat-
ics and identifying subject specific inertia parameters. Both parts are introduced by a short
state of art to further explain the limitation of a standard protocol and present a range of
solutions proposed in the literature. This chapter is concluded by a few recommendations.

2 Kinematics

To analyse the 3D kinematics of the skeleton, local systems of coordinates should be as-
sociated with each segment. Local systems of coordinates are defined using anatomical
landmark and joint centre locations [19, 20] to interpret the joint kinematics according
to the functional anatomy. Most of the time, anatomical landmark positions are located
by placing reflective markers on the skin above bony prominences. These markers are
called anatomical markers while markers put elsewhere on the segment are called technical
markers. Another approach has been proposed for locating anatomical landmarks because
anatomical markers close to the joints are highly sensitive to soft tissue artefacts [18, 20]
(e.g. anatomical marker corresponding to the greater trochanter). This alternative method
is called the Calibrated Anatomical System Technique (CAST, [17, 19]): anatomical land-
marks are pointed using a wand composed of at least two markers with a known position
relative to the tip. The location of the anatomical landmark, i.e. the wand tip, may be de-
termined in the laboratory-fixed systems of coordinates and then in a corresponding local
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system of coordinates using the technical markers. These technical markers can be put all
over the segment, specially far from joints and large soft tissues areas. Consequently their
kinematics are less affected by skin movement artefact [20].

Concerning the joint centres, they are located through predictiveor functionalmethods.
The glenohumeral and the hip joint centre locations are far from the skin surface and thus
difficult to locate from bony landmarks. However they are of many interests because these
locations are required to define humeral and femoral local systems of coordinates. The pre-
dictive approach is based on regression equations: of the scapula geometry for estimating
the glenohumeral joint location, of the pelvis geometry for the hip joint location (Figure
3). Equations of regression can be found in Bell et al. [10] for the hip joint centre and in
Meskers et al. [45] for the glenohumeral joint centre. This approach is mainly affected by

TS

AI

AA

BAPC

RPSIS

RASIS

LPSIS

LASIS

SP

Figure 3: Anatomical landmark positions for locating the glenohumeral joint centre (AA:
Angulus Acromialis, AC: AcromioClavicular joint, AI: Angulus Inferior, PC: Processus
Coracoideus, TS: Trigonum Spinae) and the the hip joint centre (ASIS: Anterior Superior
Iliac Spine, PSIS: Posterior Superior Iliac Spine, SP: pubis symphysis) from regression
equations.

errors on anatomical landmark calibration and by the regression uncertainties that are spe-
cific to a given population [27]. Furthermore reflective markers need to be stuck on specific
bony landmarks with accuracy. Hence for pathological subjects with skeletal deformations,
predictive approaches are not suitable. Among the functional methods (e.g. SCoRE [32],
SARA[33], Helical Axis[69]), none of these has definitively shown a superiority. Several
parameters affect the location like the type of the movement ( i.e. flexion/extension, abduc-
tion/adduction, circumduction) and the nature of movement (velocity and range of motion)
[7]. The work of Begon et al. [7] is based on experimental and simulated data. The simu-
lation is constructed from systematic and random noise model to reproduce skin movement
artefact that showed a cyclic behaviour with the largest deviations observed near the max-
imal flexion or abduction. The nature of the movements offers a compromise between a
variety of postures and the effect of skin movement. The variety of postures obtained by
using different types of movement is always positive in terms of accuracy (Figure 4).

Since in each study participants perform different movements, the comparison and rank-
ing of functional methods remain difficult. Of course, the precision and accuracy of these
approaches depend mainly on the quality of the kinematical data. A Recent paper haa
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Figure 4: Graphical representation of the multiple comparison procedure of the nested
ANOVA. The standard error of the estimated means was calculated using Tukey’s post hoc
test. The nature of the movement, the nature-type interactions and the nature-type-cycles
interactions were tested successively. Two means were considered to be significantly differ-
ent when their intervals did not overlap, and were considered as not differing significantly
when their intervals overlapped (p < 0.01) [7].

shown that the Symmetrical centre of Rotation Estimation ( SCoRE) algorithm is better
than the Helical Axis method which is recommended by the ISB [48] because SCoREal-
gorithm is not affected by slow velocities. Therefore its precision can be improved using
minimization method for determining the kinematics [8]. Much research has been done and
is still going on to improve the accuracy of functional algorithms that determine optimal
joint centre location. However, there is a lack of research in whether the obtained locations
can be used accurately and effectively when analysing subsequent human movement, spe-
cially where the noise from soft tissue deformation is substantially different from the trials
used to determine the optimal location. A few studies have been focused on this part of the
biomechanical analysis [57, 8].

Soft tissue artefact can also be reduced using optimization methods. Human kinetics
calculation is often based on multibody dynamics assuming pin joints without translation.
However with at least three markers, each body segment can be considered independently
of the proximal one and will have three degrees of freedom in rotation and three degrees of
freedom in translation. This results in apparent joint dislocation. To reduce this problem
and the skin movement artefacts, Lu and O’Connor [44] proposed a global optimization
procedure with a chain model, i.e. the degrees of freedom at each joint and the segment
lengths are previously defined from the joint centre locations. The positions of the reflec-
tive markers are calculated in the local frames of the corresponding segments and a global
optimization solves a multi-target inverse kinematics problem for the body configuration.
This method has been successfully applied to computer simulated movements of the lower-
limbs [44] and the upper-limbs [59]. Thereafter Begon et al.[9] have shown the interest
of this method for movement with unsolvable simulation and for occlusions. Global op-
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timization provides a great opportunity to design optimal marker sets to minimize skin
movement artefact, because less than three markers are needed on each body segment and
the noisy markers can be removed. This global optimization method can also be improved
by a Kalman smoothing filtering [30]. For an accurate analysis of the joint kinematics, the
joints cannot be modelled as hinges or ball and sockets. In this case, the global optimization
method becomes less interesting compared with a local approach.

The marker placement can follow the ISB recommendations on the definition of joint
coordinate systems or be placed over joints. The segment orientation is based on anatomical
landmarks indirectly measured. In this chapter, we prefer to associate the CAST protocol
with the functional method for locating joint centre. The main advantage is to minimize soft
tissue artefact by putting technical markers far from joints. Furthermore, several studies
have highlighted that using more than three markers per segment is a good way for mini-
mizing noise and soft tissue artefacts [8, 23, 70]: the segment kinematics is then calculated
using minimization methods. However, these methods are not widely used in biomechanics
specially in clinical analysis where two markers per segment can be used while the third
one is a virtual marker and comes from assumption about joint centre locations.

The first section (2) of this chapter deals with the effect of using a redundant marker set
(n > 3) for locating joint centre. The functional method is presented (2.1.1) and then the
optimization method (2.1.2) for calculating rotation and translation from several markers
is detailed. Examples obtained for the thigh and the upper-limb kinematics highlight the
benefit of such an approach (2.2 and 2.3).

2.1 Method

2.1.1 Functional method for locating joint centre

The method for locating joint centres will be applied to various joints; the first example
concerns the hip joint centre. The positions of hip joint centre with respect to ( wrt) the
local reference frame of the pelvis BP and wrt the local reference frame of the thigh BT

are constant and denoted u and v, respectively (Figure 5). The matrix RP (RT ) is the
rotation between BP (BT ) and the global reference frame B0 and is calculated from the
coordinates of the six markers Pi (Ti) using the optimization procedure described in the
following section. The vector pP (pT ) is the translation from B0 to BP (BT ). For each
frame f , we have the equality:

[
fRP −fRT

]
︸ ︷︷ ︸

3×6

[
u
v

]

︸︷︷︸
6×1

=
[
fpT − fpP

]
︸ ︷︷ ︸

3×1

. (3)

The vectors v and u can be found with at least two different configurations. But more
configurations would be desirable because of noise. The vectors u and v are therefore
estimated in a least square sense:

[
u
v

]
=

(
BT B

)−1
BT C, (4)
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Figure 5: Markers positions and vectors used in the SCoREmethod. Vector u is the position
of hip joint centre wrt BP and vector v is the position of hip joint centre wrt BT .

with

B =




1RP −1RT
...

...
nRP −nRT




︸ ︷︷ ︸
3n×6

, (5)

and

C =




1pT − 1pP
...

npT − npP




︸ ︷︷ ︸
3n×1

. (6)

For an accurate estimation of the joint centre location, this equation highlights the impact
of the rotation matrix (RP , RT ) and translation vectors pT , pP for each segment. The
purpose of the following section is to propose an optimization method for determining
these parameters.

2.1.2 Rotation matrix optimization

Usually, rotation matrix of each segment is computed with three markers, that is the mini-
mum. However, in order to limit the uncertainty associated to the motion analysis system
and to minimize soft tissue artefact, a few authors have presented optimization methods
for calculating rotation matrices with more than three markers [21, 22, 66, 70]. Another
method coming from mathematics [14] has the advantage to not using square root or in-
verse operation. This method is detailed in the following paragraphs.
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x0
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qi

Figure 6: Vector definition for one segment-embedded reference at two times ( t1 and tn).

All the notations refer to Figure 6. The first step is to calculate the rotation of segment
S1 at time t1 with respect to B0 (t10 R). The rotation matrix t1

0 R between B1 and B0 is:

t1
0 R =

[
x y z

]
, (7)

where

x =
rM2(t1) − rM1(t1)

‖rM2(t1) − rM1(t1)‖
, (8)

z = x× rM3(t1) − rM1(t1)
‖rM3(t1) − rM1(t1)‖

, (9)

and

y = z × x. (10)

In the second step, the rotation matrix R is the rotation of the segment S1 from tn to t1:
R = tn

t1
R. The rotation matrix of the segment is such that pi = Rqi + v and ai = Rbi. R

can be found by maximizing the following function [23]:

tr

[
1
n

n∑

i=1

(
biaT

i

)
R

]
= tr

(
CT R

)
, (11)

(tr represents the trace operator) with

C =
1
n

n∑

i=1

(
biaT

i

)
, (12)
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ai = rMi −
1
n

n∑

i=1

rMi (13)

and

bi = rMi −
1
n

n∑

i=1

bMi . (14)

In the present chapter, a procedure different to that proposed in [23] is implemented for
calculating R without use of the square root or inverse operations based on the work of [14].
Firstly, the symmetric part of C and the quadrivector w associated to the skew symmetric
part of C are computed as

S =
1
2
(C + CT ) (15)

and

j(w) = C − CT , (16)

where j(w) is the skew-symmetric mapping defined by: j(w)v = w × v. To the 3 × 3
matrix C is associated the 4 × 4 matrix Q,

Q =
[

2S − [tr(S)] 13 w
wT tr(S)

]
. (17)

Any rotation can be expressed by the formula:

R =
(
m2

0 − m.m
)
13 + 2m.mT + 2m0 [j (m)] , (18)

with m.m + m2
0 = 1 and m0 > 0 (13) is a 3 × 3 identity matrix. To the rotation R is

associated the quadrivector Y [61]:

Y =
[
m
m0

]
. (19)

With the association of Qand Y to C and R the expression for tr(CT R) in Equation 11
becomes:

tr
(
CT R

)
= Y.QY. (20)

The problem formulated in Equation 11 is now to maximize:

φ(Y) =
Y.QY
Y.Y

(21)

The conjugate gradient iterative algorithm is then applied [15]:

• Initialise Y0, W0 = G0 = (gradφ) (Y0)

• While Gi > ε
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- Search for µi maximizing φ (Yi + µWi)
- Compute Yi+1 = Yi + µiWi

- Compute Gi+1 = (gradφ) (Yi+1)

- Compute λi+1 = Gi+1 .(Gi+1−Gi)
Gi .Gi

- Determine the new search direction Wi+1 = Gi+1 + λi+1Wi

• end

In this algorithm, G and µ are calculated by the formulae:

G =
2

Y.Y
[QY − φ(Y)Y] (22)

and

µ =
−β −

√
∆

2α
. (23)

In these formulae,

α = (Y.W)(QW.W)− (QY.W)(W.W), (24)

β = (Y.Y)(QW.W)− (Y.QY)(W.W), (25)

and

∆ =
(

1 − (Y.W)2

(Y.Y)(W.W)

)
β2 + 4(Y.Y)(W.W)

[
QY.W− (Y.W)

(Y.Y)(W.W)
(Y.Y)(QW.W)+ (W.W)(QY.Y)

2

]2

. (26)

The rotation matrix tn
t1

R is then calculated from the solution (the quadrivector Y) of the
gradient algorithm with Equation 18. In a third step, at each instant of time the optimized
rotation matrix tn

0 R between Bn and B0 is:
tn
0 R = t1

0 R tn
t1

R (27)

In current biomechanical analysis, the rotation matrix is calculated with three markers
using Equations 7 to 10 at each instant of time and the translation vector is the position in
the global reference frame of coordinates of one of these three markers:

t = rMi . (28)

Whereas in the optimal methods, the translation vector is defined as the mean vector of all
the markers fixed on the segment:

t =
1
n

n∑

i=1

rMi . (29)

To summarize, the conjugate gradient iterative algorithm proposed here calculates the
rotation between two orientations of the segment without square root or inverse operations.
The orientation of the segment is then recalled in the global reference frame with Equation
(27).
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2.2 Effects of the rotation matrix on the kinematics

To illustrate the benefit for calculating the rotation matrix from a redundant marker set, a
movement was simulated with a noise added to a reference kinematics. The artificial noise
included random and continuous components, it was designed to reproduce skin movement
artefact plus measurement errors (see [7] for details). The rotation matrix was then calcu-
lated from the simulated data (reference) and from noisy data with a number of markers
ranging from three to eight. In a paper dealing with the determination of the rotation ma-
trix, Challis [23] proposed to assess the accuracy in the kinematics estimation parameters
by calculating the mean absolute relative difference

(
E

)
between the data from the noisy

kinematics and those obtained from the reference kinematics. The average of the absolute
difference was calculated by the following formula:

E =
1
n

n∑

i=1

∥∥∥∥
V Ci − V Ei

V Ci

∥∥∥∥ (30)

where n is the number of data sample, V Ci is the real value (obtained from the reference
kinematic) and V Ei is the estimated value obtained from the noisy data.

The mean absolute relative difference was calculated on three different sets of kinemat-
ical entities: the nine coefficients of the rotation matrix ( R), the angular velocity vector (ω)
and the nine coefficients of the second time derivative of rotation matrix ( R̈). The effect of
an increased number of markers for calculating the rotation matrix is not very pronounced
when regarding the nine coefficients of the rotation matrix (Figure 7): the mean absolute
relative difference is 0.028 for three markers and drops to 0.011 for seven markers. These
results as those of Challis [23] show that the accuracy increases with the number of markers
and the change in accuracy was most rapid when the number of markers increased from
three to four. We can also observe that the number of markers is not always correlated with
an improvement of the accuracy because an additional marker can give more noise than
extra information. For example from five to six markers, the error drives from 0.0139 to
0.0146. However, this trend disappears with the time derivation. For the angular velocity
and for the second time derivative of the rotation matrix, an increased number of markers is
always related to a better accuracy.

This simulation study was continued with an experimental approach [46]. A set of 26
markers was methodically fixed on the left thigh of a male participant who was asked to
perform several walking trials. The hip joint kinematics were calculated with various com-
binations of three to six markers while a reference kinematics was calculated with all the 26
markers. The marker locations and the effect of using more than three markers were evalu-
ated for flexion-extension, abduction-adduction and mediolateral rotation angles (Figure 8).
From three to six markers the precision increased: from 3.20to 2.20for flexion-extension an-
gle, from 3.18to 2.07for abduction-adduction angle and from 7.33to 3.73for mediolateral
hip rotation angle (reference angles were obtained with the 26 markers). Statistical differ-
ences (ANOVA, p<0.05) were observed between three and four markers, between three
and five markers and between three and six markers for all the axes of rotation.

These results highlight the benefit of using more than three markers for calculating
the rotation matrix. It has a direct impact on the nine coefficients of the rotation matrix.
When hip joint angles are calculated, these results show that the precision is increased
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Figure 7: Mean absolute relative difference for the rotation matrix ( R), the angular velocity
(ω) and the second time derivative of the rotation matrix ( R̈) according to the number of
markers.
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Figure 8: Mean RMS differences of the three angles (flexion-extension, abduction-
adduction and mediolateral rotation from left to right) according to the number of markers
involved.
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with the number of markers. Statistically, the RMS difference is equal for four, five and
six markers. For describing the segment kinematics or for locating joint centre, it appears
that a redundant marker set composed of four or more markers improves significantly the
accuracy and avoid to apply filters on the raw coordinates. The next step will be to define
the precise locations of this markers set.

2.3 Results on joint centre location

For assessing the effects of the marker placement and the number of markers involved in
the rototranslation parameters, joint centres were located using two approaches: the first
approach has consisted in locating the joint centre using the most common way i.e. the
rotation matrices of adjacent segments are calculated from three markers (Equations 7 to
10) and the translation vector is the coordinates of one marker. The second approach has
located the joint centre with the optimal method: the rotation matrix is calculated with
six markers and the translation vector is the centroid of the six markers. Two studies are
presented here [8, 57]. The first one is focused on the shoulder and elbow joint centre
locations with all the combinations of three markers for both proximal and distal segments.
The second study applies the optimal method (rotation matrix and translation vector) for
locating the hip joint centre.

In the first study [57], the authors evidenced that the SCoRE method (as all the func-
tional methods) located differently the joint centre according to the selected three markers
(for both proximal and distal segments) and their order. Results concern the reconstruc-
tion of the joint centres during a fast movement with impact, i.e. a punch. In a first step,
multiple joint centres were estimated from the set-up movement data for all permutations
of three from six markers in both proximal and distal segments. Groups of three markers
that were used to define a local reference frame were called triads. Then, all these solutions
were reconstructed in a global frame during the movement of interest and these locations
were fitted with a 95% sphere of precision. This procedure was performed for the shoulder
and elbow joint centres. Most of the time using three markers ( Mi,j,k), the local systems
of co-ordinates are calculated by Equations (7) to (10). Figure 9 is a two-dimensional ex-
ample to illustrate how the noise associated to each marker can affect the local system of
co-ordinates differently according to the marker order. Since the noise is three-dimensional
and marker-specific, diffences in the joint centre location is up to 44 mm (shoulder) or
56 mm (elbow) for all the permutations of a triad. For some triads the maximum radius is
lower than 15 mm for both joints but never nought (Figure 10). Although solidification [26]
has reduced random error it has dispersed the joint centre locations further apart, especially
along one axis of the elbow. The actual information has also been reduced.

Using only three markers, these results would indicate that determining the joint centre
with an accuracy of greater than approximately 20 mm is unlikely. This result confirms
our affirmation in the introduction, the quality and accuracy of the kinematics is of highest
importance.

It is also pertinent to note that, although the theoretical literature regarding functional
methods relates to hinges or ball and sockets joints, the elbow, knee or ankle are neither
truly hinge nor ball and socket joints. However, as presented in [57], the elbow is not
ideally suited to determine joint centre location. But the SCoREmethod can be applied to
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Figure 9: Effect of the noise associated to one marker (M2) on the joint centre position (JC)
in a two-dimensional case. When the marker order is M1, M2, M3, the error on M2 has no
influence on the joint centre location. When the marker order is M2, M1, M3, the error on
M2 affects the location of the joint centre but does not affect the segment reference frame.
When the marker order is M2, M3, M1, the error on M2 affects both the rotation and the
translation.
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Figure 10: Lateral views of the upper-limb and the 14,400 locations of shoulder and elbow
joint centres for the 1st frame (black lines and dots) and the 220 th frame (grey lines and
dots) of the punch [57].

the elbow joint given that the combined movement from each of the three articulations was
not uniaxial.

The second experimental application is related to the hip joint centre location and has
assessed the effect of using more than three markers for calculating the rotation matrix.
For that, six reflective markers were fixed on the thigh and six on the pelvis (Figure 5).
The subject was asked to perform three slow star-arc movements [16] over a large range of
motion. Hip joint centre was located using the SCoREmethod with all the combination of
three markers on the distal and proximal segment and using one marker for the translation
vector (Classicalmethod). From the same data, hip joint centre was located using all the
six markers and the centroid vector for the translation vector ( Optimal method). As the
order of the markers used to calculate the rotation matrix affects the orientation of the
segment-embedded reference frame [57], for all the permutation of markers in the proximal
and distal segment, a joint centre location was calculated. Like in the previous study, a
sphere of precision was calculated in static and dynamic conditions (during walking) for
the Classicaland Optimalmethods.

In static, the locations of the hip joint centres of the spheres varied slightly with the
method: 3.7 mm (Table 1).

However the radii of the static spheres ranged from 4.0 mm to 43.5 mm and during the
walking trial, the radii of the dynamic spheres increased to 45.6 mm for Classicalmethod
and to 29.9 mm for Optimal method (Table 1). The estimation of an optimal joint centre
location is affected by the number of markers and their placement. However the main
uncertainty comes from the reconstruction of this optimal location in the motion of interest
where only the redundancy of the marker set can provide an accurate location.

2.4 Conclusion

All these results highlight the effects of the numbers of markers involved in the kinematics
calculation, i.e. joint centre locations and angles. Increasing the number of markers is
important for an accurate estimation of the rototranslation matrix.

The rotation matrix of each segment has an impact on the angles determination and on
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Table 1: Location and precision [mm] of the hip joint centre reconstruction for the static
and walking trial using classical and optimal methods [8].

Classical method Optimal method
3*Static location x 115.1 113.0

y 300.5 303.4
z 897.5 898.5

2*Static radius min 40.0 4.0
max 43.5 4.2

2*Dynamic radius min 31.9 15.5
max 45.6 29.9

the joint centre locations when using SCoRE method. Our results show the inter-marker
variability on the kinematics due to soft tissue artefact that cannot be directly measured
without invasive approaches. Soft tissue artefact is defined as markers movement relative
to the underlying bone. Currently only invasive devices and fluoroscopic techniques can
achieve direct measurement of bony segment movement [37]. Error introduced in the joint
centre reconstruction came mainly from the lack of redundancy during the reconstruction
while the optimal joint centre is calculated for numerous frames. Since joint centre cannot
be determined from the motion of interest [54], subjects should perform extra set-up trials
which have different skin movement artefacts than those during the movement of interest.
This is another source of error; the noise has to be minimized in both movements.

The accuracy of the joint centre location is not only due to the number of markers but
also due to the movement characteristics as shown in the results of the first study [57]. Since
the joint centre is obtained by a pseudo-inverse procedure, the redundancy of the movement
is important while the noise remains small. Once the joint centre locations have been de-
termined, a method of reconstructing them during the movement of interest is normally
required. In this second step, the accuracy is not improved by the movement redundancy
because the joint centre is reconstructed in each single frame. The studies of Begon et al.
[8] and Roosen et al. [57] assess this difficult and blank part of the biomechanical anal-
ysis. They recall important principles of human biomechanics analysed using rigid body
mechanics. By in vivo examples they have shown the limits of the solid mechanics for
biomechanics and have proposed methods for improving the accuracy of the kinematics.
Since the human body segments are not rigid, three markers are not enough to calculate
accurately the kinematics. The classical approach for calculating the rototranslation matrix
using three markers (Equations 7 to 10) holds concurrently error on the origin and on the
reference axes. According to the marker placement on the segment and to their order (i.e.
ijk, ikj, jki, jik, kij, kji for markers i, j, k), the joint centre location and the joint kine-
matics will differ. The equality between all the permutations occurs only in one case: the
body is perfectly rigid and there is no noise in the marker coordinates measurement. This
case is impossible in biomechanics. The hypotheses assessed in [8, 57] are not exhaustive
and will be completed in the next future.
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3 Body segment parameters

Are the body segment inertial parameters essential in biomechanics? As said in a recent
paper [55] the influence of body segment inertial parameters for solving the problem of
inverse dynamics is controversial. Some papers reported low importance (< 0.06 Nm.kg-1)
of body segment inertial parameters uncertainties [24, 36, 53] while others demonstrated
the opposite (> 12%) [1, 40, 60]. The difference between these two findings comes mainly
from the movements that each group studied. During walking, low accelerations of lower-
limbs and high importance of the reaction force during step minimize effects due to body
segment inertial parameters on net moments at the hip, knee or ankle joints. While during
other movements [1, 40], specially without contact forces, body segment inertial parameters
show non negligible effects on net moments.

Whatever is our opinion and experience on this question, body segment inertial pa-
rameters should be estimated for any biomechanical analysis. The researcher can choose
between several models or methods: geometric models, proportional models derived from
cadavers’ studies, in vivo scanning models or identification. Each approach has its advan-
tages and drawbacks (see [13] for an overview). We propose to present and develop the
latter method – the identification – for the determination of personalized body segment in-
ertial parameters. It consists in solving a redundant system for the inertial parameters by a
numerical computation. This method has been already used by [65] but with some limita-
tions and assumptions (two-dimensional model, symmetric limbs). Originally identification
was developed for estimating the segment parameters of robots. Indeed, for robot manip-
ulators, these parameters are not always precisely known [6, 56] and various algorithms of
identification exist to determine them [2, 3, 6, 12, 25, 56]. In the classical identification
approaches [2, 6], the parameters are estimated from motion data and actuator torques or
forces, both measured by internal measurement devices. For human applications, this ap-
proach is impossible because net joints forces and moments cannot be measured; they are
calculated from kinematics and contact forces using an inverse dynamics procedure. An
alternative approach is the external identification. In this method, the external model relates
the motion of the multibody system to the reaction forces and torques on a force platform.
This technique was initiated by [56] for identifying the segment inertial properties of a three
segment robot (PUMA 562).

The method proposed by [56] is based on the recursive Newton-Euler algorithm in
which the inertial parameters of each segment are represented by a ten-dimensional vector
solved by a least-squared method (pseudo-inverse). The ten inertia parameters of n seg-
ments are contained in the x vector (which is a 10 n dimensional vector) and the following
inverse problem is solved for x:

Ax = b, (31)

where matrix A contained the kinematics and vector b groups the external forces and
torques together. This method was applied to the human body with degrees of freedom
ranging from 6 to 25 [25] but the results were unsatisfactory on account of the high number
of degrees of freedom. Furthermore, when the inertia parameters are gathered in a vector,
the properties of the inertia matrix (i.e., symmetric and positive definite) are lost. That is
why we prefer a matrix form of the motion equations that keeps the properties of the inertia
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matrix and use them as constraints during the resolution of the inverse problem.
Some authors introduced the matrix formulations for dynamical analysis. [41] [43] and

proposed 4 × 4 and 6 × 6 matrices, respectively. Fayet et al. [34, 35] have introduced the
global inertia tensor for an iterative formulation of the equations of motion in a 4×4 matrix
form. However all these methods are recursive formalisms. Since they are applied succes-
sively to the different segments, they cannot be used for human applications where the net
joint forces and moments are unknown. In answer to this weakness, we propose an original
expression of the Newton-Euler equation of motion where all the inertial parameters of a
multibody system composed of n segments are grouped together in a single symmetric and
positive definite matrix of dimension (3n + 1)× (3n + 1) [5].

The external identification appears favourable to the determination of the human body
segment inertial parameters. The high number of the human body segments could be ar-
tificially reduced by soliciting a single joint. In the following example, the human body
is modeled as a two-segment system: the right upper-limb and the remainder of the body.
The purpose of this section is to detail the matrix formulation of the equation of motion
for identifying the inertia parameters of the upper-limb. The following section is organized
in three parts: firstly the matrix formulation of the motion is detailed (3.1) and then the
subsections 3.2 and 3.3 present the identification process and the experimental protocol.

3.1 An original Newton-Euler formalism for identification

Let S1 and S2 be two rigid bodies of mass m1 and m2 coupled each other around the joint
centre A which is common to both bodies (Figure 11). These bodies move in a Galilean

Figure 11: Schema

reference frame with reference frame R0 (O,x0,y0, z0). The mass centre of these bodies
are denoted G1 and G2 and are expressed with respect to the joint centre by the vectors
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ci (i = 1, 2). The position of the joint centre A is described by the vector: rA =
−→
OA

(note: the different reference frames are expressed by a superscript in parentheses). The
relation between the global coordinates of a vector c(0) =

[
cx0 cy0 cz0

]T in the abso-
lute reference frame R0 and its local coordinates c(i) =

[
cxi cyi czi

]T expressed in
the body-fixed reference frame, is described by the rotation matrix R(i): c(0) = R(i)c(i)

(Figure 11).
The position of any point M of S2 is expressed with respect to A by the vector b2 =−−→

AM . According to Vallée et al. [63], the position of M with respect to the reference frame
R0 can be written with the rotation matrix R(2):

−−→
OM =

−→
OA +

−−→
AM

= r(0)
A + R(2)b(2)

2 . (32)

With this notation, the acceleration of M noted ΓM is simply:

ΓM = r̈(0)
A + R̈(2)b(2)

2 . (33)

So, the dynamic resultant of S2 is:

χ2 =
∫

S2

(ΓM )dm = m2

(
r̈(0)
A + R̈(2)c(2)

2

)
, (34)

where m2c2 =
∫
S2

(b2)dm defines the mass centre. With the same notation, we can
express the dynamic resultant of S1:

χ1 =
∫

S1

(ΓM )dm = m1

(
r̈(0)
A + R̈(1)c(1)

1

)
. (35)

In the inertial frame R0, the Newton second law is applied successively to S1 and S2:

F(0)
1 = χ2 + m2g(0) = m2

(
r̈(0)

A + g(0) + R̈(2)c(2)
2

)
(36)

F(0)
0 = χ1 + m1g(0) + F(0)

1

= (m1 + m2)
(
r̈(0)

A + g(0)
)

+ m1R̈
(1)c(1)

1 + m2R̈
(2)c(2)

2 , (37)

where g(0) is the gravity acceleration: g(0) = [0 0 9.81]T m.s−2 and Fi is the reaction
force between Si and Si+1. Equation 37 can be written in matrix form:

[
R̈(2) R̈(1)

(
r̈(0)
A + g(0)

) ]



m2c
(2)
2

m1c
(1)
1

m1 + m2


 = F(0)

0 . (38)

For the rotation, we choose to express the moment by a 3 × 3 skew symmetric matrix,
using the tensorial product of two vectors defined by:

a(⊗)b = abT . (39)



Improvement of the Input Data in Biomechanics 373

So the dynamic moment of S2 about A (noted δA(S2)) is:

δA(S2) = skew
∫

S2

[(
R(2)b(2)

2

)
∧ ΓM

]
dm

=
∫

S2

[
ΓM ⊗

(
R(2)b(2)

2

)
−

(
R(2)b(2)

2

)
⊗ ΓM

]
dm. (40)

In this equation, skew is the operator which associates to any trivector a 3 × 3 skew-
symmetric matrix:

skew




X

Y
Z


 =




0 −Z Y

Z 0 −X
−Y X 0


 . (41)

Using Equation (33), Equation. (40) becomes after simplification:

δA(S2) = r̈(0)
A ⊗

(
m2R

(2)c(2)
2

)
+

∫

S2

[(
R̈(2)b(2)

2

)
⊗

(
R(2)b(2)

2

)]
dm −

(
m2R

(2)c(2)
2

)
⊗ r̈(0)

A −
∫

S2

[(
R(2)b(2)

2

)
⊗

(
R̈(2)b(2)

2

)]
dm. (42)

Thanks to the notion of transposition:

r̈(0)
A ⊗

(
m2R

(2)c(2)
2

)
=

(
r̈(0)
A ⊗ m2c

(2)
2

)
R(2)T , (43)

we can rewrite Equation (42) as follows:

δA(S2) =
(
r̈(0)
A ⊗ m2c

(2)
2

)
R(2)T + R̈(2)

[∫

S2

(
b(2)

2 ⊗ b(2)
2

)
dm

]
R(2)T −

R(2)
(
m2c

(2)
2 ⊗ r̈(0)

A

)
− R(2)

[∫

S2

(
b(2)

2 ⊗ b(2)
2

)
dm

]
R̈(2)T . (44)

The integral in brackets is the definition of the Poinsot inertia matrix and is noted K
(2)
2 :

K
(2)
2 =

∫

S2

(
b(2)

2 ⊗ b(2)
2

)
dm, (45)

and represents a form of the inertia tensor of the body at A2. K2 is related to the classical
definition of the inertia tensor J2 by the relation:

K2 =
1
2

(trJ2) I − J2, (46)

where I is the identity matrix (see [63] for details). The dynamic principle is written as:

MA(S2) =
[(

r̈(0)
A + g(0)

)
⊗ m2c

(2)
2

]
R(2)T + R̈(2)K

(2)
2 R(2)T −

R(2)
[
(m2c

(2)
2 ⊗

(
r̈(0)
A + g(0)

)]
− R(2)K

(2)
2 R̈(2)T , (47)
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where MA(S2) is the moment exerted by S1 on S2 calculated in A and expressed in the
reference frame R0. MA(S2) is the 3×3 skew-symmetric form of the usual moment vector
MA(S2):

MA(S2) = skew (MA(S2)) , (48)

that is to say:

MA(S2) =




MA(S2)x

MA(S2)y

MA(S2)z


 (49)

MA(S2) =




0 −MA(S2)z MA(S2)y

MA(S2)z 0 −MA(S2)x

−MA(S2)y MA(S2)x 0


 . (50)

With the same notations, the dynamic moment of S1 about A reads:

δA(S1) =
(
r̈(0)
A ⊗ m1c

(1)
1

)
R(1)T + R̈(1)K

(1)
1 R(1)T −

R(1)
(
m1c

(1)
1 ⊗ r̈(0)

A

)
− R(1)K

(1)
1 R̈(1)T . (51)

Using classical inverse dynamics, the moment at the point A due to S0 is:

MA(S0) =
[(

r̈(0)
A + g(0)

)
⊗ m1c

(1)
1

]
R(1)T + R̈(1)K

(1)
1 R(1)T −

R(1)
[
m1c(1) ⊗

(
r̈(0)
A + g(0)

)]
− R(1)K

(1)
1 R̈(1)T + MA(S2) (52)

The equations of translation (1) and rotation (2) can be summarized in matrix form by
introducing the 4 × 7 matrices A and B:

A =

[
R̈(2) R̈(1)

(
r̈(0)

A + g(0)
)

0T 0T 0

]
, (53)

B =
[

R(2) R(1) 0
0T 0T 1

]
. (54)

Let us summarize the inertia parameters of bodies S1 and S2 in the 7× 7 matrix H:

H =




K
(2)
2 [0] m2c

(2)
2

[0] K
(1)
1 m1c

(1)
1

m2c
(2)T

2 m1c
(1)T

1 m1 + m2


 . (55)

The equations of motion are then written:

AHBT − BHAT = C =

[
MA(S0) F(0)

0

−F(0)T
0 0

]
. (56)

Matrices A, B and C are time dependents. Matrix H is constant because all of this
parameters are expressed in the body fixed reference frame. So the translational and rota-
tional motions equations are written in matrix form and the inertia parameters of S1 and S2

appear therein linearly. The matrix C is easily available with a force platform and matrices
A and B are determine with a motion analysis system. So matrix H could be found by a
minimization procedure.
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3.2 Conjugate gradient algorithm for identifying a symmetric and positive
definite matrix

The matrix C is a 4×4 skew-symmetric matrix, matrix C has six independent components.
The matrix H is a 7 × 7 symmetric and positive definite matrix, so matrix H has 28 inde-
pendent components. Therefore Equation (56) provides six conditions for 28 unknown, but
these six conditions hold at each time. This equation must be sampled in at least five dif-
ferent configurations; more configurations would be desirable because of noise. We make
n experiments where ti is the duration of the ith experiment. Using a least squared method,
we define the function J(H):

J(H) =
1
4

n∑

i=1

∫ ti

0

∥∥Ai(t)HBi(t)T − Bi(t)HAi(t)T − Ci(t)
∥∥2

dt (57)

This function J is minimized by the following conjugate gradient algorithm:

1. Initialize H with H0

G0 = ∇J(H0)

D0 = −G0 ; k = 0

2. iteration k

µk =
tr(GT

k Dk)
tr[DT

k (
∑ ∫

BADkBA−BBT DkAT A)dt]

Hk+1 = Hk + µkDk

3. if ‖Gk+1‖ < ε break, else

Dk+1 = −Gk+1 + λkDk

with λk =
tr[GT

k+1(Gk+1−Gk)]
tr(GT

k Gk)

k = k + 1 et return in 2.

Remark: In µk , indices, time and duration are omitted.
In this algorithm, the gradient (∇) of the function J is the matrix calculated as follows:

∇J(H) = −
n∑

i=1

∫ ti

0

[
BT

i (t)Ai(t)HBT
i (t)Ai(t) + AT

i (t)Bi(t)HTAT
i (t)Bi(t)

2

]
dt +

n∑

i=1

∫ ti

0

[
BT

i (t)Bi(t)HAT
i (t)Ai(t) + AT

i (t)Ai(t)HTBT
i (t)Bi(t)

2

]
dt +

n∑

i=1

∫ ti

0

[
BT

i (t)Ci(t)Ai(t) + AT
i (t)CT

i (t)Bi(t)
2

]
dt (58)



376 Tony Monnet, Mickaël Begon, Claude Vallée et al.

3.3 Application on the upper-limb

Three men participated in this study. They were instructed to perform fifteen cycles of a
complex movement of the right upper-limb composed of a flexion, horizontal abduction,
adduction and mediolateral rotation. This movement was chosen because the three degrees
of freedom of the glenohumeral joint were excited. This condition is necessary for identify-
ing all the inertia parameters of the upper-limb. Subjects were sat on a chair and they were
asked to keep their trunk and legs as fixed as possible and to move only the right upper-limb.

A Saga3RT motion analysis system (Biogesta, Valenciennes–France) was used to col-
lect kinematical data with six infrared cameras (50 Hz) inside a calibrated volume of 2 m
× 1 m × 1 m. Force platform data (Kistler 5233A) were synchronized. Ten markers were
fixed on the body: four on the right upper-limb, three on the thorax and three on a rigid tri-
pod fixed to the acromion. The tripod was used to identify the scapula motion for locating
the glenohumeral joint centre using the SCoRE method. Since only the right upper-limb
was moving, only ten inertia parameters were excited: K

(2)
2 , m2c2 and m1+m2 (see Equa-

tion (55)). As observed in the Figure 12, the solution is obtained in ten iterations because
the conjugate gradient is a direct method. After the tenth iterations, the cost function is

Figure 12: Evolution of the cost function during the iterations.

constant and the solution is obtained.
The inertia matrix identified is the Poinsot inertia matrix:

K
(2)
2 =

∫

S2

(
b(2)

2 b(2)T

2

)
dm. (59)

The usual inertia matrix is obtained from K
(2)
2 by the formula [63]:

J
(2)
2 = trace

(
K

(2)
2

)
13 − K

(2)
2 (60)

Table 2 presents the inertia matrix and the product of the mass by the centre of mass
position (m2c2 of the upper-limb obtained with the identification method. These parameters
are compared with upper-arm inertial parameters estimated with the proportional model of
Zatsiorsky modified by de Leva [31].

For two subjects (S1 and S3), the inertia moment along the longitudinal axis seems to
be overestimated compared to the classical body segment inertial parameters. This result
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Table 2: Inertia matrix (kg.m2) and first order moment ( m2c2 in kg.m) of the upper-limb
for the three subjects obtained with the identification method and with the proportional
model of Zatsiorsky modified by de Leva [31].

de Leva Identification

S1 (1.80 m, 70 kg)



0.454 0 0

0 0.008 0
0 0 0.450







0.476 0.001 −0.018
0.001 0.040 0.035
−0.018 0.035 0.486




[
0 1.0734 0

]T [
0.1123 1.2210 −0.0485

]T

S2 (1.78 m, 78 kg)



0.495 0 0

0 0.009 0
0 0 0.490







0.504 0.021 −0.001
0.021 0.006 −0.025
−0.001 −0.025 0.503




[
0 1.1954 0

]T [
−0.0429 0.7603 0.0201

]T

S3 (1.78 m, 75 kg)



0.476 0 0

0 0.008 0
0 0 0.472







0.512 0.005 0.006
0.005 0.033 0.058
0.006 0.058 0.528




[
0 1.1293 0

]T [
0.1200 1.0285 0.0787

]T

could be caused by a small elbow flexion. Unfortunately no marker was fixed to the forearm
in order to verify this hypothesis. Identified inertia and first order moment (m2c2) values
are realistic values. The main advantage of the identification method is to propose products
of inertia and a centre of mass not aligned with the longitudinal axis of the segment. This
signified that segment are not homogeneous and not symmetric whereas they are mainly
represented in most of the geometric or proportional models. The drawback of this method
is to not determine the mass of the segments. Since the centre of mass position and the mass
do not appear independently in the Equation 55, only the first order moment is identified
and it is not possible to dissociate the mass from the first order moment.

To conclude, the external identification is a recent approach for determining the hu-
man body segment inertial parameters. The experimental procedure requires only a motion
analysis system and a force platform. The identified values of the matrix of inertia for the
upper-limb are realistic values and close to the values estimated by Zatsiorsky’s anthropo-
metric model. The difficulty in interpreting results comes from the fact that there is no ”gold
standard” for the body segment inertial parameters. The values calculated from the model
of Zatsiorsky give an idea of the order of magnitude but do not represent actual values.
The presented identification method is a good way for the body segment inertial parame-
ters determination without any assumption about the density of the segment or the segment
shape.

4 Conclusion

This chapter has presented methods and algorithms for a more accurate estimation of human
kinematics and kinetics. The first section focused on the rotation matrix determination and
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joint centre locations and the second section proposed a new approach for the estimation of
the body segment inertial parameters.

As all experimental sciences, biomechanics is dependent on the measurement tool evo-
lution. Nowadays, the high camera resolution and the high sampling rate allow new ap-
plications that have not been explored yet. Tracking ten markers on each segment during
walking is no longer a problem. Some specific activities (sports for example) may be more
difficult to analyse mainly because of marker self-occlusions. It was the purpose of the first
section to evidence that using more than three markers on each segment improves signif-
icantly the kinematic. This result was already presented in 1995 by Challis [23] but this
method is still not commonly used in human movement analysis. An increased number
of markers improves the kinematics, especially the time derivative data (angular velocity,
linear and angular acceleration) and improves the joint centre location.

Of course, our conclusion is not to put twenty-six markers on each segment as used in
[46] for every day analyses because it is too time consuming. This solution accounts on
the global or average segment kinematics but studies with a high number of markers will
help to determine the best methods and marker placements. The set of experimental studies
proposed in this chapter makes recommendation for an accurate human movement analysis:

• combination of flexion-extension, abduction-adduction and circumduction for esti-
mating an optimal joint centre location;

• SCoREis an accurate algorithm for locating joint centre because it is not sensitive to
velocity and calculates an average from the optimal locations found in both proximal
and distal segments;

• use a redundant marker set combined with a technique of local optimization;

• definition of the origin of the local frame using the marker centroid.

The proposed external identification method is suitable for a personalized estimation
of body segment inertial parameters. Moreover, the procedure requires only materials cur-
rently used in biomechanical analysis, i.e. motion analysis system and force platform. The
procedure proposed in this chapter involved a matrix formulation of the equations of motion
for conserving the properties of the inertia matrix. This choice was relevant because all the
body segment inertial parameters are grouped together in a symmetric and positive definite
matrix. This help to restrict the solution (during the optimization procedure) to the cone of
symmetric and positive definite matrix. This study may be continued with a three-segment
model, for example by splitting the upper-limb in arm and forearm plus hand. This method
needs other specific movements before collecting the movement of interest. As the time
available with the subject (especially in clinical analysis) is sometimes short, this could be
a limitation of this method. The main advantage of this approach is that no assumption is
made about the density of the segment or about the shape of the segment. Indeed, the centre
of mass is not located in the longitudinal axis but small components on antero-posterior and
medio-lateral axes are evidenced.
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5 Perspectives

This was not assessed in this chapter but the use of a redundant set of markers could be
an alternative to raw data filtering or smoothing. The choice of the method of derivation
or smoothing is never easy because the skin movement artefact has similar frequency to
the skeletal kinematics. Derivation increases the noise and the time derivative data must be
treated. Optimization method for calculating the rotation matrix is a method for decreasing
the skin movement artefact and also the measurement error of the stereophotogrammetric
system. In our results [8, 48, 57]) no treatment was applied to the raw data; future work will
evaluate if the time derivative data need smoothing when they are calculated through opti-
mized rotation matrix. Future work will use the method proposed in [46] in order to define
the best markers set placement for an accurate and reliable determination of the segment
kinematics from six markers for example. For that, inter-subjects and inter-movements
effects on the markers placement will be measured.

In parallel to the experimental part, the theory on the rotation matrix calculation has to
be further explored. In the method proposed, the rotation matrix between two orientations
of the segment analysed is calculated by optimization. But, since we need the rotation
matrix with respect to the global system of coordinates, we recalled this optimized rotation
matrix with the rotation matrix between the orientation of the segment at the first frame with
the global system of coordinates. An error in orientation associated with the first frame is
then introduced. Future studies may focus on techniques for reducing this systematic error
of orientation by using more key frames and calculating average axes.

As skin movement artefact affects differently each marker according to its location,
using a redundant set of markers decreases the global skin movement artefact and improve
the measurement of the underlying bone kinematics. This hypothesis can be achieved by
comparison with invasive or fluoroscopic techniques only. In most applications soft tissue
artefact has to be minimized because skeletal kinematics is needed (joint centre location,
anatomical landmarks recalling). The inertia parameters of the soft tissue in motion affect
the joint dynamics [52]. For specific applications like identification of the body segment
parameters [47, 49], movement of the segment including soft tissue motion contribution is
needed.

The matrix formulation of the equations of motion presented in this paper may be used
for a n segment model. However, as explained in [25], the accuracy of the identified pa-
rameters depends on the length of the kinematic chain. They showed that the accuracy of
the identified parameter strongly decreases above six to eight degrees of freedom in the
kinematic chain. It is clearly inappropriate to use this method for all the body segments
considering the high degrees of freedom. Because of the constraints associated to the ma-
trix form of the equations of motion, our method should be more robust and accurate for
multibody systems with several degrees of freedom. Although this method could not iden-
tify all the body segment parameters simultaneously, we expect that it should be used for
each limb. For most of the subject studied, constraints consisting of searching the same
body segment inertial properties for the right and left limb may be introduced. This could
improve the method in terms of reliability and easiness. The next evolution of this method
will focus on specific movements that must be performed for an accurate identification. As
the identification is sensitive to the input data, results of the optimization method are differ-
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ent according to the movement realized. Body segment inertial parameters calculated with
the identification approach from several movements have to be compared with reference
parameters (medical imaging?) in order to select the optimal movements.

Finally, it might be interesting to combine the identification with functional methods to
determine with the same setup movements both the inertial parameters and the joint centre
locations.
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