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ABSTRACT 

The dexterity of the upper limb is made possible, in part, by the ability to rotate the 

hand. That rotation is achieved within the forearm. Relatively little is understood of 

either the kinematics or kinetics of forearm rotation, nor is distal radioulnar joint 

contact properly understood. As a consequence, the outcomes when treating disorders 

and injuries of the forearm are often inconsistent, particularly as they relate to distal 

radioulnar joint health. The goal of this research was to investigate forearm kinematics 

and the contributions various muscles make to forearm rotation. The results of these 

analyses were combined with a detailed continuum model to examine distal radioulnar 

joint contact throughout the forearm range of motion and under simulated clinical 

conditions.  

The relationship between ulna and radius motion and the mechanical axis of forearm 

rotation was complex. Based on the results of this analysis, radius motion is task-

independent, constrained about a fixed axis of rotation. Conversely, ulna motion is task-

dependent and unconstrained. Ulna motion makes task-specific radius rotation 

possible. The contributions of individual muscles to pronation and supination were not 

straightforward, with many muscles active for both movement directions. Muscle 

physiological cross-sectional areas were found to be poorly predicted by both cadaveric 

data and in vivo volume fractions. 

Peak distal radioulnar joint contact pressure occurred in mid-supination, with a second 

peak in mid-pronation. Lowest contact pressure was observed in full pronation. Ulnar 

shortening led to increased joint contact at the distal radioulnar joint, while lengthening 

the ulna decreased the load at the joint. Predicted contact at the distal radioulnar joint 

was most sensitive to dorsal rotation of the distal radius, while radial and ulnar rotation 

did not significantly affect joint contact pressure. In general, optimal joint contact was 

achieved with the subject’s normal distal radius orientation. The results of the contact 

simulations did demonstrate the role articular cartilage plays in mitigating changes in 

joint contact force in order to maintain a more stable joint contact pressure. 
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1 INTRODUCTION 

 

The kinematics and kinetics of human movement have been studied, to some degree, 

for hundreds of years. Beyond satisfying our natural curiosity to understand our world, 

understanding human biomechanics has implications for preventing and treating 

biomechanical pathologies, improving biomechanical performance, and designing 

prostheses, implants, tools and toys. There is considerable benefit to understanding the 

biomechanics of human movement. 

To date, the majority of biomechanical research has focused on the lower limb. Partly 

due to its relative complexity, there has been comparatively little study of the upper 

limb, with most of that research directed towards the major joints: the shoulder, elbow 

and wrist. There has been substantially less research on the forearm.  

While flexion, extension, abduction and adduction of the hand occur at the wrist, 

rotation of the hand is achieved within the forearm. As such, the forearm is integral to 

the function of the hands and the usefulness of the upper limb. However, forearm 

rotation is complex. It is controlled by 23 muscles, most of which cross more than one 

joint and have multiple functions. Their primary roles in elbow and wrist movement 

can be inferred from basic anatomy. The way in which these muscles influence forearm 
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“The only certain barrier to truth is the presumption that 
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rotation is less obvious. Electromyographic (EMG) data suggests that even muscles 

with unambiguous names, like “supinator” and “pronator”, have more complicated 

roles than their names imply (Bader et al., 2010). The biomechanics of forearm rotation 

cannot be properly understood without knowing how the relevant muscles contribute 

to that movement. 

Muscle function relates to the kinetics of the movement – the forces that produce 

rotation of the forearm bones. However, not even the kinematics of forearm rotation 

are properly understood. Nearly all current forearm analysis considers only the 

movement of the radius during forearm rotation, while the ulna is assumed to be fixed. 

If that were true, the forearm would only ever rotate about one fixed axis. In reality, 

the forearm can rotate about any number of axes, with the specific axis of forearm 

rotation likely to be dependent on the requirements of the task (Ray, Johnson, & 

Jameson, 1951; Youm, Dryer, Thambyrajah, Flatt, & Sprague, 1979). The kinematic 

relationships that make this task-dependent forearm rotation possible are not 

understood. 

Forearm rotation involves articulation between the ulna and radius bones at two joints: 

the proximal and distal radioulnar joints. The distal radioulnar joint (DRUJ) is the focus 

of the present work. There are many disorders and injuries that directly or indirectly 

affect the DRUJ. Due to the paucity of data available on forearm biomechanics and 

DRUJ contact, clinicians and surgeons are limited in their ability to make evidence-

based decisions when treating disorders and injuries involving the joint. This limits their 

ability to design optimal interventions in non-typical, pathological DRUJs. The current 

research aimed to improve that situation. 

Specifically, the goals of this research were to: 

1. Model DRUJ contact in the normal, healthy forearm and estimate joint contact 

pressures during forearm rotation. 

2. Model DRUJ contact in pathological forearms and evaluate the consequential 

changes to joint contact. 

Distal radioulnar joint contact was investigated using an anatomically-based 

computational model. To perform this analysis, it was necessary to have accurate 
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articular geometry of both the ulna and radius, and to know how the bones are 

positioned throughout the forearm range of motion (ROM). It was also necessary to 

determine what joint loading can be expected during forearm rotation. As a result, the 

secondary goals were to: 

1. Quantify forearm rotation kinematics, show the relationship between ulna and 

radius movement, and describe the way in which task-dependent forearm 

rotation is achieved. 

2. Estimate individual muscle forces and identify the contributions various muscles 

make to forearm rotation. 

1.1 THESIS OVERVIEW 
The dissertation is structured as follows: 

Chapter 2 provides a detailed review of the anatomy relevant to forearm rotation. This 

chapter provides the anatomical background that is a prerequisite to formulating a 

model of the forearm. The bones, joints and muscles involved in forearm rotation are 

identified and described. Focus is given to those muscles believed to contribute to 

pronation or supination of the forearm. 

Chapter 3 reviews two forearm pathologies that were the focus of this study: 

ulnocarpal impaction syndrome (UCIS) and distal radius malunion (DRMU). These two 

forearm disorders were modelled in chapter 7, with their influence on DRUJ contact 

analysed. This chapter describes the disorders and identifies the difficulties that exist in 

treating patients with these pathologies. 

Chapter 4 discusses the development of both the geometric bone models and the 

mathematical muscle force model. The bone models were developed in two stages. 

Initially, existing magnetic resonance (MR) imaging data was segmented and used to 

customise an existing finite element (FE) model of the radius and ulna bones. However, 

due to numerical issues with the existing models and problems identified during 

subsequent kinematic analyses, a second model was developed based on new MR 

imaging data. That second model provided the DRUJ articular geometry necessary for 
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the later FE analysis. Chapter 4 also provides a review of muscle force modelling and 

describes the mathematical model that was used to estimate individual muscle forces in 

the present study. That model takes measured forearm pronation and supination 

torques and estimates individual muscle forces based on their size, activation and 

moment arm. The goal was to develop subject-specific, in vivo muscle force estimates 

to use as the loading conditions for the FE analysis performed in chapter 7. 

Chapter 5 describes the kinematic analysis of forearm rotation. The primary purpose 

of this analysis was to determine an axis of forearm rotation about which functionally 

meaningful muscle moment arms could be calculated. Muscle moment arms were 

required for the muscle force calculations in chapter 6. Initially, the kinematic analysis 

was performed using existing MR imaging data collected with a forearm in seven 

positions of forearm rotation. Limitations were identified in that MR imaging data. 

Subsequently, an MR compatible jig was designed and built to more accurately control 

rotation of the forearm. New MR imaging data was collected using that jig and a second 

analysis of forearm rotation kinematics was performed using that new data. This 

process also allowed the geometric bone models to be transformed into additional 

positions of forearm rotation, as required for the later FE analysis. 

Chapter 6 provides the individual muscle forces required for simulating DRUJ contact. 

Several variables needed to be evaluated in order to estimate the individual muscle 

forces. Maximal pronation and supination torques were experimentally measured and 

are presented in this chapter. The physiological cross-sectional area (PCSA) of muscles 

were estimated in vivo and compared to data available in literature. Subject-specific 

muscle moment arms were estimated, and it was also necessary to evaluate the 

sensitivity of their calculation to the input data. The EMG data used to infer muscle 

activity during pronation and supination is presented and discussed. Finally, the 

mathematical model described in chapter 4 was used to estimate the individual forearm 

muscle forces.  

Chapter 7 begins with a review of existing research on DRUJ contact. This chapter 

also explains the theories of finite elasticity and large deformation contact mechanics 

that form the foundation of the FE model used in this study. Initially, DRUJ contact 

was modelled throughout the range of forearm rotation using the geometry of a healthy, 
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non-clinical DRUJ. A number of clinical simulations were also performed, examining 

the influence of ulna length and distal radius orientation on DRUJ contact. The results 

of these simulations are presented and their implications for treating forearm 

pathologies are discussed. 

Chapter 8 summarises the results of the various analyses presented in chapters 5 to 7. 

Future directions for research in forearm rotation and DRUJ contact are also discussed. 

1.2 LIST OF PUBLICATIONS 
The following papers have been published or presented based on the research 

contained in this dissertation. 

1.2.1 JOURNAL ARTICLES 

Greybe, D., Boland, M. R., & Mithraratne, K. (2015). Ulna motion during in vivo 

forearm rotation. Journal of Biomechanics. In Review. 

Greybe, D., Boland, M. R., & Mithraratne, K. (2015). Vector-based muscle moment 

arms – a sensitivity analysis. Journal of Biomechanics. In Review. 

Greybe, D., Boland, M. R., Wu, T., & Mithraratne, K. (2015). A finite element model 

to investigate the effect of ulna variance on distal radioulnar joint mechanics. 

International Journal for Numerical Methods in Biomedical Engineering. In Review. 

Greybe, D., Boland, M. R., Wu, T., & Mithraratne, K. (2015). Examining the influence 

of distal radius orientation on distal radioulnar joint contact using a finite 

element model. International Journal for Numerical Methods in Biomedical Engineering. 

In Review. 

1.2.2 CONFERENCE PAPERS 

Greybe, D., Boland, M. R., & Mithraratne, K. (2015, 10 September - 12 September). 

The contribution of the ulna to forearm rotation. Paper accepted for presentation at the 

70th Annual Meeting of the American Society for Surgery of the Hand, Seattle, 

USA. 
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Greybe, D., Boland, M. R., Wu, T., & Mithraratne, K. (2015, 10 September - 12 

September). Distal radius malunion and distal radioulnar joint contact pressure. Paper 

accepted for presentation at the 70th Annual Meeting of the American Society 

for Surgery of the Hand, Seattle, USA. 

Greybe, D., Boland, M. R., & Mithraratne, K. (2013, 4 December - 7 December). 

Predicting the line of action of forearm muscles during pronation-supination. Paper 

presented at the 15th International Conference on Biomedical Engineering, 

Singapore. 

Greybe, D., Boland, M. R., & Mithraratne, K. (2013, 4 August - 9 August). Determining 

subject-specific PCSAs for muscles of the forearm. Paper presented at the XXIV 

Congress of the International Society of Biomechanics, Natal, Brazil. 

Greybe, D., Boland, M. R., & Mithraratne, K. (2013, 4 August - 9 August). Estimating 

finite rotation axes of the radius for forearm rotation. Paper presented at the XXIV 

Congress of the International Society of Biomechanics, Natal, Brazil. 

Greybe, D., Boland, M. R., Pappou, I. P., Fernandez, J., & Mithraratne, K. (2013, 4 

March - 8 March). Ulna motion during forearm rotation. Paper presented at the 

International Federation of Societies for Surgery of the Hand Congress, New 

Delhi, India. 

Greybe, D., Boland, M. R., Fernandez, J., & Mithraratne, K. (2012, 16 September - 19 

September). Determining the mechanical axis of the forearm. Paper presented at the 

Australian Biomedical Engineering Conference, Brisbane, Australia. 

Boland, M. R., Greybe, D., Pappou, I. P., Fernandez, J., & Mithraratne, K. (2011, 8 

September - 10 September). The mechanical axis of the forearm - a functional alternative 

to the anatomical axis. Paper presented at the American Society for Surgery of the 

Hand Annual Meeting, Las Vegas, USA. 

Greybe, D., Boland, M. R., Fernandez, J., & Mithraratne, K. (2011, 29 August - 31 

August). A method for defining a finite-axis of rotation in complex joint systems. Paper 

presented at the Medical Sciences Congress, Queenstown, New Zealand.
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2 ANATOMY OF FOREARM ROTATION 

2.1 BONES 
The forearm consists of two long bones, the radius and the ulna. Proximally these bones 

meet with the humerus to form the elbow joint, and distally they articulate with the 

proximal row of carpal bones (the scaphoid, lunate and triquetrum). The topology of 

each of these bones will be considered in turn. Priority will be given to structures that 

are relevant to forearm rotation. Most descriptions are taken from Gray’s textbook on 

anatomy (Gray, Williams, & Bannister, 1995), except where specifically referenced. 

2.1.1 ULNA 

The ulna (Figure 2.1A) is the more medial bone of the forearm in anatomical position. 

The ulna is a longer bone than the radius, though it usually finishes proximally at the 

distal end. It is large proximally and progressively smaller in diameter distally. The distal 

third of the shaft is relatively round in cross-section, with the proximal two-thirds more 

triangular. In the frontal plane the bone bows laterally, or even forms a shallow ‘S’, 

curving medially at its distal end. 

The proximal end of the ulna incorporates the olecranon and coronoid processes, and 

trochlea and radial notches. The olecranon process is the large mass of bone at the very 

proximal end of the ulna. It facilitates a deep, concave articular surface on the anterior 

2 Anatomy of 
Forearm rotation 



CHAPTER 2  

 

8  

  

Fi
gu

re
 2

.1
. F

or
ea

rm
 sk

ele
ta

l a
na

to
m

y. 
(A

) 
M

ed
ia

l v
iew

 o
f t

he
 u

ln
a.

 (
B)

 L
at

er
al

 v
iew

 o
f t

he
 r

ad
iu

s. 
(C

) 
Le

ft 
is 

an
 a

nt
er

io
r 

vi
ew

 o
f t

he
 h

um
er

us
, r

ig
ht

 is
 a

 p
os

te
rio

r 
vi

ew
 o

f t
he

 h
um

er
us

. 
(D

) F
or

ea
rm

, i
llu

str
at

in
g 

th
e a

na
to

m
ica

l (
ye

llo
w

) a
nd

 fu
nc

tio
na

l (
w

hi
te

) a
xe

s o
f f

or
ea

rm
 ro

ta
tio

n,
 a

s w
ell

 a
s t

he
 th

re
e c

ar
pa

l b
on

es 
th

at
 a

rti
cu

la
te

 w
ith

 th
e r

ad
iu

s a
nd

 u
ln

a.
 



ANATOMY OF FOREARM ROTATION 

 

9  

side, which is called the trochlear notch and allows articulation with the trochlea of the 

humerus. The coronoid process describes the bone that forms the more distal aspect 

of the trochlear notch and the anterior portion of the proximal ulna. The trochlea notch 

sometimes has a narrow non-articular strip running mediolaterally where the coronoid 

and olecranon processes meet. There is also a smooth ridge running proximodistally 

through the trochlea notch, marrying the groove in the humeral trochlea, and further 

improving the stability of the joint for flexion and extension.  

On the lateral side of the coronoid process, just distal to the trochlea notch, is the radial 

notch. It is a shallower concave surface where articulation with the proximal radial head 

occurs. Just distal to the radial notch is a shallow hollow in the ulna bone surface, 

appropriately placed to accommodate the radial tuberosity during pronation.  

The proximal three-quarters of the shaft are triangular in cross-section. The lateral edge 

is more rounded than the medial edge of the radius, and wraps from the posterior 

border of the radial notch to align slightly anterior of the lateral side of the bone. The 

interosseous membrane attaches to this border. At this point the bone becomes quite 

round and the ridge is mostly lost. The medial border of the anterior surface begins at 

the anteromedial corner of the trochlear notch, runs almost vertically down the majority 

of the shaft before curving medially and posteriorly to terminate on the posteromedial 

side of the ulnar styloid process. The medial border of the posterior surface begins at 

the tip of the olecranon process, arches medially, and then runs roughly vertically to 

the posterior tip of the styloid process. Both of these borders are quite rounded and 

lose definition in the distal quarter of the shaft where it becomes very cylindrical. Apart 

from the posterior surface of the most distal quarter of the shaft, virtually the entire 

surface of the ulna bone has muscles attached to it. 

The distal head of the ulna is a little wider in diameter than the rounded shaft. When 

the forearm is in a neutral position, its styloid process is on the lateral aspect of the arm 

and there is a shallow hollow on the posterior surface of the ulnar head for the extensor 

carpi ulnaris (ECU) tendon. When the arm is in anatomical position, the styloid process 

is on the posterior side of the arm, and lies proximal to the radial styloid process. A 

vertical groove is formed between the styloid process and the rest of the ulnar head, 

and in anatomical position this groove is on the medial side of the process. The sides 
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of the ulnar head articulate with the radial notch as the radius rotates. Distally there is 

a smooth concave surface that is separated from the lunate and triquetrum carpal bones 

by a fibrocartilage disc and ligamentous complex (the triangular fibrocartilage complex, 

TFCC). A depression in this surface at the base of the styloid process is termed the 

fovea of the ulnar head. The fovea serves as an attachment point for ligaments 

associated with the TFCC and the DRUJ. 

2.1.2 RADIUS 

In anatomical position, the radius (Figure 2.1B) is the lateral bone of the forearm. It is 

narrow down its shaft, but broadens at both ends, with the distal end being much larger 

than the proximal. The proximal head of the radius has a shallow, concave hollow that 

allows articulation with the humeral capitulum. The rim of the proximal radial head fits 

into a groove between the capitulum and trochlea. During elbow flexion the head of 

the radius enters the radial fossa of the humerus. The head has a broader lip around its 

medial aspects, where it articulates with the ulnar radial notch. 

Just distal to the proximal head is a tuberosity on the medial aspect of the shaft. Biceps 

brachii (BB) inserts onto this tuberosity, providing it with an improved moment arm 

for forearm rotation. The shaft curves laterally, also increasing the moment arm 

available for forearm rotation. Most of its length is triangular in cross-section, with one 

flat edge along the lateral aspect. The sharp edge runs up the medial aspect of the bone, 

and the interosseous membrane attaches to it. Muscles attach to most of the anterior 

surface of the shaft. The proximal third of the lateral aspect and proximal two-thirds 

of the posterior surface have muscle attached to them, with the remaining surface 

occupied by tendons. 

The distal end of the radius is the largest part of the bone. It projects laterally forming 

its styloid process, which is much larger than the ulnar styloid process. Distally the 

radius has a concave surface, curving up into the styloid process to allow articulation 

with carpal bones. This articular surface can be divided into medial and lateral portions 

by a ridge. The lateral part of this surface articulates with the scaphoid carpal bone. In 

a neutral position, the medial part articulates with the more lateral surface of the lunate. 

The medial surface of the lunate spans the DRUJ and is not in direct contact with any 
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surface. However, in full abduction the lunate rotates with its entire surface articulating 

against the medial part of the radial articular surface. 

On the medial side of the distal radius there is another concave articular surface called 

the ulnar notch, where the ulna articulates with the radius. On the posterior surface of 

the distal radial is a prominent tubercle (Lister’s tubercle), upon which part of the 

extensor retinaculum attaches, and around which tendons pass. The surface lateral to 

the tubercle has wide, shallow grooves that pass the tendons and synovial sheaths of 

extensor carpi radialis longus (ECRL, lateral) and extensor carpi radialis brevis (ECRB, 

medial). Immediately medial to the tubercle is a deep sharp groove that transmits the 

tendon of extensor pollicis longus (EPL). 

2.1.3 HUMERUS 

The humerus shaft is roughly cylindrical in its proximal half and triangular with a 

rounded anterior apex in its distal half (Figure 2.1C). The distal end of the humerus is 

rotated medially relative to the shaft. The trochlea articulates with the trochlear notch 

of the ulna. It is pulley-like in shape, making it very stable mediolaterally. The trochlea 

notch is in contact with the inferoposterior part of the trochlea in extension and the 

anterior part in full flexion. There is a notch on both the anterior (coronoid fossa) and 

posterior (olecranon fossa) surface of the distal humerus to accommodate the sharp 

edges of the trochlear notch. These fossae provide a deep and very stable trochlea 

articular surface, almost completing 360° around and limited only by the thin bone that 

separates the two fossa. This allows a remarkable degree of joint rotation while 

maintaining excellent stability. 

Continuous with the trochlea, but separated by a ridge in the cartilage, is the capitulum. 

It lies medial to the trochlea and is a convex surface that allows articulation between 

the radius and humerus. It spans approximately 180°, and faces anteriorly. The radial 

head contacts the inferior aspect of the capitulum in extension, and the anterior surface 

when in flexion. Just proximal to the capitulum and lateral to the coronoid fossa is 

another shallower depression called the radial fossa. It provides space for the edge of 

the radial head and, due to the shape of the capitulum, allows free rotation of the radius 

even in full elbow flexion. 
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Posterior to the capitulum is the lateral epicondyle. It provides the attachment site for 

the common forearm extensors tendon. The lateral supracondylar ridge extends 

upwards from this epicondyle. The more prominent medial epicondyle lies medially to 

the trochlea. The common flexor tendon attaches to its anterior surface. The medial 

supracondylar ridge extends proximally from this epicondyle. 

2.1.4 CARPAL BONES 

There are 8 carpal bones in two horizontal rows of four. Beginning medially, the 

proximal row includes the pisiform, triquetrum, lunate and scaphoid bones. The distal 

row includes the hamate, capitate, trapezoid and trapezium. The pisiform does not lie 

in the plane of the rest of the carpal bones. It sits palmar to the triquetrum, articulating 

only with it. The proximal surfaces of the three remaining proximal carpal bones form 

a rounded surface which articulates with the radius and the triangular fibrocartilage 

(TFC). The carpi form a dorsally arched structure. 

2.1.4.1 SCAPHOID 

The scaphoid is the largest of the proximal carpal bones. Its long axis runs distolaterally, 

and slightly palmar. The distal, medial and proximal surfaces are articular: the radial 

surface (proximal) is convex and angled distolaterally. The lunate surface 

(proximomedial) is slightly convex, fitting the shape of the lunate. The capitate surface 

(distomedial) is concave and the trapezium and trapezoid surfaces (distal) are slightly 

convex. 

2.1.4.2 LUNATE 

Named by its shape, the lunate is crescent-shaped when viewed from its lateral side. 

The proximal surface is convex palmodorsally. The medial portion of this surface is 

reasonably flat, where it articulates primarily with the radius, but curves down medially 

where it articulates with the TFC. Its lateral surface is narrow, and crescent shaped. 

This surface articulates with the proximomedial surface of the scaphoid. Its medial 

surface is angled distolaterally and articulates with the triquetrum. The distal surface is 
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deeply concave, and articulates with the head of the capitate. The medial edge of this 

surface also articulates with the corner of hamate when the hand is in adduction. 

2.1.4.3 TRIQUETRUM 

The lunate surface of the triquetrum is flat with sharp edges and faces proximolaterally. 

The surface that articulates with the hamate faces distolaterally, and is concave 

proximally and convex distally to fit the articular surface of the hamate. It has a flat 

portion on the distal part of the palmar surface for pisiform articulation. Its medial 

surface is smooth proximately where it can articulate with the TFC in full adduction. 

2.2 JOINTS 
The humeroulnar, humeroradial and radioulnar joints are synovial. All synovial joints 

allow free movement between the articulating bones, so are functionally classified as 

diarthrotic joints. The existence of a cavity between the two articulating surfaces 

differentiates synovial joints from fibrous or cartilaginous joints, and is what makes 

movement in synovial joints possible. Hyaline cartilage covers the articulating surfaces 

of each bone in a synovial joint. The cartilage provides a smooth, slippery surface to 

facilitate movement, reducing friction and helping to absorb loads. 

Synovial joints are surrounded by an articular capsule, which binds the two bones 

together and encloses the synovial cavity. This capsule is constructed with irregular, 

strong connective tissue fibres. The design of the fibres allows flexibility, and as such, 

free movement, but the tensile strength of the fibres keeps the bones together and 

prevents dislocation. Many synovial joints also include accessory ligaments and 

structures, within or outside of the articular capsule, to improve joint motion and aid 

stability. 

There is usually a synovial membrane on the inside of the articular capsule. The synovial 

membrane secretes synovial fluid. This fluid has several purposes, including lubricating 

the articular surfaces, carrying nutrients to, and waste products away from the articular 

cartilage, and it contains phagocytic cells that remove any debris or other particles 
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which result from the use of a mobile joint. When the joint remains fixed, the synovial 

fluid thickens into a gel. As the joint is used it becomes less viscous. 

2.2.1 ELBOW 

The humeroulnar and humeroradial articulation constitutes the elbow joint. Movement 

at this joint is primarily uniaxial, allowing flexion and extension. There are conflicting 

studies with regard to the position of the axis of this joint, and its consistency. It is 

usually assumed to be fixed and to pass through the centre of the deep sulcus of the 

trochlea and the centre of the capitulum (London, 1981; Shiba et al., 1988; Youm et al., 

1979). Some more recent research, however, has found it to vary slightly through the 

ROM (Bottlang, Madey, Steyers, Marsh, & Brown, 2000).  

Due to the precise form of the trochlea, humeroulnar movement is not pure flexion 

and extension. The trochlea and trochlea notch are not perfectly congruent, nor is the 

shape of the trochlea uniform. As such, the trochlea notch is rarely in full contact with 

the trochlea. When the elbow is fully extended, the medial surface of the olecranon 

process loses contact with the trochlea, as does a lateral portion during flexion. Rather 

than being a maladaptation yielding reduced joint stability, this incongruence facilitates 

adduction and abduction of the ulna (Bottlang et al., 2000; Youm et al., 1979). The 

additional movement of the ulna is critical in our ability to dynamically change the axis 

about which we rotate the forearm (Ray et al., 1951). This facilitates our more complex 

upper limb manipulation. Nevertheless, the elbow joint remains one of the most stable 

mobile joints in the human body. 

The stability of the joint is achieved through a combination of articular geometry and 

ligament constraints, with their relative contributions to this stability varying through 

the ROM (Morrey & An, 1983; Shiba et al., 1988). Extension of the elbow is limited by 

the joint capsule, as well as opposition to the olecranon tip in the olecranon fossa. In 

full flexion, movement is limited as the head of the radius and the tip of the coronoid 

process come into contact with the radial and coronoid fossae respectively. In an 

extended and supinated position, the forearm is typically oriented laterally relative to 

the long axis of the humerus. This is termed the carrying angle, and is believed to be a 

consequence of the oblique orientation of the elbow axis relative to the longitudinal 
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axis of the humerus (An, Morrey, & Chao, 1984; Shiba et al., 1988). The carrying angle 

shows considerable inter-individual variability (Paraskevas et al., 2004), and some 

studies have also shown it to change through elbow flexion (Morrey & Chao, 1976; 

Youm et al., 1979). 

2.2.2 RADIOULNAR 

The radius and ulna bones are joined proximally and distally at two trochoid, or pivot 

joints: the proximal and distal radioulnar joints. Trochoid joints have just one rotational 

degree of freedom; rotation occurs around a single axis, and the axis is aligned 

longitudinally (Tortora & Grabowski, 2003). The ulna and radius are also joined by a 

broad, flat, fibrous connective tissue called the interosseous membrane, which spans 

the gap between the shafts of the bones. 

At the proximal radioulnar joint (PRUJ) a ring is formed by the radial notch of the ulna 

and the annular ligament (see Figure 2.2). The head of the radius articulates within this 

ring and against the ulna’s radial notch. The annular ligament is a strong ligamentous 

band and forms approximately four-fifths of this ring. It is separated from the radial 

head by a thin layer of cartilage and by a synovial protrusion distally. It attaches to the 

anterior edge of the ulna’s radial notch, spreads out as it wraps posteriorly, and can 

have fibres attaching as high as the lateral edge of the trochlear notch and as low as the 

supinator crest of the ulna. Its main posterior attachment, however, is to the posterior 

edge of the radial notch or the surface behind it. Along its proximal edge the ligament 

blends into the elbow joint capsule, though posteriorly passes superficially to it. Some 

fibres also wrap down from the distal edge of the ligament and onto the radial shaft to 

encapsulate the synovial membrane. The radial collateral ligament blends into its 

external surface, and part of the supinator (SUP) muscle also attaches to it. This 

construction makes the PRUJ an inherently stable joint. 

At the DRUJ the head of the ulna articulates with the ulnar notch, or sigmoid cavity, 

of the radius. The bones are stabilised by a fibrous capsule and a ligamentous complex. 

The fibrous capsule encloses the joint; the anterior and posterior portions are thickest. 



CHAPTER 2  

 

1 6  

The capsule is lined by a synovial membrane. The membrane projects proximally 

between the ulna and the radius where the fibres of the capsule are lax. 

The major joint stabiliser, however, is the TFCC (Palmer & Werner, 1984). The TFCC 

is a structure comprised of the palmar and dorsal radioulnar ligaments (PRUL and 

DRUL), the ulnar collateral, ulnolunate and ulnotriquetral ligaments (Palmer & Werner, 

1984). Housed within this complex is the TFC: a biconcave fibrocartilage structure that 

lies between the head of the ulna and the carpal bones (Figure 2.3). Towards its outer 

edges it blends into thick lamellar collagen bands known as the radioulnar ligaments. It 

has a smooth articular surface both proximally and distally to allow articulation with 

both the ulna and the lunate and triquetrum carpal bones. The TFCC is continuous 

with the head of the radius, blending into it almost completely. Viewed from the distal 

end, the TFCC resembles a hammock, attached to the dorsal and palmar aspects of the 

sigmoid notch. The TFC is located at the base, over the ulnar head. Viewed proximally 

the TFCC resembles a spread fan, with its base at the ulna fovea and its edges running 

along the sigmoid notch (Nakamura, Yabe, & Horiuchi, 1996). It is usually divided into 

dorsal, central and palmar portions, with the central portion comprising the TFC, and 

its peripheral edges the associated ligaments. 

Figure 2.2. Elbow and PRUJ joint, showing the annular ligament, radial collateral ligament and the articular capsule. 
Figure adapted from Tortora & Grabowski (2003). 
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The ligaments crossing the proximal end of the DRUJ are the PRUL and DRUL 

(DiTano, Trumble, & Tencer, 2003). While it is relatively easy to distinguish the DRUL 

from the PRUL at the radius end, it is almost impossible to make a distinction at the 

ulna end. The ligaments begin at either the dorsal or palmar aspect of the sigmoid notch 

of the radius. The fibres of the two ligaments then tend to criss-cross each other, so 

that when the joint rotates they “screw home” (Moglo & Shirazi-Adl, 2005; Trent, 

Walker, & Wolf, 1976). The fibres within each of these ligaments are categorised as 

superficial and deep.  The superficial fibres attach to the ulnar styloid process, while the 

deep fibres dive and insert into the fovea of the ulnar head. These vertically orientated 

fibres are termed the “ligamentum subcruetum”.  The superficial and deep fibres are 

thought to act as a functional couple, stabilising the articulation between the ulnar head 

and radius sigmoid notch. Additionally, it has been shown that the PRUL becomes taut 

during supination, while the DRUL does during pronation (DiTano et al., 2003). 

The radius and ulna bones are also connected down their shaft by the interosseous 

membrane (Figure 2.4). The interosseous membrane is a broad, connective tissue sheet 

that begins 2 – 3 cm distal to the radial tuberosity and extends most of the length of 

Figure 2.3. DRUJ, showing the TFC and associated ligaments that make up the TFCC. 
Figure adapted from Wai (2011). 
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the forearm. The primary structure, described as the central band, has fibres that are 

oriented distomedially from radius to ulna (Skahen, Palmer, Werner, & Fortino, 1997). 

It is often accompanied by one or more accessory bands, as well as a proximal 

interosseous band whose fibres run perpendicular to those of the central band. The 

exact role and influence of the interosseous membrane on forearm biomechanics is not 

well understood, but it is in greatest tension at neutral forearm rotation, and appears to 

be particularly important when radius integrity is lost (Skahen et al., 1997). 

The radial head is translated anteroposteriorly and proximodistally relative to the ulnar 

radial notch during rotation, as is the ulnar head against the sigmoid notch (Gray et al., 

1995). However, being a trochoid joint, the DRUJ has only one rotation degree of 

freedom (Gray et al., 1995; Kapandji, 1981; Lees, 2009). In terms of radioulnar 

articulation, the movement of the radius can be considered in isolation from any ulnar 

movement. This results in an anatomical axis of radioulnar rotation that passes from 

the head of the radius proximally, to the head of the ulna distally, as illustrated in Figure 

2.1D (Bremer, Sennwald, Favre, & Jacob, 2006; Nakamura, Yabe, Horiuchi, & 

Yamazaki, 1999; Ray et al., 1951). Here, the ulnar head does not move relative to the 

radius, but the radius rotates over the top of the ulna. When the radius rotates medially 

the movement is termed pronation, and when it rotates laterally the movement is 

termed supination. This isolated movement results in forearm rotation around the 5th 

metacarpal. In practice, however, such isolated forearm rotation is difficult to achieve. 

Instead, radioulnar rotation is coupled with ulnar movement at the elbow to produce a 

functional axis of forearm rotation that can pass through any digit of the hand 

(Kapandji, 1977; Kasten, Krefft, Hesselbach, & Weinberg, 2004; Ray et al., 1951). The 

functional axis is also illustrated in Figure 2.1D. Generally, the ulna moves laterally 

during pronation and medially during supination (Youm et al., 1979), though the precise 

kinematics and axes involved are not well understood.  

The design of the bones is also crucial to forearm rotation. Proximally, the ulna is the 

larger of the two bones. Distally, this is reversed and the radius is larger. This design 

allows simultaneous elbow flexion (where the humerus supports the ulna), forearm 

rotation (where the larger ulna supports the radius) and wrist movement (where the 
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larger radius carries the hand) (Lacquaniti & Soechting, 1982). The design facilitates 

exceptional upper limb manipulation.  

 

Figure 2.4. Forearm, illustrating interosseous membrane. Figure adapted from Tortora & 
Grabowski (2003). 
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2.3 MUSCLES 
There are 23 upper limb muscles involved in elbow, forearm and wrist movement. Most 

of these have primary functions at the elbow or wrist, but some, due to their location 

and orientation may also assist forearm rotation. In order to influence forearm rotation 

and so produce a force across the DRUJ, a muscle must have an attachment site on 

either the ulna or the radius, and it must cross the axis of forearm rotation. Whether a 

muscle crosses the axis of rotation may depend on the position of the forearm. A 

muscle may also produce forearm rotation if attached to the hand. If the wrist is braced, 

this has a similar effect to having an attachment on the radius. Fifteen muscles in the 

upper arm were determined to have met these requirements. The anatomy of each of 

these muscles will be considered in turn. The functions presented are those commonly 

reported in anatomy textbooks. For many, their role in forearm rotation is not 

understood, but this does not preclude their participation. 

There is a deep fascia in the forearm termed the antebrachial fascia. It is a dense sheath, 

attached to the olecranon and posterior border of the ulna, and is continuous with the 

brachial fascia proximally. Along with the interosseous membrane and fibrous 

intermuscular septa, the deep fascia divides the forearm into several compartments: 

The deep anterior compartment, the superficial anterior compartment, the deep 

posterior compartment, and the superficial posterior compartment. This allows the 

muscles of the forearm to be grouped by their compartments. At the wrist the facia 

thickens substantially to form the flexor and extensor retinacula. These retain the 

position of forearm muscle tendons as they pass through to the hand. 

2.3.1 SUPERFICIAL ANTERIOR COMPARTMENT 

The anterior compartment of the arm contains the flexor muscles and the forearm 

pronators (Figure 2.5A). The superficial flexor muscles of this compartment have a 

common tendon attaching to the medial epicondyle of the humerus. The muscles also 

attach to the antebrachial and intermuscular fascia. 
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2.3.1.1 FLEXOR CARPI RADIALIS 

Flexor carpi radialis (FCR) originates in the common flexor tendon that attaches to the 

humeral medial epicondyle and the antebrachial and intermuscular fascia. It has a 

fusiform muscle belly that blends into a long tendon approximately halfway down the 

forearm. This tendon travels within a synovial sheath, and through a canal between the 

flexor retinaculum and the trapezium carpal. It inserts onto the palmar base of the 

second metacarpal, with a slip attaching to the third metacarpal. It may also be attached 

to the flexor retinaculum, the trapezium carpal or the fourth metacarpal. In rare cases 

the muscle may be absent. Flexor carpi radialis is generally considered a primary wrist 

flexor, and also works with radial extensors of the wrist to abduct the hand. 

2.3.1.2 FLEXOR CARPI ULNARIS 

Flexor carpi ulnaris (FCU) is the most medial muscle in this compartment. It has a 

humeral and ulnar head that are connected by tendinous tissue. The humeral head is 

small and attaches to the medial epicondyle of the humerus by the common flexor 

tendon. The ulnar head attaches to the proximal medial surface of the olecranon by 

way of the ulnar collateral ligament. It also has an extensive attachment down the 

proximal two-thirds to three-quarters of the medial border of the posterior ulnar 

surface. The proximal half of this is through a common aponeurosis with ECU and 

flexor digitorum profundus. Approximately midway down the muscle a thick tendon 

forms on its anterolateral side. This tendon attaches to the palmar side of the pisiform 

carpal, and then continues to the hamate and the base of the fifth metacarpal by way 

of the pisohamate and pisometacarpal ligaments. There may also be attachments to the 

flexor retinaculum and the fourth metacarpal bone. When acting with FCR, FCU flexes 

the wrist. When acting with ECU, FCU produces ulna deviation at the wrist. 
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Figure 2.5. Forearm, illustrating the muscles of the anterior compartments of the arm. (A) Muscles of the superficial anterior 
compartment. (B) Muscles of the deep anterior compartment. Figure adapted from Tortora & Grabowski (2003). 
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2.3.1.3 PALMARIS LONGUS 

As its name describes, palmaris longus (PL) is a long, thin, fusiform muscle. It originates 

in the common flexor tendon on the medial humeral epicondyle, and from adjacent 

intermuscular fascia. The muscle blends into a tendon approximately one-third of the 

way down the forearm. The tendon passes over the top of the flexor retinaculum with 

some fibres diverging and merging into the retinaculum. The remaining tendon fibres 

spread and blend into the palmar aponeurosis, a flat connective tissue sheet. Palmaris 

longus can often be absent in one or both arms (Dalley & Moore, 1999). The precise 

function of PL is unknown. It is active during wrist flexion, which is consistent with 

the muscle’s line of action. It may also assist the skin in resisting distally oriented shear 

forces applied to the palm. 

2.3.1.4 PRONATOR TERES 

Pronator teres (PT) has a small attachment site on the anteromedial aspect of the 

coronoid process, just medial to brachialis (BRA) and distal to flexor digitorum 

superficialis. This attachment can be absent. It has a much larger attachment site on the 

medial supracondylar ridge of the humerus. The ulnar and humeral heads meet at an 

acute angle, before passing obliquely down and across the forearm and terminating in 

a flat tendon. This tendon inserts onto the lateral aspect of the radius, approximately 

midway down its shaft at the point of greatest lateral curvature. This improves the 

moment arm available to PT for creating forearm rotation. With pronator 

quadratus (PQ), PT rotates the radius over the ulna, pronating the hand. It is particularly 

active during fast or high load movements. Due to its attachment on the medial 

epicondyle of the humerus, it is also a weak forearm flexor. 

2.3.2 DEEP ANTERIOR COMPARTMENT 

2.3.2.1 PRONATOR QUADRATUS 

Pronator quadratus (Figure 2.5B) attaches to the distal quarter of the anterior ulnar 

surface. Its deepest fibres attach to a small, triangular portion of the medial distal radius, 

just proximal to the sigmoid notch. The remaining fibres attach to the distal quarter of 
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the anterior surface of the radial shaft. This attachment is lateral and slightly distal to 

the ulna attachment site. Pronator quadratus is the primary pronator of the forearm, 

and is supported by PT when high load or velocity is required. The deep fibres are also 

believed to resist separation of the ulnar and radial heads when a longitudinal force is 

applied through the carpus. 

2.3.3 SUPERFICIAL POSTERIOR COMPARTMENT 

The posterior compartment of the forearm contains the extensor muscles of the 

forearm, as well as brachioradialis (BRAR). These are shown in Figure 2.6A. 

2.3.3.1 BRACHIORADIALIS 

Brachioradialis originates on the humerus lateral to BRA, proximal to ECRL, and distal 

to the second head of triceps. Specifically, it attaches to the proximal two-thirds of the 

lateral supracondylar ridge. It blends into a flat tendon about halfway down the forearm, 

which inserts into the anterolateral surface of the distal radius. At its proximal end the 

muscle can often be fused with BRA. It can also insert more proximally on the radius 

and its tendon can split into two or three separate slips. Brachioradialis is primarily an 

elbow flexor and is most effective when the forearm is in neutral rotation. It is most 

active during rapid elbow flexion or extension, and is believed to be a strong stabiliser 

during movements that produce large centrifugal forces. 

2.3.3.2 EXTENSOR CARPI RADIALIS BREVIS 

Extensor carpi radialis brevis originates in the common extensor tendon which is 

attached to the lateral epicondyle of the humerus. It also attaches to the radial collateral 

ligament of the elbow and adjacent facia. It blends into a flat tendon approximately 

midway down the forearm. Its tendon lies medial to that of ECRL and deep to abductor 

pollicis longus (APL) and extensor pollicis brevis. Extensor carpi radialis brevis and 

ECRL share a synovial sheath, but are separated under the extensor retinaculum by a 

small ridge on the posterior surface of the distal radius. Extensor carpi radialis brevis 

attaches to the radial side of the dorsal base of the third metacarpal. It also attaches to 

the ulnar side of the dorsal second metacarpal. Extensor carpi radialis brevis may be 



ANATOMY OF FOREARM ROTATION 

 

2 5  

united with, or exchange slips with ECRL. It acts with ECRL and ECU to extend and 

abduct the wrist. It is also active when the fingers are flexed into a fist; the digital flexors 

cannot grip forcibly unless wrist flexion is prevented by the wrist extensors. 

2.3.3.3 EXTENSOR CARPI RADIALIS LONGUS 

ECRL attaches to the distal quarter of the humerus on the lateral supracondylar ridge.  

Its attachment site is immediately distal to that of BRAR.  Some fibres also originate in 

the common extensor tendon, which attaches to the lateral epicondyle of the humerus.  

Approximately a third of the way down the arm the muscle belly merges into a flat 

tendon. It runs down the lateral side of the radius deep to the tendons of APL and 

EPL. It passes under the extensor retinaculum through a groove on the posterior 

surface of the distal radius, medial to the styloid process.  It inserts onto the radial side 

of the dorsal base of the second metacarpal, sometimes sending slips to the first and 

third metacarpal bones.  Extensor carpi radialis longus may be united with, or exchange 

slips with ECRB.  It acts with ECRB and ECU to extend and abduct the wrist, and is 

active when making a fist. 

2.3.3.4 EXTENSOR CARPI ULNARIS 

Extensor carpi ulnaris originates with the common extensor tendon on the lateral 

epicondyle of the humerus. It also attaches to the medial, posterior portion of the ulnar 

shaft by way of a common aponeurosis with FCU and flexor digitorum profundus. Its 

tendon runs in a separate compartment of the extensor retinaculum, through a shallow 

groove on the posterior surface of the distal ulnar head. It attaches to a tubercle on the 

medial side of the base of the fifth metacarpal. Extensor carpi ulnaris acts synergistically 

with ECRB and ECRL to extend the wrist during gripping. When active with FCU it 

can also adduct the hand. 
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2.3.4 DEEP POSTERIOR COMPARTMENT 

Muscles of the deep posterior compartment are illustrated in Figure 2.6B. 

2.3.4.1 ABDUCTOR POLLICIS LONGUS 

Abductor pollicis longus attaches to a large area on the posterior surface of the radius. 

Its attachment site occupies approximately a quarter of the shaft, just distal to SUP and 

in line with PT. Its attachment is oblique, angling proximally and medially so that it 

crosses over onto the lateral border of the anterior ulnar shaft. As the muscle descends 

distally it becomes superficial. Just proximal to the wrist it blends into a tendon which 

wraps around from the posterior to the anterior side of the radial styloid process. This 

provides the lever necessary for wrist abduction. The tendon usually splits into two 

slips: one attaches to the radial base of the first metacarpal, the other to the trapezium. 

Sometimes the muscle belly is partially or completely divided, and slips from the tendon 

can connect to opponens pollicis or abductor pollicis brevis (APB). Abductor pollicis 

longus abducts the wrist, and with APB abducts the thumb. It can also extend the 

thumb at the carpometacarpal joint with extensor pollicis brevis and EPL. Its 

attachment to the trapezium carpal may also facilitate this by stabilising the carpal bone. 

2.3.4.2 EXTENSOR INDICIS PROPRIUS 

Extensor indicis proprius (EIP) attaches to the lateral border of the posterior ulnar 

shaft distal to EPL, and to the interosseous membrane.  It lies medially and parallel to 

EPL, and its tendon shares a compartment under the extensor retinaculum with 

extensor digitorum. The tendon of EIP passes medially to the extensor digitorum 

tendon, and at the head of the second metacarpal it blends into the medial side of the 

extensor digitorum tendon for the index finger. The EIP tendon occasionally has 

accessory slips connected to the extensor tendons of the other fingers. Extensor indicis 

proprius allows independent index finger extension and assists wrist extension. 
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Figure 2.6. Forearm, illustrating the muscles of the posterior compartments of the arm. (A) Muscles of the superficial posterior 
compartment. (B) Muscles of the deep posterior compartment. Figure adapted from Tortora & Grabowski (2003). 
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2.3.4.3 EXTENSOR POLLICIS LONGUS 

Extensor pollicis longus attaches to the lateral border of the posterior ulnar surface, 

approximately midway down the shaft. Its attachment is slightly proximal to that of 

extensor pollicis brevis on the radius and just distal to APL. Its attachment site also 

extends onto the interosseous membrane. Its tendon passes through a separate 

compartment of the extensor retinaculum, through a deep groove on the posterior 

surface of the distal radius. The groove passes around Lister’s tubercle, which essentially 

alters its line of pull and allows it to act on the thumb rather than the forearm.  

Its tendon attaches to the anterior base of the distal phalanx. At the proximal phalanx 

the tendon of APB blends into the lateral side of the EPL tendon, as do the first palmar 

interosseous and adductor pollicis muscles on the medial side. Extensor pollicis longus 

extends the distal phalanx of the thumb, and acting with extensor pollicis brevis and 

APL it extends the proximal phalanx and metacarpal joints. It can also adduct and 

laterally rotate the thumb. 

2.3.4.4 SUPINATOR 

Supinator’s attachments are complex. It attaches to a shallow hollow on the lateral 

surface of the ulnar coronoid process, between the ulna and radius. It wraps around 

the radius, attaching to the radial collateral ligament of the elbow and the annular 

ligament at the PRUJ. It attaches to the proximal third of the radius distal to its 

tuberosity. The centreline of its attachment area runs down the lateral aspect of the 

bone, beginning at the neck of the radius and wrapping around the anterior and 

posterior surfaces of the shaft. Supinator supinates the forearm, and is assisted by BB 

when higher loads or velocities are involved. 

2.3.5 UPPER ARM 

2.3.5.1 BICEPS BRACHII 

Biceps brachii has two heads proximally. The short head originates at the end of the 

scapula’s coracoid process via a flattened tendon. The long head originates with a thin 

tendon that is continuous with the glenoid labrum, the fibrocartilaginous rim that 
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deepens the glenoid cavity. The tendon passes through the glenoid joint capsule and 

over the humerus head through the intertubercular sulcus, where it is kept in place by 

the transverse humeral ligament. The long and short head muscle bellies are fusiform 

and though very close to each other, can remain separate a considerable way down the 

arm. The united muscle ends in a flat tendon crossing the elbow joint and inserting on 

the posterior aspect of the radial tuberosity (Figure 2.5A). Biceps brachii flexes the 

elbow, and due to its radial attachment does so most effectively when the forearm is 

supinated. It is also an important supinator of the forearm, and can assist in shoulder 

flexion.  

2.3.5.2 BRACHIALIS 

Brachialis has a large attachment on the distal half of the anterior humerus shaft. Its 

attachment begins either side of the deltoid insertion and extends most of the way to 

the coronoid fossa. Its fibres are fusiform, and insert through a thick, flat tendon onto 

the ulnar tuberosity and anterior surface of its coronoid process (Figure 2.6B). In some 

cases BRA can be merged with BRAR, PT or BB, and can also be divided into two or 

more parts. Brachialis is considered a powerful and exclusive elbow flexor. However, 

given it attaches to the ulna, it may assist in moderating ulnar movement for achieving 

the desired functional forearm rotation.
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3 CLINICAL MOTIVATIONS 

There are many disorders that affect the DRUJ and health professionals treating these 

disorders would benefit from a better understanding of its operation (Glowacki, Koch, 

Weiss, & Akelman, 1997; Murray, Adams, Lam, Osterman, & Wolfe, 2010; Nakamura, 

Tatebe, & Yazaki, 2003). The two disorders that will be the focus of this research are 

ulnocarpal impaction syndrome and distal radius malunion. These will be discussed in 

turn. 

3.1 ULNOCARPAL IMPACTION SYNDROME 
Ulnocarpal impaction syndrome is a disorder of the forearm that is particularly difficult 

for clinicians and orthopaedic surgeons to treat (Palmer, 1987, 1989; Sammer & Rizzo, 

2010; Watanabe, Souza, Vezeridis, Blazar, & Yoshioka, 2010). Patients present with 

pain on the ulna side of the wrist. This is usually accompanied by swelling over the 

ulnocarpal joint, and is made worse when the joint is loaded (Köppel, Hargreaves, & 

Herbert, 1997; Lauder & Trumble, 2009). 

In non-clinical forearms, approximately 80% of axial loads are transmitted through the 

distal radius (Palmer & Werner, 1984). The remaining 20% is transmitted through the 

ulnar head by way of the TFCC. In cases of UCIS, there is increased loading between 
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the carpal bones and ulnar head. This can cause significant discomfort, and with 

repeated loading can cause degeneration and even tears in the TFCC (Köppel et al., 

1997; Loh, Van Den Abbeele, Stanley, & Trail, 1999; Palmer, 1987, 1989; Palmer & 

Werner, 1981). The increased loading appears to be related to the relative length of the 

ulna. 

For many years the relative length of the ulna and radius has been considered an 

important factor in wrist joint mechanics (Hultén, 1928). This relative length has been 

termed ulnar variance, and is the distance between the distal edge of the sigmoid notch, 

and the distal apex of the ulnar head’s articular dome, as shown in Figure 3.1 (Lauder 

& Trumble, 2009; Palmer & Werner, 1981; Patton, 2004). Negative ulnar variance refers 

to an ulna shorter than the radius, while positive ulnar variance refers to an ulna longer 

than the radius. Several techniques have been presented for accurately calculating ulnar 

variance (Chan & Huang, 1971; Coleman, Blair, & Shurr, 1987; Gelberman, Salamon, 

Jurist, & Posch, 1975; Kristensen, Thomassen, & Christensen, 1986; Palmer, Glisson, 

& Werner, 1982; Palmer, Glisson, & Werner, 1984; Voorhees, Daffner, Nunley, & 

Gilula, 1985), and studies have shown high inter- and intra-observer reliability for 

several of these methods (Goldfarb, Strauss, Wall, & Calfee, 2011; Kristensen et al., 

1986; Schuind, Linscheid, An, & Chao, 1992). 

There is substantial variability in the ulnar variance for normal, non-clinical wrists 

(Darlis, Ferraz, Kaufmann, & Sotereanos, 2005; Sagerman, Zogby, Palmer, Werner, & 

Fortino, 1995). Ranges of -4.20 to +2.30 mm (mean = -0.90 mm; 120 wrists) (Schuind, 

Figure 3.1. Ulnar variance is the distance between the distal edge of the sigmoid notch (A), and the distal 
apex of the ulnar head’s articular dome (B). Figure adapted from Lauder & Trumble (2009). 
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Linscheid, et al., 1992), -3.80 to +3.80 mm (mean = +0.05 mm; 100 wrists) (Sagerman 

et al., 1995) and -2.08 to +4.08 mm (mean = +0.74 mm, 120 wrists) (Jung, Baek, Kim, 

Lee, & Chung, 2001) have been reported. The average is usually considered as being 

close to neutral, however, more individuals show positive or negative ulnar variance 

than neutral (Hultén, 1928; Palmer & Werner, 1981). In studying patients with UCIS, 

an overrepresentation of positive or neutral ulnar variance was noted, with far fewer 

patients showing a negative ulnar variance (Bowers, 1988; Jay Boulas & Milek, 1990; 

Palmer & Werner, 1981; Sammer & Rizzo, 2010). Accordingly, a study varied the ulna 

length in a cadaveric forearm and measured ulnocarpal loading. It was shown that a 

2.5 mm increase in ulnar variance can more than double the load transmitted to the 

distal ulna (Palmer & Werner, 1984). Similarly, decreasing the ulnar variance 

significantly reduced this loading. Other studies have confirmed the influence of ulna 

length on ulnocarpal loading, and consequently the load transmitted through the TFCC 

(Palmer & Werner, 1981; Palmer & Werner, 1984; Trumble, Glisson, Seaber, & 

Urbaniak, 1986).  

The cause of problematic ulnar variance is inconsistent. Some patients appear to have 

a larger positive ulnar variance naturally, and as such develop TFCC degeneration by 

way of increased ulnocarpal loading. For others, it follows trauma to the distal forearm. 

The distal radius is one of the most common fracture sites in the body (Jupiter, 1991; 

Solgaard & Petersen, 1985). Following a fracture, the distal radius can settle shorter 

than prior to the injury, and this will result in an increased ulnar variance (Köppel et al., 

1997; Palmer et al., 1982). The TFCC thickness has been shown to increase with a 

shorter ulna (Palmer et al., 1984; Werner, Palmer, Fortino, & Short, 1992). As such, an 

acute change in ulnar variance may be particularly problematic as the TFCC may be 

thicker than usual. This could also explain why UCIS can present in patients with 

negative ulnar variance: the increase in TFCC thickness still leads to an increased load 

across the structure (Friedman, Palmer, Short, Mark Levinsohn, & Halperin, 1993; 

Sammer & Rizzo, 2010; Tatebe et al., 2007; Tomaino, 1998, 2000).  

An ulnar shortening osteotomy is the most common treatment for UCIS (Chen & 

Wolfe, 2003; Chun & Palmer, 1993; Darrow et al., 1985; Lauder & Trumble, 2009; Loh 

et al., 1999; Nishiwaki, Nakamura, Nakao, Nagura, & Toyama, 2005; Rayhack, Gasser, 
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Latta, Ouellette, & Milne, 1993; Tatebe et al., 2007). Various osteotomy techniques 

have been presented, and can be performed with reasonable success (Darlis et al., 2005; 

Harrison, Stanley, & Hayton, 2008; Horn, 2004; Lauder & Trumble, 2009; Luria, 

Lauder, & Trumble, 2008; Rayhack, 2010; Rayhack et al., 1993). However, knowing to 

what extent the ulna should be shortened remains difficult. Most commonly, the 

recommendation is to achieve an ulnar variance of -1 to -2 mm (Friedman et al., 1993; 

Köppel et al., 1997; Loh et al., 1999), but this decision is made more complicated in 

cases where the patient already has a negative ulnar variance (Friedman et al., 1993). 

Furthermore, research has shown that ulnar variance changes dynamically with forearm 

position and loading (Epner, Bowers, & Guilford, 1982; Friedman et al., 1993; Jung et 

al., 2001; Kapandji, 1998; Palmer et al., 1982; Tomaino, 2000). Precisely how this affects 

UCIS is unclear, but will likely contribute to dynamic increases in ulnocarpal loading. 

The question of ideal ulnar variance is made more pertinent by the surgeries that do 

not result in the desired outcome (Chun & Palmer, 1993; Jay Boulas & Milek, 1990; 

Köppel et al., 1997; Palmer & Werner, 1981). Of particular concern are cases where 

signs of post-operative degenerative changes in the DRUJ have been noticed (Minami 

& Kato, 1998). Specifically, there have been signs of damage to articular cartilage within 

the DRUJ. The sigmoid notch of the radius and the head of the ulna are not congruent 

(Sagerman et al., 1995), and the portion of their articular surfaces in direct contact 

changes through their ROM (Kapandji, 1981). As such, even a small change in their 

relative lengths will affect their articulation.  

Two studies have examined the effect ulna length changes have on the intra-articular 

pressure in the DRUJ. Using cadaveric forearms, the joint was loaded by simulating 

muscle tension, and pressure sensors measured the resulting pressure across the joint 

surface (Miura et al., 2005; Nishiwaki, Nakamura, Nagura, Toyama, & Ikegami, 2008). 

In both cases DRUJ contact pressure increased significantly when the ulna was 

shortened; after the ulna was shortened by 6 mm, increases of three fold or more were 

shown. With considerable inter-individual variability in the shape and inclination of the 

DRUJ articular surfaces, it remains very difficult to predict these effects in patients 

requiring ulnar shortening procedures. However, to achieve consistently successful 

long-term outcomes with these procedures, it is imperative that surgeons know what 
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effect shortening the ulna will have on the DRUJ articulation, in particular, the intra-

articular pressure within the DRUJ. 

One goal of this research is to study the relationship between ulna length and DRUJ 

contact pressure. A FE model will be developed to estimate DRUJ contact pressure 

during isometric pronation and supination. The geometry of this model will be 

individualised so that specific articular surface shapes and configurations can be 

accounted for. The length of the ulna will be systematically altered, and the change in 

joint contact pressure calculated. This information will be useful to clinicians seeking 

to make informed decisions with regards to their patients, and the model will serve as 

a good reference for future research using clinical forearm anatomy. Eventually it 

should be possible to determine the optimal post-operative ulna length, where both 

TFCC and DRUJ pressure is minimised. 

3.2 DISTAL RADIUS MALUNION 
Distal radius fractures account for approximately a sixth of all human bone fractures, 

and almost 75% of fractures to the forearm (Jupiter, 1991; Owen, Melton, Johnson, 

Ilstrup, & Riggs, 1982). They are most commonly caused by falling on an outstretched 

hand, though the energy involved differs between young and old patients (Brown & 

Bell, 1994; Duncan & Weiland, 2004). Distal radius fractures have been described for 

many years (Colles, 1814; Pouteau, 1783; Smith, 1854). More recently, various 

classification systems have been developed, with the purpose of improving diagnosis 

and the selection of optimal treatment procedures for patients (Duncan & Weiland, 

2004). The best treatment or intervention depends on the specific nature of the injury, 

as well as the condition and requirements of the patient (Patton, 2004).  

Malunion is a very common problem in distal radius fractures (Abbaszadegan, von 

Sivers, & Jonsson, 1988; Amadio & Botte, 1987; Cooney, Dobyns, & Linscheid, 1980; 

McQueen & Caspers, 1988), and is directly related to the dysfunctions experienced 

following recovery (Bacorn & Kurtzke, 1953; Catalano et al., 1997; Jenkins & Mintowt-

Czyz, 1988). Distal radius malunion is defined as an orientation of the distal radius 

different to its anatomical orientation (Patton, 2004). Ultimately, the goal of distal 
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radius fracture treatment is to minimise post-recovery malunion, since this is shown to 

reduce post-recovery dysfunction (Duncan & Weiland, 2004; Patton, 2004). When 

possible, surgical intervention is avoided due to its inherent dangers and potential 

complications. However, failing to intervene surgically after distal radius fractures can 

result in DRMU, which can also give rise to severe disability and pain (Porter & 

Stockley, 1987). In practice, there are two problems. First, it is critical that surgeons 

select the correct treatment at the time of the injury to prevent later malunion. 

However, where that malunion occurs, it is also important for surgeons to know when 

it will be beneficial to intervene, and when it will not.  

Distal radius orientation is described by four measures (see Figure 3.2). Radial length 

describes the longitudinal distance between the ulnar edge of the sigmoid notch and 

the distal tip of the radial styloid process. Radial length typically measures 11 mm 

(Patton, 2004). Radial inclination gives the orientation of the distal radius in the coronal 

plane, and averages 22° in normal populations. Palmar inclination describes the sagittal 

plane tilt of the distal radius, which is typically 11° in a palmar direction. The final 

measure is ulnar variance which, as discussed previously, describes the relative lengths 

of the ulna and radius bones. Distal radius malunion is usually described in terms of the 

changes seen in each of these parameters. Of interest, then, is how changes to each of 

these aspects of orientation relate to patients’ subsequent debilitations. 

Although there are different patterns of DRMU, changes in any of the parameters 

above can lead to poor patient outcomes (Roth & Miniaci, 1988) and may need to be 

corrected (McMurty, Axelrod, & Paley, 1989). Radiocarpal complications are generally 

more problematic, but changes to the orientation of the distal radius can also disrupt 

DRUJ kinematics. Radius shortening is common to all DRMU patterns (Wright, 2004). 

A change in radius length results in an altered ulnar variance, which can lead to UCIS. 

Radial shortening can also decrease the forearm ROM (Bronstein, Trumble, & Tencer, 

1997). As such, ulnar variance is very important for predicting problematic malunion 

(Aro & Koivunen, 1991). However, just as determining optimal ulnar variance is 

challenging in cases of UCIS, knowing when a change in radius length requires 

intervention is also difficult in cases of DRMU. 
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The most common type of DRMU involves dorsal inclination of the distal radius 

(Wright, 2004). Most immediately, this change in orientation affects wrist kinematics, 

leading to increased wrist extension and decreased wrist flexion. However, where dorsal 

tilt exceeds 10° (20° relative to the normal distal radius), it can also reduce pronation-

supination ROM by tightening the interosseous membrane of the forearm and lead to 

DRUJ incongruity (Duncan & Weiland, 2004; Kihara, Palmer, Werner, Short, & 

Fortino, 1996). Distal radioulnar joint incongruity changes articular contact between 

the radius and ulna, which can potentially increase DRUJ cartilage stresses (Bade & 

Figure 3.2. Distal radius orientation. Radial length is the longitudinal distance between the ulnar edge of the sigmoid 
notch and the distal tip of the radial styloid process. Palmar inclination describes the palmer tilt of the distal radius 
articular surface. Radial inclination describes the attitude of the distal radius in the coronal plane. The angle is 
measured between a line perpendicular to the long axis of the radius and a line connecting the distal tip of the radial 
styloid process with the ulnar edge of its sigmoid notch. Figure adapted from Duncan & Weiland (2004) 
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Lobeck, 1991). Rotation malunion can also occur, which alters the mechanics of the 

DRUJ similarly, and can cause DRUJ instability (Crisco et al., 2007; Patton, 2004). 

While it is generally accepted that a palmar inclination of 10° extension or more requires 

intervention, there is no agreement on what signifies problematic radius inclination, 

length or ulnar variance (Wright, 2004). Distal radius malunion corrective surgery has 

been shown to decrease pain and increase joint mobility (Brown & Bell, 1994), however, 

it is not always possible to predict when malunion will be problematic (Wright, 2004). 

Very troubling are the osteoarthritic changes that often follow DRMU (Flinkkilä, 

Raatikainen, Kaarela, & Hämäläinen, 2000; Knirk & Jupiter, 1986). These can even 

occur after fracture reductions that appeared to be successful (Mikkelsen & Lindblad, 

1990). In terms of the DRUJ, it is likely that the mechanisms for this degeneration are 

similar as for UCIS: altered DRUJ kinematics and articular contact patterns. Clearly, it 

is important to know how changes in the orientation of the distal radius affect DRUJ 

kinematics and joint contact pressures. For that reason, the second goal of this research 

is to simulate changes to the various parameters of radius orientation in order to 

evaluate the effect these have on DRUJ contact pressure. The aim is to assess which 

changes are likely to be most disruptive to the DRUJ, and to provide clinicians the data 

with which to make informed decisions as to the benefit or necessity of surgical 

interventions.
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4 MUSCULOSKELETAL FOREARM MODEL 

4.1 INTRODUCTION 
In order to understand how the preceding disorders and corrective procedures affect 

the DRUJ, it is necessary to understand their kinematic and kinetic influences at the 

joint. The forearm radioulnar joints are largely inaccessible to external observation 

(Rau, Disselhorst-Klug, & Schmidt, 2000). Most kinematic models of the forearm and 

wrist used for 3D motion analysis are simplified – typically forearm rotation is modelled 

as rotation at the elbow joint about an axis that runs from the centre of the elbow to 

the centre of the wrist (Eames, Cosgrove, & Baker, 1999; Gutierrez, Bartoneka, 

Haglund-Åkerlinda, & Saraste, 2003; Lloyd, Alderson, & Elliott, 2000; Mackey, Walt, 

Lobb, & Stott, 2005; Romkes et al., 2007). The wrist is also simplified, usually treated 

as a ball and socket joint centred halfway between the ulnar and radial styloid processes 

(Hingtgen, McGuire, Wang, & Harris, 2006; Rab, Petuskey, & Bagley, 2002; Schmidt, 

Disselhorst-Klug, Silny, & Rau, 1999). 

These simplified models are needed in 3D motion capture because the movements of 

the forearm bones are very difficult to track using skin-mounted markers. In order to 

track the movement of a body in 3D space, the coordinates of at least three non-

collinear markers are needed (Winter, 2005). Furthermore, the markers are assumed to 

correspond to the movement of the bones they represent. It is critical to the accuracy 
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of the data that the markers be placed over bony landmarks, where there is minimal 

soft-tissue separating the markers from the bones beneath. There also needs to be 

minimal skin movement over the bones during joint motion. When studying the 

forearm using traditional motion analysis, all these requirements are problematic. The 

only parts of the radius and ulna bones not obscured by muscles are their distal ends, 

as well as a portion of the ulnar olecranon process. Placing three non-collinear markers 

on each bone is very challenging. The bones also move under the skin more during 

forearm rotation than would be observed during a movement like elbow flexion. While 

these models may be adequate for studying very generalised forearm motion, the 

identified issues make more common motion analysis techniques completely 

inadequate for the present study.  

If it were possible to track the movements of the forearm bones accurately using 

surface-marker techniques, the resulting data may still be inadequate for understanding 

the problems caused by the disorders and interventions discussed in chapter 3. The 

relevant changes may be subtle, and more related to the arthrokinematics of the DRUJ 

than the gross segment kinematics. Particularly where the bones are altered – the case 

for ulnar osteotomies or corrective surgeries following distal radius malunion – the 

precise architecture of the joint and the change in contact on the articular surfaces may 

be far more significant than changes in the overall motion of the bones. It is the articular 

contact changes that will impact joint contact pressures and the deformation 

experienced by the joint cartilage (Miura et al., 2005).  

A far more accurate model will be necessary to understand the DRUJ, and the way in 

which forearm injuries, disorders and corrective procedures influence the joint. The 

model needs to provide an accurate description of the joint motion, and accurately 

reflect contact pressure across the articular surfaces. But a spatial description of joint 

contact can only provide a partial understanding. Joint contact pressure requires an 

understanding of the forces crossing the joint. The forces crossing the DRUJ are those 

forces produced by the muscles and ligaments that cross the DRUJ. As with the bone 

movements, these forces are not directly measurable in vivo. When considering human 

muscle forces especially, they must almost always be modelled and estimated. However, 

unlike more commonly studied joints, like the knee, the forearm consists of 
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considerably more muscles, and most are functionally ambiguous. Though their 

primary roles in elbow and wrist movement may be reasonably well established, their 

influence on and contribution to forearm rotation is often not well understood. This 

means they cannot even be easily categorised into functional groups. 

The aim of this work was to use muscle forces as boundary conditions for a detailed 

FE model that would predict cartilage deformation and contact pressure at the DRUJ. 

The goal was to better understand the way in which the DRUJ is affected by changes 

to one or both forearm bones. In order to achieve this, an accurate model of forearm 

joint geometry, bone kinematics, and muscle forces was needed.  

4.1.1 GENERIC VS SUBJECTS-SPECIFIC MODELLING 

When modelling any human system, there are typically two options available – the 

model can be generic or subject-specific. A generic model uses generalised geometry, 

and averaged values for model input parameters. These models can be useful for 

determining general patterns and relationships in systems, without inter-individual 

variability unnecessarily complicating the data. The results of this type of model can 

also be more readily applied to a larger population. However, the accuracy of the results 

for any one individual depends on the extent of inter-individual variability in both the 

geometry of the relevant structures, and in the parameters used in the model. On the 

other hand, a subject-specific model is one where all relevant geometry and model 

parameters are derived specifically from the individual of interest. These should provide 

results that are more accurate for the individual involved, which may be very important 

when making informed decisions for surgical applications. However, the extent to 

which the results can be generalised to other individuals again depends on the extent 

of the inter-individual differences. It may be that the model is so specific to a particular 

individual that the results are not representative of a larger population. This can make 

it difficult to draw more general conclusions about the system and the way that it works. 

Truly generic models do exist, typically employing simplified geometry and joint 

kinematics to study a particular biomechanical problem (Brook, Mizrahi, Shoham, & 

Dayan, 1995; Dul, Townsend, Shiavi, & Johnson, 1984; Forster, Simon, Augat, & Claes, 

2004). For example, Pigeon et al. developed a simple model to mathematically relate 
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the length of upper limb muscles to various joint angles (Pigeon, Yahia, & Feldman, 

1996). Lemay and Crago developed a three joint upper limb model dynamically driven 

by twenty muscles which were based on a Hill-type model (Lemay & Crago, 1996). 

Other authors have used a generic model to test different optimisation methods and 

criteria to find more realistic solutions to the indeterminacy problem of muscle force 

estimation (Raikova, 1996; Raikova & Aladjov, 2003). While these simplified models 

were useful for addressing specific questions, there are other situations where a generic 

model may not be appropriate at all. If, as is the case in the present work, an accurate 

description of joint contact pressure is needed, recent research has shown that precise 

articular geometry can be critical to obtaining accurate results (Anderson, Ellis, Maas, 

& Weiss, 2010). In this situation, a more subject-specific model will be necessary. 

Most musculoskeletal models do not fit into either category perfectly. Many models use 

subject-specific data together with cadaveric or other generalised sources for model 

parameters, however, this is usually more by necessity than design. For example, a very 

commonly used gait analysis model is Plug-In Gait (Gutierrez-Farewik, Bartoneka, & 

Saraste, 2006; Riley, Paolini, Croce, Paylo, & Kerrigan, 2007; Schwartza, Rozumalskia, 

& Trosta, 2008; Stephenson, Lamontagne, & De Serres, 2009; Webster, Wittwer, 

O’Brien, & Feller, 2005). The kinematics of this model is based on work by Davis, et 

al. (Davis, Õunpuu, Tyburski, & Gage, 1991) and Kadaba et al. (Kadaba, Ramakrishnan, 

& Wootten, 1990), and uses motion data captured from individual subjects. However, 

kinetic analysis requires knowledge of segment centre of mass positions and inertial 

parameters which cannot be determined for each subject in a study. Instead, the Plug-

In Gait model utilises anthropometric relationships determined by Dempster et al. 

(Dempster, Gabel, & Felts, 1955). These parameters cannot be described as subject-

specific – they are based on averages from a large number of individuals. Nevertheless, 

they are scaled using subject-specific segment measurements so they are not generalised 

either. Kinematic studies typically calculate results subject-by-subject, even if the results 

are then averaged and generalised for application. Similarly, an EMG driven gait model 

uses subject-measured EMG, and calibrates most muscle model parameters to the 

specific subject (Lloyd & Besier, 2003). However, muscle moment arms and muscle 

lengths are determined using a generic anatomical model that must be assumed to 
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represent the individual subjects. The model does not take into account any individual 

differences in muscle origins and insertions, but this is due to the difficulty of 

determining muscle attachments in vivo, not with the goal of making the model generic. 

Most models, therefore, fall on a spectrum with their position determined by the 

amount of data obtained from literature, and the amount determined on an individual 

basis. The choice of how generic or subject-specific a model should be depends largely 

on the purpose of the data. If the goal is to draw general conclusions about how a 

system works, or what a particular muscle’s usual role at a joint is, a generic model that 

is more representative of an average individual in a large population will be more 

appropriate. If the goal is to make informed decisions about a particular individual, a 

generic model may give results that are quite inaccurate for the specific patient. In this 

case, a model that is customised as much as is possible to the subject will be more 

appropriate. However, this all concerns the accuracy of a model’s output for application 

to particular individuals or populations. There is a larger issue of arguably greater 

importance: the accuracy of the model outputs themselves.  

In order to achieve a truly accurate model of the human body, the model would need 

to be completely comprehensive – the most accurate model would be an exact 

representation of the system itself. Of course, this is simply not possible yet – the body 

is far too complex, and our understanding of it too limited. Instead, models make 

assumptions to simplify the system of interest. An example of this has already been 

seen by the way the wrist and forearm are modelled in 3D motion analysis. While these 

assumptions make it possible to solve the model, they also limit its accuracy. It is 

possible to define far more complex biomechanical models. However, there can be 

tremendous difficulty determining appropriate values to use for their parameters. 

Usually the values used are, at best, estimates based on cadaveric or animal studies. 

Rarely is it possible to obtain the true and accurate values needed for all of the 

parameters. This makes each parameter and each assumption a potential source of error 

in the system. 

As a consequence, most biomechanical models are not accurate in the strictest sense of 

the term. The question, then, is not whether they are accurate. The question is whether 

they are accurate enough for their purpose. That is, are the errors small enough to make 
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the model’s output useful? So it is within that context, that the decision with regards to 

this model was made. In the case of highly assumptive models, and for a system about 

which very little is known for certain, it seemed prudent to do whatever possible to 

minimise the potential sources of error. For all the sources of error in a subject-specific 

model, a generic model would have identical sources of error, except that there would 

be additional questions relating to inter-individual differences. In addition to any other 

uncertainty in the model, it would be unclear to what extent the averaged muscle 

moment arms, muscle volumes, bone articular surfaces and kinematics, and externally 

measured forearm rotation torques combine to give something representative of 

normal motion about a real axis of rotation. The decision was made to create a “more 

subject-specific” model. This was not to achieve a completely accurate model for the 

subject involved. It was not to build a model that could easily be customised to a clinical 

patient and be used to inform treatment (although that would certainly be desirable in 

the future). The decision to create a "more subject-specific" biomechanical model of 

the forearm was made to minimise the possible sources of error, and to achieve a "more 

accurate" model of the motion and mechanics involved.  

In order to obtain a more accurate estimate of cartilage deformation at the DRUJ, an 

accurate geometric representation of a subject’s joint and accurate estimates of their 

forearm muscles forces were needed. These will be considered in turn. 

4.2 BONE MODEL 
To begin with, geometrically accurate models of the relevant bones were created. 

Initially, existing MR imaging data was used with an existing FE model, which was 

customised using a variant of free-form deformation technique (Sederberg & Parry, 

1986): host mesh fitting. As will be discussed, this process failed to provide sufficiently 

accurate geometry. Furthermore, the construction of the mesh led to numerical 

instability during mechanics solutions. The MR imaging data collected for this work 

was also used to study forearm rotation kinematics, as will be discussed in chapter 5. 

The existing MR imaging data was unable to provide forearm rotation kinematics that 

were accurate enough for the later analyses. Instead, new MR imaging data was obtained 
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of a new subject in more controlled conditions. This data was used to construct new 

bone meshes with better numerical properties that were appropriate for the later 

mechanical analysis. Both procedures will be explained here. 

4.2.1 HOST MESH FITTED MODEL 

4.2.1.1 DATA 

The data used for this initial model was obtained by researchers at the University of 

Kentucky, in the United States of America (Pappou & Boland, 2008) and was used with 

their permission. 

One female subject (21 years, 50kg) was scanned using a 3T Siemens Trio scanner 

(Siemens Medical Systems, Erlangen, Germany) and an extremity receiver coil. The 

acquired images were T1-weighted (TR = 7.64 ms, TE = 3.83 ms), with an in-plane 

resolution of 0.4688 mm and a slice thickness of 2 mm. The subject’s arm was scanned 

from mid-hand to mid-humerus in seven positions of forearm rotation: in a neutral 

position, and at 25°, 50° and 75° of both pronation and supination (N, P25, P50, P75, 

S25, S50, S75). The subject’s arm was placed in position by the researcher using a 

goniometer. The subject was required to keep their forearm in that position until the 

scan was completed.  

The humerus, radius and ulna bones were manually segmented from the MR images 

using Zinc Digitizer (http://www.cmiss.org/cmgui/zinc) to provide 3D data clouds 

that represent each bone in the seven positions of forearm rotation.  

MR imaging produces the clearest images with minimal distortion when the point of 

interest is at the centre of the MR imaging bore. Scans are broken up into shorter stacks 

to reduce distortion when longer collection volumes are needed. Each stack is centred 

in the MR imaging bore. For this reason, the MR images in this study were collected in 

two image stacks. Despite this, there was still a distortion of the images towards the 

ends of each collection volume which resulted in a slight mismatch between the data 

clouds segmented from each stack (Figure 4.1). This was corrected by manually 
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transforming the data cloud from the distal image stack so that it became continuous 

with the data cloud from the proximal image stack. 

4.2.1.2 EXISTING MODEL 

To perform host mesh fitting, an existing FE model of the relevant bones is needed. 

This study used humerus, ulna and radius bone models developed from the Visible 

Human data set (Ackerman, 1998; Spitzer & Whitlock, 1998), which were created using 

CMISS modelling software (http://www.cmiss.org/cm). The existing models are 

displayed in Figure 4.2. The ulna and radius bones consist of 315 and 255 bicubic 

Hermite-linear Lagrange, hexahedral elements, respectively, arranged in layers. 

Figure 4.3A shows a typical bicubic Hermite-linear Lagrange element. 𝛏𝛏 (𝜉𝜉1, 𝜉𝜉2, 𝜉𝜉3) are 

the normalised element coordinates, with cubic Hermite interpolation in 𝜉𝜉1 and 𝜉𝜉2 

directions and linear Lagrange interpolation in the 𝜉𝜉3 direction. All elements in each 

layer shared common or collapsed nodes on their 𝜉𝜉3 = 1 face (Bradley, Pullan, & 

Hunter, 1997), which creates a circle of elements with a smooth external surface 

(Figure 4.3B). The humerus mesh had been constructed similarly, except that the mesh 

was two elements deep radially, and only the internal elements used collapsed nodes 

(see Figure 4.3C). 

Figure 4.1. Data clouds segmented from the neutral MR imaging scan. (A) Data clouds showing the mismatch that 
occurs between MR image stacks. (B) Data clouds after the mismatch had been manually corrected. 
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Figure 4.2. Existing FE model based on the Visible Human dataset, demonstrating the element structure with collapsed 
nodes in the centre and at the ends of the bones. 

Figure 4.3. Mesh element construction. (A) Typical hexahedral element. In the bone meshes 𝜉𝜉1 and 𝜉𝜉2 use cubic 
interpolation while 𝜉𝜉3 uses linear. (B) Mesh construction used for the existing ulna and radius bone models. The 𝜉𝜉3= 1 
face of each element is collapsed and the 𝜉𝜉3= 0 face provides a smooth outer surface for the mesh. (C) Mesh construction 
used for the existing humerus bone model. In this case the outer elements in each row maintain their 𝜉𝜉3= 1 faces, but 
these are collapsed in the inner elements. 
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4.2.1.3 HOST MESH FITTING METHODOLOGY 

Host mesh fitting is a three step process. To begin with, the existing model undergoes 

rigid-body transformation to align it with the data set. Then, a preliminary host mesh 

fit is performed, where the existing mesh undergoes an inhomogeneous, affine 

transformation so that it approximates the general curvature and shape of the data set. 

The nodes of the mesh along the shaft of the bone are translated so that they overlap 

the corresponding positions on the data cloud (Figure 4.4A). These new nodal positions 

are saved as the target data points. Their original positions serve as the landmark data 

points. The landmark and target points, along with the existing bone mesh, are 

embedded within a rectangular, tricubic mesh (host mesh), as shown in Figure 4.4B. A 

least squares algorithm is used to obtain the nodal parameters of the host mesh that 

minimise the error between the landmark and target data points. The existing bone 

mesh, embedded within the host mesh, undergoes the same degree of deformation 

(Figure 4.4C). Its final nodal parameters are updated, providing a bone model that 

captures the general shape of the subject’s data cloud. 

The final step properly fits the bone model to the subject’s data cloud, capturing the 

size and volume of the subject’s bones. The process is similar to before, except that 

this time the target data points are the data points of the bone data cloud. The landmark 

points are their projections onto the surface of the bone model (see Figure 4.4D). 

Again, the nodal parameters of the host mesh are optimised so as to minimise the 

Euclidean distance between the landmark and corresponding target points 

(Figure 4.4E). The bone mesh is deformed similarly, and saved as the final, fitted bone 

model. Host mesh fitting was performed in CMISS (http://www.cmiss.org/cm) and 

provided a customised model of the subject’s bones (Figure 4.4F). 

After fitting each of the bones, the original bone data points were projected onto the 

surface of the fitted bone mesh. The accuracy of the host mesh fit was evaluated by 

calculating the root mean square (RMS) of the Euclidean distance between the original 

data points and their projection onto the fitted bone mesh. The RMS was calculated as 

follows: 
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𝑅𝑅𝑅𝑅𝑝𝑝 = �∑ |𝐱𝐱�𝑖𝑖 − 𝐱𝐱𝑖𝑖|2𝑁𝑁

𝑖𝑖=1

𝑁𝑁
 4.1 

   
where |𝐱𝐱�𝑖𝑖 − 𝐱𝐱𝑖𝑖| gives the Euclidean distance between the original data points (𝐱𝐱𝑖𝑖) and 

their projection onto the surface of the mesh (𝐱𝐱�𝑖𝑖) and 𝑁𝑁 gives the total number of data 

points. 

4.2.1.4 RESULTS 

The resulting fitted bone models are shown in Figure 4.5. The host mesh fit was able 

to capture the general shape and features of the bones. Viewed individually, the bone 

models appeared to represent their respective data clouds reasonably well. This was 

supported by the fitting RMS values for the ulna (1.4 mm) and radius (1.2 mm), 

although the RMS of the humerus was slightly higher (2.3 mm). When viewed together, 

however, the bones actually penetrate each other at the articular surfaces (Figure 4.6). 

Based on the MR imaging data, inter-articular space at the PRUJ and DRUJ was 

approximately 1 – 2 mm. The shape of the bones, particularly at their ends, was not 

captured precisely enough for joints as restricted as these. Provided the host mesh has 

sufficient degrees of freedom, it will be capable of capturing very fine geometric detail. 

Instead, this indicates that the data available at the articular surfaces was insufficient to 

constrain the fit adequately. The resulting joint surface geometry was not accurate 

enough for the intended joint contact analysis. 

Furthermore, the existing model uses collapsed nodes in the centre of the mesh. While 

this construction is good for capturing the geometry of the bones, it results in 

integration points (see section 7.2.2.4) that are very close together and can cause 

numerical instability when the mesh is deformed.  The ultimate goal for this model is 

to simulate cartilage deformation at the DRUJ during forearm rotation. The poor joint 

contact representation and the numerical instability of the mesh construction make 

achieving that goal impossible with the host mesh fitted model. For this reason, it was 

decided that a new model was needed. The mesh construction needed to be appropriate 

for large deformation analysis, and the articular surfaces needed to be far more precise 

to make articular contact simulations possible and accurate. Once these more precise 
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meshes have been developed, however, it may be possible to customise them to other 

individuals using a host mesh fit. It will still be important to ensure that sufficient data 

is available at the articular surfaces to provide accurate joint representations. 

Figure 4.4. Host mesh fitting process. (A) Existing radius bone model. White circles are the mesh nodes, which serve 
as the landmark points for the first host mesh fit. Silver circles are the data points segmented from the MR images. 
Red circles are the mesh nodes which have been translated so that they align with the data points. These serve as the 
target points for the first host mesh fit. (B) Existing model imbedded in the host mesh. Landmark and target data 
points are shown. (C) Radius bone model after first host mesh fit, now capturing the general shape of the subject’s 
data cloud. (D) Radius bone model prior to second host mesh fit. Red circles are the segmented data points, which 
now serve as the target points for the fit. White circles are the the data points projected onto the surface of the bone 
mesh, and serve as the landmark points for the second host mesh fit. (E) Bone model after the second fit, with the 
deformed host mesh. (F) Final, fiitted radius bone model. 
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Figure 4.5. Fitted humerus, ulna and radius bone models in neutral position. 

Figure 4.6. Ulna and radius bone models, showing the penetration that occurs at the PRUJ (left) and DRUJ (right). 
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4.2.2 CUSTOM MESH MODEL 

The new mesh was not created using the existing MR imaging data. Kinematic analysis 

was performed using the previous data, as will be described in chapter 5. The results of 

that analysis were confounded by the lack of control applied during the MR imaging 

data collection. To accomplish the necessary kinematic analysis, new MR imaging data 

was also needed. This new MR imaging data was used to construct the final FE model. 

4.2.2.1 DATA 

The right forearm of a 27 year old healthy male participant was scanned using a 3T 

Siemens Skyra MR imaging scanner (Siemens Medical Systems, Erlangen, Germany) 

and two body receiver coils. A specially designed jig was used to hold the forearm and 

constrain rotation about a fixed external axis. The design and fabrication of the jig is 

described in chapter 5.3. The MR imaging data was collected in two sessions due to 

time constraints. In the first session, the arm was scanned in three positions: neutral, 

25° pronation and 25° supination. The acquired images were T1-weighted axial slices 

(TR = 5.89 ms, TE = 2.45 ms), with an in-plane resolution of 0.5625 mm and a slice 

thickness of 3 mm. Two additional scans were collected to allow the joint geometry to 

be captured more accurately. These were high-resolution scans of the wrist and elbow, 

also T1-weighted, but with isotropic voxels of 0.59375 mm (TR = 8.82 ms, TE = 

4.90 ms) and 0.65625 mm (TR = 8.54 ms, TE = 4.90 ms) respectively. During the 

second session, additional positions of 50° and 75° pronation and supination were 

collected, along with a second neutral scan. The details of this MR imaging data will be 

discussed in chapter 5. Only the neutral scan and the high-resolution scans of the elbow 

and wrist collected in the first session were used to construct the geometric bone 

models. 

For the first model, the data was segmented using Zinc Digitiser 

(http://www.cmiss.org/cmgui/zinc). This program generates a new coordinate system 

for the data with its origin at one corner of the data stack. The original spatial location 

of the images is lost, and each image is assumed to be directly above the previous image 

by the specified slice thickness (or inter-image distance). This works well for simple, 

rectangular image stacks. It does not work well for non-orthogonal data stacks, and 
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makes registering the data from one scan to another challenging. In this case, the data 

from three MR imaging scans needed to be integrated with one another. Furthermore, 

non-orthogonal volumes were used to capture the wrist and elbow images. For these 

reasons, a different method of segmentation was used. A specially written script was 

used with the in-house software, cmgui (http://www.cmiss.org/cmgui). Each image 

was loaded into the 3D work space using the spatial coordinates of the image itself 

(extracted from the DICOM header generated at the time of acquisition). This 

procedure ensured that the data points segmented from the images retained their 

original spatial locations, making it far easier to register data from the different scans.  

The humerus, ulna and radius bones were segmented in each MR image from each scan 

(Figure 4.7). The original DICOM images from the high-resolution scans were axial 

slice images – slices stacked longitudinally down the length of the arm. However, 

because this MR imaging data was isotropic it could be resampled to give images in any 

other plane. The DICOM images were resampled in the sagittal plane using a purpose-

written MATLAB script. The humerus, radius and ulna bones were also segmented in 

these new images, providing an even more precise representation of the articular 

surface geometry (Figure 4.8).  

The data segmented from the high-resolution scans aligned reasonably well, but not 

perfectly with the full length, neutral scan. It is likely that the subject’s arm moved 

slightly between scans. Some manual manipulation was performed to integrate it 

properly with the rest of the bone data. The final bone data clouds are shown in 

Figure 4.9. 

4.2.2.2 MESH CREATION 

There were several steps in the development of the custom bone meshes. Initially, a 

simple trilinear mesh was created that approximated, in course terms, the shape of the 

bone (Figure 4.10A). The nodes of this mesh were updated to give cubic interpolation 

in all three 𝜉𝜉 directions. This was different to the meshes described in section 4.2.1.3, 

which used cubic interpolation in 𝜉𝜉1 and 𝜉𝜉2 directions (the circumference and length 

of the bone) but linear in 𝜉𝜉3 direction (projecting through the bone). 
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These tricubic bone meshes were then fitted to the original bone data clouds 

(Figure 4.10B). The data clouds were orthogonally projected onto the external surface 

of the relevant bone mesh. Using the least squares algorithm, nodal parameters were 

obtained that minimised the Euclidean distance between the data points and their 

projections. The accuracy of the fit was evaluated based on the RMS error between the 

original data points and their projections onto the external surface of the final, fitted 

mesh (equation 4.1). 

 

 

 

 

 

 

 

 

 

  

Figure 4.7. Humerus, ulna and radius data clouds, segmented from the neutral MR imaging scan. 

Figure 4.8. Dense data clouds segmented from the high-resolution scans of the DRUJ (left) and elbow (right). 
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Figure 4.10. Creation of custom radius bone mesh for fitting. (A) Initial trilinear mesh. (B) Radius bone mesh after 
fitting. Silver data points are the MR imaging segmented data cloud. 



MUSCULOSKELETAL FOREARM MODEL 

 

5 7  

4.2.2.3 RESULTS 

The final, fitted humerus, ulna and radius bone models are shown in Figure 4.11. 

Qualitatively, the models were in good agreement with the segmented data clouds. This 

was reinforced quantitatively, with all fitting errors less than 1 mm (Table 4.1), averaging 

just 0.38 mm. This showed a far more accurate fit than the host mesh fitted models, 

where the RMS error ranged from 1.2 – 2.3 mm. Furthermore, these custom-built bone 

models showed a lot of geometric detail at the ends of the bones in comparison with 

the host mesh fitted models. The bones showed good congruence at all the joints while 

maintaining a realistic inter-articular space. Finally, the design of the meshes meant they 

would provide numerically stable results when used for large deformation mechanics 

simulations. As a result, the final bone models were deemed suitable for the intended 

analysis. Details of the bone meshes and the data clouds used for fitting are included in 

Table 4.1. 

Table 4.1. Details of the humerus, ulna and radius bone models, giving the total number of segmented data points used 
for fitting, the number of nodes and elements in each mesh, and the fitting errors (in mm). 

Bone Data points Nodes Elements Fitting Error 
Humerus 14595 225 128 0.75 
Ulna 14182 625 272 0.21 
Radius 10257 450 384 0.18 
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Figure 4.11. Final, fitted bone models for the neutral humerus, ulna and radius. 
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4.3  MUSCLE MODEL 
Having developed geometrically accurate and numerically stable models of the 

humerus, radius and ulna, the next step was to develop a model for estimating forearm 

muscle forces. As has already been briefly discussed, determining the force a muscle 

produces is difficult. While tendon force can be measured directly (Finni, Komi, & 

Lepola, 2000; Fukashiro, Komi, Järvinen, & Miyashita, 1995; Schuind, Garcia-Elias, 

Cooney III, & An, 1992), this usually involves very invasive procedures that are, for 

practical and ethical reasons, not used often in biomechanical research. There are new 

techniques using forms of elastography that show promise for estimating individual 

muscle forces, at least at submaximal levels (Jenkyn, Ehman, & An, 2003; Killian, 

Nordez, & Hug, 2011). However, modelling remains the most common way to 

approach the problem. As was explained, MR imaging data was obtained of a subject’s 

forearm in seven positions of forearm rotation. In addition to the development of bone 

models and the kinematic analysis this afforded, the MR imaging data was used to 

develop geometric models of the subject’s muscles in the neutral position. The centre 

lines of those muscles were also available in the other six positions. The details of that 

process are explained in chapter 6, but these models provide data valuable to this 

discussion. In particular, muscle volume, muscle length and muscle moment arm data 

was available for each muscle in all seven positions of forearm rotation. Maximal, 

isometric pronation and supination torques were also recorded in each position of 

forearm rotation using a dynamometer. With the availability of this data in mind, 

methods of estimating individual muscle forces are considered. 

Given kinematic information about a system and knowledge of any external forces 

acting on it, commonly used inverse dynamics analysis can provide net joint forces and 

moments at a joint (Davis et al., 1991; Winter, 2005). In the forearm, the net joint 

moment can be determined directly by measuring forearm rotation torque. However, 

the net joint moment represents the sum of the moments produced by the muscles 

crossing the joint. When one attempts to determine the individual muscle forces 

responsible for the net joint moment, a problem of indeterminacy is encountered. 

Essentially, there are more degrees of freedom than there are equations available to 

solve. In a system like the forearm, there are 23 muscles that can contribute to the net 
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joint torque. As a result, there are effectively infinite combinations of muscle forces 

that could produce the measured forearm rotation torque. Apportioning the correct 

forces to the different muscles is impossible without applying addition constraints to 

the system. 

4.3.1 OPTIMISATION 

One way in which researchers have attempted to solve the problem of indeterminacy 

is by way of optimisation (An, Kaufman, & Chao, 1989; Brook et al., 1995; 

Crowninshield & Brand, 1981; Glitsch & Baumann, 1997; Raikova & Aladjov, 2003). 

The problem is formulated, and the values of parameters are optimised in order to 

satisfy an objective function, usually applying additional constraints so that the muscle 

force solutions are physiologically reasonable. The problem with this approach relates 

to the original indeterminacy problem – there are an infinite number of possible 

solutions to the problem. While optimisation can find a solution, it is difficult to know 

whether it is the correct solution, partly because the solution is usually not strictly based 

on physiology. The calculated muscle forces depend on the objective function selected 

(Collins, 1995). The objective function is usually chosen to minimise the physiological 

cost of the activity. Models are often optimised to minimise muscle stress 

(Crowninshield & Brand, 1981) or the square of muscle activation (Anderson & Pandy, 

2001), and so maximise the endurance capacity of the muscles. When considering lower 

limb locomotion it is not difficult to justify a criterion that produces a more efficient 

movement with greater endurance capacity. However, for upper limb movement the 

correct objective function is less clear. Upper limb function is far more varied than for 

the lower limb, and it is conceivable that precision of movement may often be more 

important than the efficiency or metabolic cost of the movement. Furthermore, 

minimal muscle stress will occur when co-activation of antagonist muscles is minimised. 

Co-activation is a reality in human movement (Winter, Fuglevand, & Archer, 1994), 

and the ability of optimisation procedures to accurately predict it is a known difficulty 

(Brand, Pedersen, & Friederich, 1986; Collins, 1995; Zajac, Neptune, & Kautz, 2002). 

Additionally, this form of optimisation cannot account for inter-individual differences 

in muscle activation patterns. Instead, it would be more desirable to solve the muscle 
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force distribution problem in a way that is more physiologically-based. For the forearm 

especially, it will be easier to argue that muscle forces determined this way represent the 

correct solution, rather than one possible solution.  

4.3.2 PHYSIOLOGY-BASED MUSCLE FORCE 

MODELLING 

When considering muscle force production from a physiological perspective, it is useful 

to start with muscle fibres and the force they produce. Muscle force, at a fibre level, 

can most simply be characterised by the specific tension of the fibre (force capacity per 

unit area) and its cross-sectional size (area). Studies that have investigated muscle fibre 

force have used animals to do so – primarily frogs (Gordon, Huxley, & Julian, 1966; 

Lieber, Leonard, Brown, & Trestik, 1991), rats (Kanda & Hashizume, 1992) and cats 

(Burke & Tsairis, 1973). Even in these very controlled conditions, the specific tension 

measured from muscle fibres has ranged from 5.9 – 28.5 N/cm2. While experimental 

differences, such as internal shortening or the temperature at which the fibres were 

tested, are likely responsible for some of this variability, there is also evidence that 

specific tension may vary for different muscle fibre types (Burke & Tsairis, 1973; Kanda 

& Hashizume, 1992).  

Scaling this concept to whole muscles, the force a muscle produces should be equal to 

the summed cross-sections of its muscle fibres multiplied with the specific tension of 

those fibres. However, measuring and calculating the summed cross-sectional area of 

muscle fibres in a whole muscle is not trivial, nor is it practical in the case of human 

subjects. Instead, the concept of the physiological cross-sectional area (PCSA) of a 

muscle was developed. Distinct from the anatomical cross-sectional area (ACSA), the 

PCSA is the cross-sectional area of a muscle perpendicular to its muscle fibres 

(Fukunaga, Kawakami, Kuno, Funato, & Fukashiro, 1997). The ACSA of a muscle is 

simply the cross-sectional area of the muscle relative to its long axis, typically measured 

at the widest point (Bamman, Newcomer, Larson-Meyer, Weinsier, & Hunter, 2000; 

Kawakami, Abe, Kuno, & Fukunaga, 1995). The relationship between the ACSA and 

the PCSA of a muscle is shown in Figure 4.12, and is governed by the pennation of the 

muscle’s fibres.  
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For a given ACSA or muscle volume, the greater the pennation of the muscle fibres 

(larger angle, 𝜃𝜃) the greater the muscle’s PCSA. For a fusiform muscle where there is 

no fibre pennation, it is evident that the PCSA will be equivalent to the ACSA. In 

practice, though, PCSA isn’t determined using muscle fibre pennation. Rather, it is 

calculated as the ratio of muscle volume to fibre length (Alexander & Vernon, 1975; 

Fick & Bardeleben, 1910; Haxton, 1944; Maganaris, Baltzopoulos, Ball, & Sargeant, 

2001; Wickiewicz, Roy, Powell, & Edgerton, 1983): 

 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

𝑉𝑉𝑚𝑚
𝑙𝑙𝑚𝑚𝑜𝑜 ,

 4.2 

   
where 𝑉𝑉𝑚𝑚 is the total muscle volume and 𝑙𝑙𝑚𝑚𝑜𝑜 , is the optimal length of the muscle’s fibres. 

With this definition of whole muscle cross-sectional area, specific tension of skeletal 

muscle can be determined by dividing the force a muscle produces by its PCSA (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝). 

The muscle force equation, then, is given by (Kawakami, Nakazawa, Fujimoto, Nozaki, 

& Miyashita, 1994): 

 𝐹𝐹𝑚𝑚 = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∙ 𝜎𝜎 4.3 
   

where the muscle force (𝐹𝐹𝑚𝑚) is the product of the muscle’s cross-sectional area and its 

specific tension (𝜎𝜎). Studies that have compared muscle force to muscle volume have 

shown considerable variability in muscle strength, even between muscles in the same 

animal. However, when muscle force is described relative to the PCSA of the muscles, 

that variability is eliminated (Close, 1972; Josephson, 1975; Sacks & Roy, 1982). 

Essentially, PCSA, which takes into account differences in muscle fibre pennation, is a 

better measure of a muscle’s capacity to produce force than its overall size (volume) is. 

Figure 4.12. Relationship between PCSA and ACSA in an idealised muscle. 
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In order to use PCSA to predict individual muscle forces, the accuracy of the specific 

tension value is critical. Early experiments using whole muscles of animals again 

calculated variable specific tensions, which ranged from 18 – 98 N/cm2 (Arkin, 1941; 

Close, 1969; Fick & Bardeleben, 1910; Recklinghausen, 1920). This raised questions as 

to whether or not specific tension in skeletal muscle is a constant, especially when 

considering whole muscles with differing muscle fibre compositions. Very controlled 

experiments were subsequently conducted where whole muscles were maximally 

stimulated, tendon force was directly measured, and the muscle’s PCSA was determined 

precisely following dissection. This procedure has predominantly been performed on 

cats (Spector, Gardiner, Zernicke, Roy, & Edgerton, 1980), guinea pigs (Powell, Roy, 

Kanim, Bello, & Edgerton, 1984) and mice (Brooks & Faulkner, 1988). Under these 

controlled conditions, a consistent specific tension of 21 – 22.5 N/cm2 has been shown, 

which is generally assumed to be the specific tension of skeletal muscle. 

Studies have sought to validate this specific tension in human skeletal muscle. Here, the 

task is far more difficult. Typically, external joint torque (𝜏𝜏𝐸𝐸) is measured, from which 

muscle tendon force (𝐹𝐹𝑡𝑡) is calculated based on the muscle’s moment arm (𝑟𝑟𝑚𝑚) at the 

joint: 

 𝐹𝐹𝑡𝑡 =
𝜏𝜏𝐸𝐸
𝑟𝑟𝑚𝑚

 4.4 

   
However, where pennation angle is significant, the tendon force cannot be equated to 

the force produced in the muscle’s fibre direction. The relationship between the muscle 

fibre force (𝐹𝐹𝑚𝑚) and the measured tendon force is calculated using the cosine of the 

muscle’s pennation angle (𝜃𝜃), and is illustrated in Figure 4.13.  

 
𝐹𝐹𝑚𝑚 =

𝐹𝐹𝑡𝑡
𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃

 4.5 
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Some researchers have included this relationship in the PCSA they calculate (Cutts & 

Seedhom, 1993; Fukunaga, Roy, Shellock, Hodgson, & Edgerton, 1996; Kawakami et 

al., 1994), using the equation: 

 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

𝑉𝑉𝑚𝑚
𝑙𝑙𝑚𝑚𝑜𝑜 ,

∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 4.6 

   
Calculating PCSA this way, however, confuses the definition of PCSA and makes 

comparison between studies more difficult. Rather, pennation angle should be used to 

equate tendon force with muscle force in the fibre direction, and PCSA should remain 

the cross-sectional area of the muscle perpendicular to the muscle’s fibres. Doing so, 

specific tension (𝜎𝜎) can be determined as follows: 

 
𝜎𝜎 =

𝐹𝐹𝑚𝑚
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 4.7 

    
This approach has been used to estimate specific tension values for human muscle. It 

requires finding joint torques for which muscle groups can be easily isolated and 

evaluated together. One study using this method compared the calculated specific 

tension for elbow flexors and extensors (Buchanan, 1995). Even though both muscle 

groups had similar force producing capacities (total PCSAs), the flexor muscle group 

generated significantly larger joint torques. The result was 150 – 200% larger specific 

tension values for elbow flexor muscles than extensors. The authors concluded that 

using a single specific tension value across muscles is inaccurate. 

When compared across studies, specific tension values determined for human muscle 

have varied even more than those determined in animal studies, ranging from 

Figure 4.13. Relationship between the tendon force and the force produced in the muscle's fibre direction. 
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4.6 – 148.0 N/cm2 (Buchanan, 1995; Fukunaga et al., 1996; Granata & Marras, 1993; 

Kawakami et al., 1994; O'Brien, Reeves, Baltzopoulos, Jones, & Maganaris, 2009). That 

variability is not surprising given the complexity of the problem. To begin with, muscle 

forces used in the calculation of specific tension rely on accurate muscle moment arms 

and pennation angles. In some studies these were estimated in vivo using MR imaging 

and ultrasound techniques, while other studies used values obtained from cadaveric 

dissections. Furthermore, the specific tension calculation is entirely dependent on 

accurate muscle PCSAs – something that is not simple to determine. While some 

studies determined in vivo, subject-specific muscle volumes and fibre lengths (Erskine, 

Jones, Maganaris, & Degens, 2009; Maganaris et al., 2001; O'Brien et al., 2009; Reeves, 

Narici, & Maganaris, 2004), others used cadaveric data for calculating PCSA (Buchanan, 

1995; Cholewicki, McGill, & Norman, 1995; Pruim, de Jongh, & ten Bosch, 1980). That 

data is assumed to be representative of the individuals for whom the muscle force was 

determined. The problem is further complicated by the difficulty that exists in isolating 

any one muscle at a joint. Virtually every measureable external joint torque in the human 

body is the result of multiple muscle forces. One again faces the problem of 

apportioning force to the various contributing muscles, made even more difficult by 

antagonistic co-contraction. 

In addition to all of these difficulties, equation 4.3 describes only the maximal isometric 

force the muscle is capable of generating. It assumes that the muscle is maximally 

activated, at optimal length and that there is no change in the muscle’s length during 

contraction (isometric). In practice, these conditions are very difficult to meet in the 

human body. In the absence of these conditions, the specific tension calculated with 

equation 4.7 represents all the variability present in these parameters. As a result, it is 

not surprising that specific tension calculations vary considerably. All other factors that 

influence muscle force are lumped into the specific tension value. This reality 

necessitates the use of a more comprehensive model of skeletal muscle force. 

4.3.3 HILL-TYPE MODEL 

A very widely used phenomenological model of muscle force, based on macroscopic 

physiology, is described as the Hill-type model (Hill, 1938; Zajac, 1989). It has been 
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incorporated into many musculoskeletal models, including those of the lower limb 

(Arnold, Ward, Lieber, & Delp, 2010; Bogey, Gitter, & Barnes, 2010; Delp et al., 1990; 

Lloyd & Besier, 2003) and the upper limb (Gonzalez, Buchanan, & Delp, 1997; Hale, 

Dorman, & Gonzalez, 2011; Herrmann & Delp, 1999; Holzbaur, Murray, & Delp, 

2005; Lemay & Crago, 1996). This model integrates active and passive components of 

muscle force. The contractile element (CE) of the model calculates the active muscle 

force. Peak contractile force (𝐹𝐹𝑚𝑚𝑜𝑜) is usually determined as above, using the muscle’s 

PCSA and an estimate of its specific tension. That peak force is then modified using 

the pennation angle of the muscle fibres (𝜃𝜃), and the length of the muscle fibres (𝑙𝑙𝑚𝑚) 

relative to their optimal length (𝑙𝑙𝑚𝑚𝑜𝑜 ), based on a force-length relationship model. These 

parameters are sufficient for isometric muscle force estimation. However, when 

dynamic muscle force simulations are needed, a force-velocity relationship (𝑣𝑣) is 

included as well. The result is a peak muscle force that is modified based on a force-

length-velocity relationship. The final active muscle force is also a function of its 

activation (𝑎𝑎). Contractile muscle force (𝐹𝐹𝑚𝑚𝐶𝐶𝐸𝐸) can be given by: 

 𝐹𝐹𝑚𝑚𝐶𝐶𝐸𝐸 = 𝑓𝑓(𝐹𝐹𝑚𝑚𝑜𝑜 ,𝜃𝜃, 𝑙𝑙𝑚𝑚𝑜𝑜 , 𝑣𝑣, 𝑎𝑎) 4.8 
   

The force-length model includes a passive force component (𝐹𝐹𝑚𝑚𝑃𝑃𝐸𝐸), which estimates the 

force contributed by elastic components within the muscle tissue itself. Passive muscle 

force magnitude also depends on the length of the muscle relative to the optimal fibre 

length. Finally, the model includes an elastic component representing the muscle 

tendon. This component depends on a measure of tendon slack length (𝑙𝑙𝑡𝑡𝑠𝑠), which is 

the elongation length at which the tendon begins to generate passive force. Each of 

these components will be considered in turn. 

4.3.3.1 PEAK MUSCLE FORCE 

As explained previously, the peak, isometric force of which a muscle is capable, when 

maximally activated and at optimal fibre length, is represented by 𝐹𝐹𝑚𝑚𝑜𝑜. The way in which 

𝐹𝐹𝑚𝑚𝑜𝑜 is determined does not matter for the Hill-type model, but it is usually estimated 

based on PCSA data for the muscle and an assumed specific tension (Arnold et al., 

2010; Gonzalez et al., 1997; Hale et al., 2011; Herrmann & Delp, 1999; Holzbaur et al., 
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2005; Lemay & Crago, 1996). Many studies have reported PCSA data for muscles of 

the upper limb, determined cadaverically (An, Hui, Morrey, Linscheid, & Chao, 1981; 

Brand & Thompson, 1981; Garner & Pandy, 2001; Lieber, Jacobson, Fazeli, Abrams, 

& Botte, 1992). Using published muscle fibre lengths together with muscle volumes 

determined through MR imaging, it is also possible to determine in vivo PCSA estimates 

for upper limb muscles (Holzbaur, Murray, Gold, & Delp, 2007). In the proposed 

forearm rotation model, subject-specific PCSAs estimated in this way are both desirable 

and relatively simple to obtain. Muscle volumes are available by way of the MR imaging-

based, geometric muscle models, and forearm muscle fibre lengths are available in 

literature (Amis, Dowson, & Wright, 1979; Brand & Thompson, 1981). The procedure 

used is discussed in chapter 6, but provides relative muscle force producing capacities 

that are specific to the subject involved.  

Muscle PCSAs alone do not provide an absolute force estimate, however. They specify 

the relative force generating potential of the different muscles, but it is the specific 

tension value that scales those relative capacities to absolute muscle forces. While 

PCSAs can be determined with relative confidence, as has already been discussed, the 

appropriate specific tension values are far less certain. For this reason, it was decided 

not to assume a specific tension chosen from the wide range of values reported in 

literature. Instead, specific tension is assumed to be equal for all muscles involved in 

forearm rotation and calculated as a constant, so that the summed individual muscle 

torques match the maximal forearm rotation torque measured for the subject. Doing 

so makes the specific tension used in the muscle force estimates a subject-specific 

parameter. 

4.3.3.2 FORCE-LENGTH RELATIONSHIP 

While the size of the muscle largely dictates the maximal absolute force it can produce, 

there are many other factors that affect the actual force generated during a muscle 

contraction. One of these relates to its length. Muscles have an optimal fibre length (𝑙𝑙𝑚𝑚𝑜𝑜 ) 

at which they can produce maximal force. This length is believed to correspond to 

optimal actin-myosin overlap at the sarcomere level (Gordon et al., 1966), but scales 

satisfactorily to whole muscle models (Sandercock & Heckman, 2001; Winters, 
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Takahashi, Lieber, & Ward, 2011; Woittiez, Huijing, Boom, & Rozendal, 1984). A 

plateau exists around 𝑙𝑙𝑚𝑚𝑜𝑜 , over which peak force is largely maintained, but force 

potential decreases when muscle lengths are shorter or longer than this. Active muscle 

force is only possible when 0.5 𝑙𝑙𝑚𝑚𝑜𝑜  < 𝑙𝑙𝑚𝑚 < 1.5 𝑙𝑙𝑚𝑚𝑜𝑜 , where 𝑙𝑙𝑚𝑚 is the current muscle fibre 

length (Alexander, 1981; Close, 1972; Edman, 1966; Gans, 1982).  

It is not only the active muscle force that is affected by muscle fibre length. When 

stretched beyond 𝑙𝑙𝑚𝑚𝑜𝑜 , intrafibre connective tissue generates a passive force due to its 

elastic material properties (Gordon et al., 1966; Magid & Law, 1985). This force 

increases with strain, and adds to any active force the CE is producing. As a result, 

active force at muscle lengths beyond 𝑙𝑙𝑚𝑚𝑜𝑜  cannot be determined directly. Instead, 

passive force is measured at those lengths and subtracted from the total force measured 

during maximal contraction. The result gives the active force-length relationship. This 

is illustrated in Figure 4.14. 

Understanding the force-length relationship is important for estimating individual 

muscle forces. Accurate PCSAs can provide a reasonable estimate of the maximum 

force each muscle in the forearm can produce (𝐹𝐹𝑚𝑚𝑜𝑜). And while the isometric 

contractions evaluated involve no change in muscle length, it is highly unlikely that all 

muscles will be at the same relative length, and so, at the same position on their force-

length curve. In reality, some may be longer than 𝑙𝑙𝑚𝑚𝑜𝑜 , with passive force contributing to 

the total muscle force, while others may be shorter than 𝑙𝑙𝑚𝑚𝑜𝑜  and be capable of less force 

than their 𝐹𝐹𝑚𝑚𝑜𝑜 would suggest. As a result, knowing the length of each muscle relative to 

Figure 4.14. Force-length relationship, showing the active, passive and total muscle force as a function of muscle fibre 
length, relative to optimal fibre length (𝑙𝑙𝑚𝑚𝑜𝑜 ). The active force-length relationship is calculated as the difference between 
the total force and the passive force at each muscle length. Figure adapted from Zajac (1989). 
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its optimal length, and the effect this will have on its 𝐹𝐹𝑚𝑚𝑜𝑜, is important for accurately 

distributing the total muscle torque between the different muscles responsible. 

Optimal fibre length is needed to calculate a muscle’s PCSA. However, because models 

generally assume that muscle volume is conserved with length change (Alexander & 

Vernon, 1975; Gans & Bock, 1965; Otten, 1988), it is not necessary to know where in 

the joint ROM that 𝑙𝑙𝑚𝑚𝑜𝑜  occurs. One need only know what the 𝑙𝑙𝑚𝑚𝑜𝑜  is. To implement a 

force-length relationship is more difficult. Not only is the 𝑙𝑙𝑚𝑚𝑜𝑜  needed, but it is also 

necessary to know how the muscle’s current length relates to that 𝑙𝑙𝑚𝑚𝑜𝑜 . Essentially, one 

needs to be able to scale the 𝑙𝑙𝑚𝑚𝑜𝑜  obtained primarily from cadavers to the subject’s 

muscle. Unfortunately, there is evidence that optimal fibre length does not scale linearly 

with bone or musculotendon length (Ward et al., 2007; Ward, Smallwood, & Lieber, 

2005). It is necessary, then, to more directly determine the relationship between a 

muscle’s published 𝑙𝑙𝑚𝑚𝑜𝑜  and their current modelled length. 

If a muscle could be isolated at a joint, it would be possible to estimate its optimal 

length during an isokinetic, or series of isometric contractions (Anderson, Madigan, & 

Nussbaum, 2007; Chow, Darling, Hay, & Andrews, 1999; Maganaris, 2001). The joint 

angle that corresponds to the largest joint torque will give a muscle length that can be 

assumed to correspond to 𝑙𝑙𝑚𝑚𝑜𝑜 . Of course, joint torque is not only the result of muscle 

force, but is the product of muscle force and muscle moment arm. Since moment arm 

will change with joint position, it is not actually accurate to determine 𝑙𝑙𝑚𝑚𝑜𝑜   directly from 

the joint torque. However, if moment arm data is available for the muscle through the 

ROM, it will be possible to estimate the joint position at which muscle force is 

maximum. The muscle length at that joint position can be assumed to represent 𝑙𝑙𝑚𝑚𝑜𝑜 .  

In practice, though, it is not that simple. As has already been discussed, it is very difficult 

to isolate an individual muscle at any joint in the human body. For the forearm, this 

procedure is extremely difficult. There are at least 15 muscles that can contribute to 

forearm rotation, most of which have other primary functions, and very few of which 

act in isolation. If considering the biceps brachii muscle in elbow flexion-extension, it 

may be reasonable to assume that its length, midway through its ROM, can be used as 

the optimal muscle length. However, the muscle lengths available in this study relate to 
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the range of pronation and supination. Since forearm rotation is a secondary function 

for most of the muscles involved, there is no reason to believe that their mid-length 

during pronation-supination corresponds to their optimal muscle length. To make this 

kind of assumption, additional data would be necessary, taking all muscles through their 

full length ranges. That data is not available in the present study. As such, it is 

impossible to know how the muscles’ current lengths relate to their optimal fibre 

lengths, nor is it possible to determine anything meaningful from their change in 

lengths.  

At this point, it is not beneficial to include a force-length relationship in the muscle 

force model. Unfortunately, it is not only the active force-length relationship that is 

lost. An understanding of the passive contribution to the muscle force is lost too. 

However, incorporating the force-length relationship into a forearm muscle model will 

require sufficient assumptions so as to eliminate any legitimate expectation of 

improving its accuracy. Rather, all forearm muscle lengths will be assumed to fall within 

the plateau region of their force-length curve so that the relative differences should not 

be too great. This is probably a reasonable assumption in the mid-ROM. Towards the 

extremes of pronation and supination, it may not be as justifiable, and it is hypothesised 

to result in more variable specific tension estimates. The shared specific tension value 

will incorporate any differences in the relative lengths of the forearm muscles.  

It is expected that, on completion of this forearm muscle model and when muscle force 

and moment arm data has been generated and analysed, there will be a better 

understanding of the roles of forearm muscles in pronation and supination and the way 

that they function. It may then be possible to improve the model, including additional 

parameters like the force-length relationship and the passive force contributions 

through parallel elastic and tendon elements.  

4.3.3.3 FORCE-VELOCITY RELATIONSHIP 

It is not just the relative length of a muscle that affects its capacity to produce force. 

The rate at which a muscle lengthens or shortens during a contraction also influences 

the force the muscle can generate (Hill, 1938; Josephson, 1993). The force-velocity 

relationship assumed in the Hill-type model is shown in Figure 4.15. However, this 
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relationship cannot be considered in isolation from the force-length relationship. By its 

very nature, the force-velocity relationship requires muscle length to be changing, and 

so the force producing capacity due to relative muscle fibre length is changing too. This 

makes for a dynamic and complex relationship. 

The y-axis value of the force-velocity curve is determined by the force generating 

capacity of the muscle at its present length, as determined by the force-length 

relationship. At optimal fibre length, the intercept will be equal to 𝐹𝐹𝑚𝑚𝑜𝑜. If that force were 

applied to the muscle while maximally activated, the muscle’s length would not change 

– the contraction would be isometric. However, if a larger force were applied, the 

muscle would lengthen (eccentric contraction). The speed at which it lengthens 

depends on how much larger than 𝐹𝐹𝑚𝑚𝑜𝑜 the applied force is. The maximum force skeletal 

muscle is assumed to be able to support under eccentric contraction is 1.8 𝐹𝐹𝑚𝑚𝑜𝑜 (Zajac, 

1989). Conversely, if a force smaller than 𝐹𝐹𝑚𝑚𝑜𝑜 were applied, the muscle would begin to 

shorten. The speed at which it shortens depends on the size of the applied force, 

however, the muscle can only shorten until it reaches 0.5 𝑙𝑙𝑚𝑚𝑜𝑜  in length. At that point it 

is no longer able to produce active (or passive) force. The maximal shortening velocity 

is given by 𝑣𝑣𝑀𝑀 – the x-axis intercept.   

Figure 4.15. Force-velocity relationship, showing the change in force generating capacity with different contraction 
velocities. Force is given relative to optimal muscle force (𝐹𝐹𝑚𝑚𝑜𝑜) measured when maximally activated at optimal fibre 
length. Figure adapted from Zajac (1989). 
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The force-velocity relationship is very important when simulating dynamic muscle 

forces (Bogey et al., 2010; Lloyd & Besier, 2003). Generally, when a contraction is 

described as isometric, it is the musculotendon length that is isometric – the muscle 

plus tendon length is held constant. Given that tendon is elastic, it is true that the 

tendon will stretch and the muscle fibres may still actually shorten (Griffiths, 1991). 

However, in a sustained isometric contraction, as is the case in this study, a point will 

be reached when the muscle fibre contraction becomes essentially isometric. For this 

reason, the force-velocity relationship of muscle contraction can be ignored in the 

present muscle force model. 

4.3.3.4 PENNATION ANGLE 

Muscle fibre pennation has several effects on the force producing capacity of a muscle. 

First, as has already been discussed, fibre pennation increases the PCSA of a muscle of 

a given volume. This increases the force that can be produced in the fibre direction, by 

packing a larger number of muscle fibres into the muscle. Secondly, as has also been 

discussed, muscle pennation affects the transfer of muscle force to the tendon. In this 

case it acts to decrease the effective force of the muscle. Finally, pennation angle 

influences the extent to which a change in muscle fibre length corresponds to a change 

in overall muscle length. This has implications for both the force-length and force-

velocity relationships. At first, it appears that the pennation angle will decrease the 

extent to which the overall muscle length changes with muscle fibre length, in the same 

way that it decreases the force transferred to the tendon. However, because the distance 

between tendon aponeuroses is assumed to be constant, pennation angle has to change 

dynamically as the muscle shortens (see Figure 4.16). The result is actually an increase 

in the overall muscle length change for a given change in muscle fibre length (Zajac, 

1989).  

Fortunately, these effects are only present for large pennation angles. The relative 

length change due to pennation is virtually unaffected by pennation angles up to 

approximately 20° (Zajac, 1989). The force-length and force-velocity calculations are 

only significantly affected when pennation exceeds this. Furthermore, at 𝜃𝜃 = 20°, 

pennation angle only results in a decrease in effective muscle force of approximately 
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6%. The largest pennation angle reported for muscles of the forearm is 15 – 18°, with 

the average at about 7° (Lieber, Fazeli, & Botte, 1990; Lieber et al., 1992; Winters & 

Stark, 1988). As a result, pennation angle can also be excluded from the present model, 

with reasonable confidence that the estimated individual muscle forces will not be 

affected.  

4.3.3.5 TENDON SLACK LENGTH 

The tendon of a muscle can also play an important part in estimating the force a muscle 

produces and the way in which that force is transferred to the bone. Tendons generally 

consist of a portion that is external and a portion that is internal to the muscle tissue. 

The Hill-type model assumes that both portions have the same material properties and 

experience the same amount of strain when the muscle is stretched. Tendon slack 

length (𝑙𝑙𝑡𝑡𝑠𝑠) refers to the elongation length of the tendon at which it first begins to 

generate passive force. This is considered the resting length of the tendon, and tendon 

strain (𝜀𝜀𝑡𝑡) is measured relative to this length. That is: 

 
𝜀𝜀𝑡𝑡 =

(𝑙𝑙𝑡𝑡 − 𝑙𝑙𝑡𝑡𝑠𝑠)
𝑙𝑙𝑡𝑡𝑠𝑠

 4.9 

   
Tendon stress (𝜎𝜎𝑡𝑡) is the ratio of tendon force to tendon cross-sectional area (𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡). 

Typically, the stress-strain relationship in tendon is non-linear up to a strain of about 

2%. It is then linear, with a modulus of approximately 1.2 GPa, until failure at about 

10% strain (Ker, 1981; Pollock & Shadwick, 1994; Shadwick, 1990). The Hill-type 

model assumes elastic material properties, and makes two assumptions when analysing 

Figure 4.16. Musclulotendon length change relative to muscle fibre length change. (A) Musculotendon configuration 
before muscle fibre shortening. (B) Musculotendon configuration after muscle fibre shortening. Although the muscle 
fibre length changes from 𝑙𝑙𝑚𝑚𝑜𝑜  to 0.5 𝑙𝑙𝑚𝑚𝑜𝑜 , the distance between aponeuroses, 𝑥𝑥, does not change between configuration A 
and B. Instead, pennation angle, 𝛼𝛼, changes. The result is a musculotendon length change that is larger than the 0.5 
length change experienced by the muscle fibres. Figure adapted from Zajac (1989). 
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tendons. First, it assumes that tendon material properties are muscle-independent; all 

tendons have the same stress-strain relationship. Secondly, it assumes that the 𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡 to 

muscle PCSA ratio is muscle-independent; all muscles have the same muscle to tendon 

cross-sectional area ratio. By making these two assumptions, a generic force-strain 

curve can be formulated for use with any tendon. Tendon stress can be normalised (𝜎𝜎�𝑡𝑡) 

to the stress experienced when tendon force is equivalent to peak optimal muscle force, 

𝐹𝐹𝑚𝑚𝑜𝑜. The stress corresponding to that peak muscle force is given by 𝜎𝜎𝑡𝑡𝑜𝑜. When this is 

done, the normalised tendon stress-strain (𝜎𝜎�𝑡𝑡/𝜀𝜀𝑡𝑡) relationship is equivalent to the 

normalised tendon force-strain (𝐹𝐹�𝑡𝑡/𝜀𝜀𝑡𝑡) curve. This generic force-strain curve can then 

be scaled to any tendon using the parameters 𝐹𝐹𝑚𝑚𝑜𝑜 and 𝑙𝑙𝑡𝑡𝑠𝑠. 

Tendons have two principal influences. First, their elasticity affects the transfer of 

muscle force to the bone, since the tendon will stretch when the muscle force is applied. 

This is particularly significant for dynamic simulations, where timing is important (Redl, 

Gfoehler, & Pandy, 2007). Second, and relatedly, the ability of the tendon to stretch 

independently to the muscle fibres means that there is no longer a direct relationship 

between the length of the musculotendon unit and the length of the muscle fibres. 

Instead, that relationship is mediated by the compliance of the tendon – the higher the 

tendon compliance, the more it will influence that relationship. Since relative muscle 

fibre length is usually determined from the overall muscle length change, this affects 

the implementation of both the force-length and force-velocity relationships of the 

muscle force model. 

Unfortunately, it is very difficult to measure 𝑙𝑙𝑡𝑡𝑠𝑠 directly. Like optimal fibre length, it 

does not scale linearly with segment or musculotendon length either (Winby, Lloyd, & 

Kirk, 2008). Instead, methods have been presented to estimate 𝑙𝑙𝑡𝑡𝑠𝑠 indirectly (Hoy, Zajac, 

& Gordon, 1990; Winby et al., 2008). These typically require a measured force- or 

moment-joint angle relationship through the ROM, and a priori knowledge of the 

musculotendon excursion (Arnold et al., 2010; Bogey et al., 2010; Delp et al., 1990; 

Garner & Pandy, 2003; Hale et al., 2011; Koo & Mak, 2005), or the operating lengths 

of the muscle (Lemay & Crago, 1996). As was discussed with regards the force-length 

relationship, for most of the muscles involved, forearm rotation is a secondary function. 
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For that reason, their operating lengths and maximum and minimum muscle excursions 

cannot be accurately inferred with data derived from forearm rotation. As such, 

additional experimentation will be needed to obtain the data necessary to include the 

tendon influences on muscle force production in the forearm. 

The muscle forces involved in the present study are isometric and the kinematic 

conditions are static. Were dynamic simulations involved, 𝑙𝑙𝑡𝑡𝑠𝑠 would be critical to the 

muscle force formulation. The force-length relationship, and the influence of tendon 

length on that relationship, is also important for isometric contractions and ideally 

should be included in the muscle force calculations. However, with the data currently 

available, it cannot be included accurately. While a formulation that includes those 

parameters would make for a more complicated, and arguably more physiologically 

precise model, it would not necessarily make the model predictions more accurate. The 

preference in this study is to maintain a simpler model, where the parameters that are 

included are specific to the subject involved and can be included with confidence. 

Differences in muscle length and tendon properties will be represented in the specific 

tension value calculated. The results of this model will provide a better understanding 

of the roles of muscles in forearm rotation. When more data is available with regards 

to 𝑙𝑙𝑚𝑚𝑜𝑜  and 𝑙𝑙𝑡𝑡𝑠𝑠, these parameters can easily be incorporated into the model to improve 

the accuracy of the specific tension and the individual muscle force values that are 

calculated.  

4.3.3.6 ACTIVATION 

Each of the previously discussed parameters relate to the capacity of a muscle to 

produce force: given the size of the muscle, the speed at which it is contracting, and its 

relative length at the time, what is the maximum force it is capable of producing and 

transmitting to its bone attachments? However, most critical to the force a muscle 

actually produces at any given time, is the level to which the muscle is activated. If one 

muscle is contracting maximally and the other is at rest, their relative cross-sectional 

areas are irrelevant to the force they are producing. This is a major limitation of the 

many muscle force studies that assume all muscles involved are activated equally 

(Arnold et al., 2010; Buchanan, 1995; Gonzalez et al., 1997; Hale et al., 2011; Herrmann 
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& Delp, 1999; Holzbaur et al., 2005). That is very rarely true when an entire joint is 

considered, even for maximum isometric contractions (Gordon, Pardo, Johnson, King, 

& Miller, 2004; van Bolhuis & Gielen, 1997). 

The final variable in the Hill-type model represents the activation level of the muscle. 

Though some studies attempt to model neural activation (Wheeler, Kumar, & Shimada, 

2010) or predict it using optimisation (Lehman & Calhoun, 1990), the results vary. In 

this study, activation will be evaluated using EMG. When muscles contract they emit a 

very low amplitude electrical signal. The amplitude of the signal depends on the number 

of muscle fibres contracting: the more fibres activated, the larger the signal (Bigland-

Ritchie, 1981; Calvert & Chapman, 1977; Hof, 1984). This low amplitude signal can be 

recorded and amplified; the resulting data gives an indication of the activation level of 

a muscle. However, the relationship between the force a muscle produces and the 

amplitude of the electrical signal recorded is mediated by many factors (De Luca, 1997). 

Caution needs to be taken when evaluating muscle force from EMG data. It has already 

been shown that the force a muscle produces depends on its length and the velocity of 

the contraction, independent of its level of activation. In isometric contractions, EMG 

data is simplified considerably (Bigland-Ritchie, 1981). The force-velocity relationship 

can be ignored, and even if the force-length relationship is not known, it remains 

constant for a given contraction.  

That said, the signal recorded using EMG depends heavily on the muscle fibres the 

electrodes are recording from (Bigland-Ritchie, 1981; Calvert & Chapman, 1977). If the 

electrodes are far apart, they will record the electrical signal from a larger number of 

muscle fibres than if they are close together. This will result in a larger amplitude EMG 

signal. But the difference in amplitude has nothing to do with how activated the muscle 

is or how much force it is producing.  Similarly, if the electrodes move between testing 

session, or the fibres beneath the electrodes move during a dynamic contraction, the 

signal may now represent a different number of muscle fibres. The fibre types under 

the electrodes may also have changed, as may a host of other physiological factors that 

influence the EMG signal recorded, without necessarily, or directly affecting the force 

the muscle is producing (Bigland-Ritchie, 1981; Bigland & Lippold, 1954; Calvert & 

Chapman, 1977; De Luca, 1997). 
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For this reason, absolute EMG values are not very meaningful in most circumstances. 

Instead, EMG data is usually normalised (Bigland-Ritchie, 1981; Komi & Buskirk, 

1972). Every time electrodes are placed on or in a muscle, the EMG during a maximal 

contraction is recorded from the muscle in that position. All subsequent, submaximal 

recordings are normalised to that maximum. Now, rather than being an absolute value, 

the EMG describes the muscle’s activation as a percentage of its maximum activation. 

While absolute values are seen to vary considerably across tests, the relative EMG 

values are far more consistent (Komi & Buskirk, 1972). If the muscle’s force is recorded 

during the maximal contraction, the relationship between force and normalised EMG 

at submaximal levels can be studied. 

A lot of research has focused on this relationship. One of the earliest studies to consider 

it in whole muscles measured the plantar flexion force produced by subjects while 

recording EMG from their gastrocnemius muscle (Lippold, 1952). They found a very 

highly correlated linear relationship between force and EMG. Subsequent studies 

confirmed this linear relationship (Bigland & Lippold, 1954; Hof & van den Berg, 1977; 

Stephens & Taylor, 1972; Wheeler et al., 2010).  However, others have questioned such 

a simple relationship for such a complicated system. These studies have shown 

primarily exponential-like relationships between EMG and force (Komi & Buskirk, 

1972; Metral & Cassar, 1981; Solomonow, Baratta, & D'Ambrosia, 1991).  

As has already been discussed, it is not practical to measure, directly and in vivo, the 

force in a human’s tendon and compare it to EMG at different force levels. Moreover, 

it is difficult to even isolate a muscle and study it using measured external joint torque. 

Most studies have instead isolated synergistic muscle groups. The quadriceps are often 

chosen as they are effectively isolated during knee extension. Studies doing so have 

shown non-linear relationships between EMG and force (Bell, 1993; Komi & Viitasalo, 

1976). However, these have usually recorded the EMG from rectus femoris and 

assumed it representative of the other muscles in the group. Researchers recognising 

that each muscle may not be equally active have repeated these studies but recorded 

EMG from the three superficial quadriceps muscles (Alkner, Tesch, & Berg, 2000; 

Pincivero & Coelho, 2000).  They have shown far more linear relationships between 

the EMG of each muscle and the measured knee extension torque (r2 = 0.96 – 0.99). 
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When the normalised EMG of the three muscles is summed (as the measured torque 

is a sum of their individual torques), their linear correlation is even higher (r2 = 0.99). 

However, none of these studies take into account differences in muscle PCSAs or 

relative fibre lengths.  

A further study investigated the effect of antagonist co-activation on the EMG-force 

relationship (Brown & McGill, 2008). They recorded isometric torso flexion and 

extension torques in various postures. Simultaneously, EMG data from several torso 

flexor and extensor muscles were recorded. The muscle forces were modelled to 

account for differing PCSAs, moment arms and relative lengths, and the net external 

lumbar moment included the moment created by the upper body’s weight. They then 

examined the EMG-force relationship with and without inclusion of the antagonist 

torque in the net external moment. When the antagonist torque was ignored, the EMG-

force relationships varied greatly for the agonist muscles; some were close to linear 

while others were very non-linear. In all but one condition, these relationships became 

more linear when the antagonist torque was included. This showed, at least, that 

antagonist torque does affect the EMG-force relationship. 

While muscle tendon forces have not been measured directly in humans, a study has 

recorded tendon force from the elbow flexors of monkeys (Maton, Peres, & Landjerit, 

1987). They found a surprisingly linear relationship between the forces measured and 

the EMG recorded from the respective muscles (r = 0.91 – 0.97). However, it is difficult 

to know how representative these results are of human muscles, or whether they can 

be generalised to all the different types of muscles in the body.  

It should be noted that the issue of crosstalk further complicates the analysis of these 

relationships. There is a possibility that the signal recorded by the electrodes for one 

muscle will be contaminated by electrical activity from a nearby or deep muscle 

(Basmajian & De Luca, 1985). Given that many of these studies recorded EMG from 

synergistic muscle groups, this problem makes it all the more difficult to be confident 

in any relationships that are observed. Crosstalk is particularly problematic for EMG 

recorded from surface electrodes, but is considerably reduced with the use of 

intramuscular electrodes (Solomonow et al., 1994). Intramuscular electrodes record 

from a relatively small number of muscle fibres, so it can be difficult to know whether 
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the intramuscular EMG signal accurately represents the activation of the muscle as a 

whole. However, where relevant muscles are deep, as is the case in the forearm, 

intramuscular electrodes remain the most effective way to record their activity. 

Ultimately, the available data in literature is contradictory in terms of the EMG-force 

relationship. This reflects the complexity of that relationship and the difficulty involved 

with studying it. At present, there is no way to prove a particular EMG-force 

relationship conclusively. Given the research that exists, a linear relationship seemed 

reasonable and was the easiest to assume in this muscle force model. If a more definite 

relationship is found, it can easily be incorporated into the model at a later point. 

4.3.4 PROPOSED MODEL 

The purpose of the present research was to estimate bone-on-bone contact pressures 

at the DRUJ. The results are only as accurate as the muscle forces that are input into 

the detailed FE model. For that reason, it was important to minimise the errors involved 

in estimating the individual muscle forces in the forearm. The Hill-type model was the 

preferred mathematical representation of muscle force production, as it incorporates 

physiologically meaningful variables that account for many of the factors known to 

influence a muscle’s force. Unfortunately, the application of some of those factors in 

the present model was limited due to the data needed for those parameters. In 

particular, there was insufficient data to accurately implement the force-length 

relationship of muscle force and the effect of tendon slack length. Muscle pennation 

angle has minimal effect in muscles of the forearm and the force-velocity relationship 

was neglected given the use of isometric contractions. The equation that was used to 

solve for individual muscle forces was developed as follows: 

 
𝜏𝜏𝐸𝐸 = 𝜏𝜏𝑅𝑅 + �𝜏𝜏𝑖𝑖

𝑁𝑁

𝑖𝑖=1

 4.10 

   
The externally measured forearm rotation torque, 𝜏𝜏𝐸𝐸, is balanced by the torque each of 

the 𝑁𝑁 forearm muscles produce (𝜏𝜏𝑖𝑖) and the torque created by the reaction force of the 

humerus on the ulna (𝜏𝜏𝑅𝑅). If the axis of rotation passes through the elbow joint, 𝜏𝜏𝑅𝑅 can 

be neglected. The arm was supported throughout data collection, so any contribution 



CHAPTER 4 

 

8 0  

by the weight of the arm was neglected. Individual muscle forces (𝐹𝐹𝑖𝑖) were modelled 

by the equation: 

 𝐹𝐹𝑖𝑖 = 𝜎𝜎 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 ∙ 𝑎𝑎�𝑖𝑖 4.11 
   

where 𝜎𝜎 represents specific tension, 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 is the PCSA of the muscle, and 𝑎𝑎�𝑖𝑖 is its 

normalised activation level. This is incorporated into equation 4.10 as: 

 
𝜏𝜏𝐸𝐸 = 𝜏𝜏𝑅𝑅 + �(𝑟𝑟𝑖𝑖 ∙ 𝜎𝜎 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 ∙ 𝑎𝑎�𝑖𝑖)

𝑁𝑁

𝑖𝑖=1

 4.12 

   
where 𝑟𝑟𝑖𝑖 is the moment arm of the muscle.  

Specific tension was assumed to be equal for all muscles. That is, for any of the muscles 

included in this model, when it is maximally activated, at its optimal length, and 

contracting isometrically, the muscle stress (or force per unit area) it produces is a 

constant. Specific tension could then be treated as a common factor in the equation. It 

could be isolated and quantified: 

 
𝜏𝜏𝐸𝐸 = 𝜏𝜏𝑅𝑅 + 𝜎𝜎 ∙�(𝑟𝑟𝑖𝑖 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 ∙ 𝑎𝑎�𝑖𝑖)

𝑁𝑁

𝑖𝑖=1

  

  4.13 
 𝜎𝜎 =

𝜏𝜏𝐸𝐸
𝜏𝜏𝑅𝑅 + ∑ (𝑟𝑟𝑖𝑖 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 ∙ 𝑎𝑎�𝑖𝑖)𝑁𝑁

𝑖𝑖=1
  

   
Having determined specific tension, the individual force produced by each muscle was 

calculated from equation 4.11. 

As was discussed, potential sources of error are minimised when inter-individual 

differences within the input data are minimised. For that reason, 𝑟𝑟𝑖𝑖 and 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 were 

determined in vivo using MR imaging data. Rather than being a generic value, the specific 

tension used to estimate muscle force in this model would depend on the individual’s 

muscle size, the individual’s muscle moment arms, and the actual torque they were 

capable of producing with their muscles. This would provide more realistic and subject-

specific muscle forces to be input into the continuum model. As a result, more realistic 

and subject-specific contact pressures could be estimated for the DRUJ. 



MUSCULOSKELETAL FOREARM MODEL 

 

8 1  

4.3.5 MODEL VALIDATION 

As with any model, the values it estimates need to be validated. Validating the 

calculations made by this model is difficult. EMG is sometimes used to validate the 

estimated muscle force contributions calculated by a model (Brand et al., 1986). 

Alternatively, where EMG is used to drive the calculations, the external joint torque is 

estimated and compared to experimentally determined joint torques (Bogey, Perry, & 

Gitter, 2005; Holzbaur et al., 2005; Lloyd & Besier, 2003). In an attempt to more 

accurately estimate muscle forces, both of these parameters have been included in the 

formulation, and so cannot be used to validate the model. 

Instead, the multiple positions of forearm rotation available in this model will be 

utilized. Changes in moment arms and muscle activation are accounted for by the 

muscle force model. If uniform specific tension is a reasonable assumption, then this 

value should remain constant regardless of forearm position. Muscle specific tension 

will be calculated for the neutral forearm. This value will then be used to predict the 

external rotation torque generated by the muscles in the other positions of forearm 

rotation. The estimated external rotation torques will be compared to the 

experimentally measured forearm rotation torques in those forearm positions. The 

accuracy of the model will be evaluated based on the accuracy of those torque 

estimations. 
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5 FOREARM BONE KINEMATICS 

5.1 INTRODUCTION 
In the previous chapter, an anatomically-based model of the bone geometry in a neutral 

position was developed, as well as a mathematical model to estimate the muscle forces 

needed as boundary conditions for a continuum model of the DRUJ. The forces 

produced by each muscle of the forearm are combined to generate a net forearm 

rotation torque. One of the critical parameters that relates externally measured joint 

torque to individual muscle forces is muscle moment arms.  

To date, all moment arm data for the muscles of the forearm are given with respect to 

the anatomical axis of radius rotation (Bremer et al., 2006; Ettema, Styles, & Kippers, 

1998; Holzbaur et al., 2005), that is, the radius rotated relative to the ulna. This 

movement and the associated moment arms assume a stationary ulna. When the radius 

is rotated about the ulna, the movement occurs about an axis that passes from the head 

of the radius proximally through the head of the ulna distally (Gray et al., 1995; 

Hollister, Gellman, & Waters, 1994). Research has shown this axis to be very consistent 

(Matsuki et al., 2010; Nakamura et al., 1999; Tay et al., 2010; Tay et al., 2008; Youm et 

al., 1979), constrained by the geometry of the articular surfaces and the strong ligaments 

around the joints. If this were in fact the axis about which the forearm rotates, it should 

only be possible to rotate the forearm in one way around this one fixed axis. In reality, 

5 Forearm Bone 
Kinematics 
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however, this is not true. The forearm can rotate about multiple axes that are likely to 

be task-dependent (Ray et al., 1951; Youm et al., 1979). In this work, the external, task-

dependent axis is referred to as the mechanical axis of forearm rotation. This is the axis 

about which the forearm rotates and forearm rotation torques would ordinarily be 

measured. The largely fixed anatomical axis of radius rotation cannot adequately 

account for the variable, task-dependent mechanical axis of the forearm. This means 

that the moment arms calculated relative to the anatomical axis cannot adequately 

account for forearm rotation torques created about the mechanical axis either. 

The major limitation of previous work is the assumption that the ulna is stationary 

during forearm rotation. Several researchers have shown this assumption to be flawed 

(Kapandji, 1998; Lees, 2009; Ray et al., 1951; Youm et al., 1979). The ulna does move 

during forearm rotation to create an axis more central in the forearm. No studies have 

quantified ulna movement, nor defined the mechanical axis from forearm kinematics. 

This has made it impossible to define more functionally meaningful moment arms for 

muscles of the forearm. 

When estimating the forces that produce a summed torque about some point in space, 

the point itself does not matter. If the torque is taken about a different point in space, 

the moment arm for each force will alter accordingly and it will still be possible to 

determine the individual forces. The forces themselves will not change. This may 

suggest that knowledge of the precise axis of rotation is not necessary for determining 

muscle forces from the net torque. However, two things are still important. First, the 

summed torque must have been measured about the chosen point. And second, the 

moment arms used must be taken with respect to that same point. In order to relate 

muscle forces to an externally measured torque, the muscle moment arms need to be 

taken relative to an axis consistent with that torque. 

At the elbow, the precise position and direction of the flexion axis is unlikely to 

significantly affect the roles of the elbow flexors and extensors. However, in a system 

like the forearm, where most muscles run longitudinally in the same direction as the 

axis of rotation, a relatively small change in the axis could cause a considerable change 

in a muscle’s moment arm. The change could even be large enough to affect the role 

of the muscle; for example, it could change from pronation to supination. While the 
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precise axis of rotation may not necessarily affect the muscle forces, it will definitely 

affect the torques those forces are perceived to generate: both their size, and potentially 

their direction. So while a precise axis of rotation may not be critical for determining 

the forces of the forearm muscles during rotation, it will be very important for 

understanding the roles the individual muscles have during forearm rotation (Lieber & 

Bodine-Fowler, 1993). This is very important for dealing with injuries or disorders of 

the arm. Without an accurate understanding of the movements involved, it is difficult 

for orthopaedic surgeons to know which features of movement are most important to 

preserve in reconstruction or treatment. It is not even clear which muscles are most 

important for these movements. This has implications for treatment procedures like 

tendon transfers and also for rehabilitation. One needs, then, functionally meaningful 

moment arms to accurately study the functions of the forearm muscles. And a 

functionally meaningful axis is needed to determine functionally meaningful moment 

arms.  

Finally, since the model currently exists in a neutral position, FE analysis of joint 

contact is only possible in this position. A more comprehensive understanding of the 

DRUJ would be achieved if it could be studied throughout the range of forearm 

rotation. However, without an accurate understanding of forearm kinematics it is not 

possible to examine this. It would be valuable to know how the articular surfaces are 

positioned relative to each other in additional positions of forearm rotation. This would 

make it possible to evaluate how different tasks that require different joint positions 

influence DRUJ contact pressure and cartilage deformation. 

For these reasons, it is important to have an accurate kinematic description of the 

movement of the forearm bones during forearm rotation. Their movement needs to be 

quantified to allow accurate analysis of their axes of movement. Typical kinematic 

analysis of movement is performed by tracking the movements of bones using 

externally attached markers. To quantify the position and orientation of a rigid-body in 

space, the coordinates of three non-collinear points on the body are necessary (Winter, 

2005). In the case of external, skin-mounted markers, their relative position to the 

underlying bones cannot change as the joint orientation changes. Otherwise it is no 

longer possible to determine the position of the body accurately. For this reason, 
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marker positions with minimal subcutaneous soft-tissue and skin movement are used. 

In the case of the radius and ulna, most of the bone surfaces are covered by muscles. 

The ends of the bones that are exposed are small. The relative movement of the bone 

under the skin is likely to be larger during this longitudinal rotation than during a 

movement like elbow flexion. Therefore, forearm rotation will be difficult to study 

accurately using traditional, external marker-based motion analysis. 

Medical imagery, such as MR imaging and computer tomography (CT) scanning, 

provides the opportunity to investigate the position of bones within the body. MR 

imaging has the added advantage of showing the muscles surrounding the bones. The 

disadvantage of this approach is that it requires very time-consuming processing which 

limits the number of subjects that can be studied. With fewer subjects, it is more 

difficult to generalise any results that are obtained. Furthermore, the studies are quasi-

static, which does not necessarily correspond with the dynamic movement of the bones 

under muscle loads. Nevertheless, given the very little data currently available to 

describe the movements of the bones in vivo, this approach is considered to give the 

most accurate initial description. Since the larger goal is to determine muscle moment 

arms at different positions of forearm rotation, MR imaging was considered the best 

tool to use for this study. Not only will the MR imaging data provide an accurate 

description of the bone positions, it will also allow the muscles to be studied. 

In this chapter, forearm rotation kinematics was studied using two MR imaging data 

sets. In each data set, the right forearm of a subject had been scanned in seven positions 

of forearm rotation. Rotation axes were calculated based on the movement of the bones 

from one position to the next. The first study used an existing data set for which a 

number of limitation were identified. A second study was then undertaken, where new 

MR imaging data was collected that addressed those limitations.  
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5.2 KINEMATIC STUDY ONE 
This first study used existing MR imaging data to analyse the kinematics of the forearm 

bones during pronation and supination. The aim of the study was to determine the 

mechanical axis of forearm rotation from the movement of the ulna and radius bones. 

There were three hypotheses: 

1. Both the ulna and radius will move during forearm rotation. 

2. It will be possible to determine a single rotation axis that describes the 

movement of both the ulna and radius – the mechanical axis of forearm 

rotation. 

3. This axis will not coincide with the anatomical axis of radius rotation 

presented in literature. 

5.2.1 METHODOLOGY 

5.2.1.1 MR IMAGING DATA 

The data for this study was obtained by researchers at the University of Kentucky, in 

the United States of America (Pappou & Boland, 2008). The details of this data and the 

segmentation process used were presented in section 4.2.1.1. 

5.2.1.2 DATA REGISTRATION 

Following segmentation, seven complete data clouds of each bone existed, representing 

their position at each point of forearm rotation. Transformation matrices that 

represented the movement of the bones from one position to the next were needed. 

However, a one-to-one correspondence of data points does not exist between any of 

the data clouds. For this reason, it was not possible to directly determine the rigid-body 

transformation from these data points or from a subset of the data points.  

The data clouds were instead loaded into a graphical user interface (cmgui, 

http://www.cmiss.org/cmgui/) that allowed for their manual manipulation. To begin 

with, all data clouds were translated so that their approximate centre was at the 

coordinate system origin. The required translations were recorded. Then, each bone’s 
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data cloud was manually transformed so that it aligned as closely as possible with the 

bone’s data cloud in neutral position. The transformations necessary to register the data 

clouds were exported by the software and recorded. Matrices representing the complete 

transformations were calculated as follows: 

 𝐓𝐓𝐓𝐓hum = 𝐓𝐓N−1 × 𝐓𝐓𝐓𝐓pos × 𝐓𝐓pos  
   
 𝐓𝐓𝐓𝐓uln_1 = 𝐓𝐓𝐓𝐓hum × 𝐓𝐓pos−1 × 𝐓𝐓𝐓𝐓pos

−1 × 𝐓𝐓N 5.1 
   
 𝐓𝐓𝐓𝐓rad_1 = 𝐓𝐓𝐓𝐓hum × 𝐓𝐓pos−1 × 𝐓𝐓𝐓𝐓pos

−1 × 𝐓𝐓N  
   

where 𝐓𝐓pos is the translation matrix required to bring the data cloud in each rotated 

position back to the origin, 𝐓𝐓N is the translation matrix required to bring the neutral 

data cloud back to origin, 𝐓𝐓𝐓𝐓pos is the transformation matrix required to then align 

the bone’s data cloud from a given position with the data cloud in neutral position, and 

𝐓𝐓𝐓𝐓hum, 𝐓𝐓𝐓𝐓uln_1 and 𝐓𝐓𝐓𝐓rad_1 are the combined matrices that align the bone data 

clouds in each position with their data cloud in the neutral position. 

Since the purpose was to investigate forearm rotation, it was necessary to ensure that 

movement of the humerus did not confound the analysis of the ulna and radius motion. 

The humerus transformation matrices were used to account for the slight humerus 

movement that occurred between positions. It should be noted that for the humerus, 

the data clouds in each other position were aligned with the humerus data cloud in 

neutral position. For the ulna and radius, the opposite was true. Although the matrices 

were determined by aligning the data clouds in each other position with the data cloud 

in neutral position, the final transformation matrices were constructed in order to place 

the neutral data clouds in the other positions of forearm rotation. These final 

transformations also place the bones relative to the neutral humerus. 

5.2.1.3 DETERMINING TRANSFORMATION MATRICES 

The transformation matrices determined above align each data cloud with its neutral 

equivalent. Were one to determine rotation axes with these matrices, the axes would 

represent averaged movements. For example, the previously determined 

transformation matrix for the P50 position would essentially provide an average of the 
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rotations from N to P25 and from P25 to P50. Changes in the precise rotations through 

the ROM would not be as accurately observable in this case. Instead, the finite rotations 

were considered independently. 

Three different axes were determined for each finite rotation. These described: 

1. Rotation of the ulna relative to the humerus (using 𝐓𝐓𝐓𝐓uln). 

2. Rotation of the radius relative to the ulna (using 𝐓𝐓𝐓𝐓rad). 

3. The combined rotation of both ulna and radius relative to the humerus 

(using 𝐓𝐓𝐓𝐓comb). 

To that end, transformation matrices were determined as follows (the equations are 

given for pronation, but are identical for supination): 

ULNA 

No correction was required for the P25 ulna transformation. For P50 and P75, the 

inverse of the previous transformation matrix was used to isolate the movement of 

interest. 

 𝐓𝐓𝐓𝐓P25uln = 𝐓𝐓𝐓𝐓P25uln_1  
   
 𝐓𝐓𝐓𝐓P50uln = 𝐓𝐓𝐓𝐓P50uln_1 × 𝐓𝐓𝐓𝐓P25uln_1

−1  5.2 
   
 𝐓𝐓𝐓𝐓P75uln = 𝐓𝐓𝐓𝐓P75uln_1 × 𝐓𝐓𝐓𝐓P50uln_1

−1   
   

These final transformation matrices were used to calculate the axes that represent the 

movements of the ulna relative to the humerus. 

RADIUS 

It was important to consider radius rotation relative to the ulna so that the derived axes 

are comparable to the rotation axes presented in literature. Since the radius does not 

move independently, but is carried by the ulna, this axis also more accurately represents 

the isolated movement of the radius. The transformation matrices determined for the 

radius bone movements were multiplied by the inverse of the ulna transformation 

matrix for the same rotation interval. The resulting transformation matrices provided 

the rotations of the radius relative to a stationary ulna in the neutral position. The 
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inverse of the previous transformation matrix was used to create transformation 

matrices that represent finite rotations. Mathematically, 

 𝐓𝐓𝐓𝐓P25rad = 𝐓𝐓𝐓𝐓P25uln_1
−1 × 𝐓𝐓𝐓𝐓P25rad_1  

   
 𝐓𝐓𝐓𝐓P50rad = 𝐓𝐓𝐓𝐓P50uln_1

−1 × 𝐓𝐓𝐓𝐓P50rad_1 × 𝐓𝐓𝐓𝐓P25rad
−1  5.3 

   
 𝐓𝐓𝐓𝐓P75rad = 𝐓𝐓𝐓𝐓P75uln_1

−1 × 𝐓𝐓𝐓𝐓P75rad_1 × 𝐓𝐓𝐓𝐓P50rad
−1 × 𝐓𝐓𝐓𝐓P25rad

−1   
   

Axes of rotation were determined from these final transformation matrices. These axes 

represent the movement of the radius relative to the ulna and correspond to the axis 

typically presented in literature as the axis of forearm rotation. 

COMBINED ROTATION 

The previously calculated transformation matrices and rotation axes represent the 

individual movements of the ulna and radius bones. However, the aim of this study was 

to determine their combined rotation axis – the overall rotation of the forearm that 

corresponds to the mechanical axis of the task. For this, the ulna and radius motion 

needs to be considered together.  

In determining and checking the transformation matrices for each rotation interval, the 

neutral data clouds were transformed so that they aligned with their respective data 

clouds in each other position of rotation (using 𝐓𝐓𝐓𝐓uln_1 and 𝐓𝐓𝐓𝐓rad_1). As a result, an 

identical data cloud of each bone existed in each position, for which there was a one-

to-one correspondence of data points.  

The data points for both bones were combined to determine their overall 

transformation. It was important to account for the relative number of data points 

contributed by the different bones, as this will weigh the transformation in the direction 

of the denser data cloud. The radius data cloud consisted of 5361 data points, while the 

ulna data cloud had 4604. To accommodate for this, data points were removed from 

the radius data cloud at regular intervals so that the final number of data points for both 

bones was 4604. 

The combined data points are not part of one rigid-body, so it is not possible to directly 

determine a rigid-body transformation from them. Instead, the data clouds were mean-
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centred which provided the translation component of the transformation. Singular 

value decomposition was performed on the cross-dispersion matrix of the mean-

centred data to obtain the rotation component of the transformation (Challis, 1995). 

The RMS error between the data sets was calculated before and after the rigid-body 

transformation to evaluate the accuracy of the transformation.  

Finally, the axis of rotation was determined from each rigid-body transformation 

matrix. This resulted in a series of six axes that represent the combined movement of 

both ulna and radius bones throughout the range of forearm rotation assessed. 

5.2.1.4 EXTRACTING THE AXIS OF ROTATION 

Having calculated the relevant transformation matrices, the next step was to extract the 

axes of rotation and the corresponding rotation angles from those matrices. This 

problem is identical to the matrix-to-quaternion problem, where the quaternion is a 4-

element column matrix that stores the angle of the rotation and Cartesian components 

of the vector representing the axis. The quaternion-based method is similar to the 

helical axis approach, which describes a 3D transformation using rotation about an 

instantaneous axis (Woltring, Huiskes, de Lange, & Veldpaus, 1985). Mathematically, 

the 4 component quaternion vector is calculated as follows: 

 

�

𝑞𝑞𝑤𝑤
𝑞𝑞𝑥𝑥
𝑞𝑞𝑦𝑦
𝑞𝑞𝑧𝑧

� =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡�(1 + TM00 + TM11 + TM22)

2
  

(TM21 − TM12)
4 ∝

(TM02 − TM20)
4 ∝

(TM10 − TM01)
4 ∝ ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 5.4 

   
where 𝑞𝑞𝑤𝑤, 𝑞𝑞𝑥𝑥, 𝑞𝑞𝑦𝑦 and 𝑞𝑞𝑧𝑧 are components of the quaternion vector, and  TM𝑚𝑚𝑚𝑚 

represents the 4x4 transformation matrix, 𝐓𝐓𝐓𝐓. The angle of rotation (∝) and the 

components of a unit vector that gives the axis orientation (𝑎𝑎𝑥𝑥, 𝑎𝑎𝑦𝑦, 𝑎𝑎𝑧𝑧) can be calculated 

from the quaternion components as follows: 
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 ∝ = 2 cos−1( 𝑞𝑞𝑤𝑤) 

𝑎𝑎𝑥𝑥 =
 𝑞𝑞𝑥𝑥

� (1 −  𝑞𝑞𝑤𝑤2)

𝑎𝑎𝑦𝑦 =
 𝑞𝑞𝑦𝑦

� (1 −  𝑞𝑞𝑤𝑤2)

𝑎𝑎𝑧𝑧 =
 𝑞𝑞𝑧𝑧

� (1 −  𝑞𝑞𝑤𝑤2)

 5.5 

   

The calculations in equation 5.4 use only the inner 3x3 elements of the transformation 

matrix. As such, the quaternion components can only describe rotations about the 

coordinate system’s origin. If rotation occurs about a point other than the origin, an 

addition vector is necessary to describe the centre of rotation. That vector can be 

calculated as follows: 

 
�
𝑐𝑐𝑥𝑥
𝑐𝑐𝑦𝑦
𝑐𝑐𝑧𝑧
� =

1
det (𝐓𝐓𝐓𝐓) .𝐊𝐊 . �

TM03
TM13
TM23

� 5.6 

   
where [𝑐𝑐𝑥𝑥 𝑐𝑐𝑦𝑦 𝑐𝑐𝑧𝑧]𝑇𝑇 is the position vector giving the centre of rotation and 𝐊𝐊 

represents the following matrix: 

⎣
⎢
⎢
⎢
⎡
(TM11 − 1). TM22 − TM12. TM21 TM02. TM21 − TM01. (TM22 − 1) TM01. TM12 − TM02. (TM11 − 1)

TM12. TM20 − TM10. (TM22 − 1) TM00. (TM22 − 1) − TM02. TM20 TM02. TM10 − (TM00 − 1). TM12

TM10. TM21 − (TM11 − 1). TM20 TM01. TM20 − (TM00 − 1). TM21 TM00. (TM11 − 1) − TM01. TM10⎦
⎥
⎥
⎥
⎤

 

It should be noted that the above calculations are only valid for conditions of pure 

rotation, where the transformation matrix is orthogonal and its determinant is 1. 

5.2.1.5 VALIDITY AND RELIABILITY TESTING 

QUARTERNION-BASED METHOD FOR EXTRACTING AXIS OF ROTATION 

Foundational to all analysis in this study is the quaternion-based method of determining 

the axis of rotation from a transformation matrix. As a result, it was important to test 

the accuracy and reliability of this method. The test itself is very simple. Given a rotation 
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axis and magnitude, it is possible to formulate the resulting transformation in matrix 

form. The quaternion-based method should calculate the same initial rotation axis 

(vector and point) and angle of rotation from this matrix. However, it was also 

important to check that the method was robust to changes in the axis, the magnitude 

of rotation, and any translation that may occur in addition to the rotation. To 

accomplish this the following transformation conditions were tested: 

∙ Rotation about four different axes – an axis parallel to the global y-axis (AY), an 

axis parallel to the global z-axis (AZ), an axis approximating the anatomical 

radius axis of rotation (AA), and an axis approximating the mechanical axis of 

rotation (AM). 

∙ Two rotation magnitudes – 5° and 25°. Additional rotations of 15°, 30° and 60° 

were initially also tested for the y-axis. 

∙ Four arbitrary translational conditions – no Translation (tno), small translation 1 

(tS1 = [0.3 0.8 0.4]T), small translation 2 (tS2 = [0.7 0.2 0.6]T) and large translation 

(tL = [4.0 3.0 5.0]T). The order of multiplication for pure translation does not 

affect the resulting transformation matrix. 

For each of the axes, transformation matrices were formulated that included each 

combination of rotation and translation. The differences in the input and output axis 

vector, position vector, and rotation magnitude were calculated to evaluate the 

reliability of the quaternion-based method. 

TRANSFORMATION MATRICES  

The calculated rotation axes are entirely dependent on the calculated transformation 

matrices that describe each rotation. These transformation matrices depend on the 

manual alignment of the data clouds. While this manual alignment ensures rigid-body 

transformations, the process is subjective, so it is important to evaluate the accuracy of 

the data cloud alignments. 

As described in chapter 4, a FE model was created by fitting a pre-existing bone model 

to the subject’s neutral data clouds. To check the accuracy of that fitted model, the data 

points of the neutral data cloud were projected onto the surface of the fitted mesh. The 

accuracy of the fit was evaluated by calculating the RMS of the Euclidean distance 
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between the actual data points and their projection onto the fitted bone mesh. The 

RMS was calculated as follows: 

 
𝑅𝑅𝑅𝑅𝑝𝑝 = �∑ |𝐱𝐱�𝑖𝑖 − 𝐱𝐱𝑖𝑖|2𝑁𝑁

𝑖𝑖=1

𝑁𝑁
 5.7 

   
where |𝐱𝐱�𝑖𝑖 − 𝐱𝐱𝑖𝑖| gives the Euclidean distance between the original data points (𝐱𝐱𝑖𝑖) and 

their projection onto the surface of the mesh (𝐱𝐱�𝑖𝑖) and 𝑁𝑁 gives the total number of data 

points. 

The transformations that aligned the neutral data clouds with their corresponding data 

clouds in the rotated positions were applied to the fitted bone models. This placed each 

bone’s model in the six additional positions of forearm rotation. The bone mesh was 

created using the neutral data clouds, so the position of the transformed bone model is 

equivalent to the position of the aligned neutral data clouds. The bone data clouds from 

the other positions of rotation were then projected onto the transformed bone models 

and the RMS of their projections were determined. The relative difference between the 

RMS at fitting and the RMS following transformation was used to evaluate the accuracy 

of the transformations. This was based on the assumption that the fitting RMS 

represents the most accurate alignment and a decreased accuracy in alignment will result 

in a higher RMS value. 

COMBINED ROTATION AXES 

In addition to the accuracy of the transformation matrices it is also important to 

evaluate the accuracy of the calculated axes. Unfortunately, there are no objective axes 

with which the calculated axes can be compared.  

Provided the quaternion-based method for determining the axis of rotation from the 

transformation matrix is reasonably robust, the direction of the axes will reflect the 

rotation of the bones as described by the transformation matrices. It is possible to 

compare the anatomical radius axes with the radius axis presented in literature. 

However, any discrepancy will reflect an inaccuracy in determining the transformation 

matrices more than in calculating the rotation axes. 
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The process of determining a combined axis is far less certain. In the calculations, it is 

assumed that both the ulna and the radius bones rotate about a single axis. To check 

the validity of this assumption, and thereby the combined axes, the accuracy with which 

the calculated axes can predict the rotated positions of the bones was evaluated. The 

neutral radius data clouds had already been transformed by their individual 

transformation matrices. This aligned them with each of the other six positions. The 

neutral data clouds were then also transformed by the matrices used to determine the 

combined axes of rotation. The manually aligned neutral data clouds could then be 

compared to the neutral data clouds transformed based on the calculated axes. The 

RMS error between corresponding data points was calculated at each position of 

forearm rotation which provided a measure to evaluate the accuracy of the calculated 

rotation axis. The bone models in neutral position were also transformed by the latter 

transformations so that their final positions could be evaluated qualitatively. 
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5.2.2 RESULTS AND DISCUSSION 

5.2.2.1 ANATOMICAL RADIUS AXIS 

Rotation of the radius about a fixed ulna resulted in a series of six finite axes of rotation 

(Figure 5.1). Four out of the six axes closely resembled the anatomical axis of forearm 

rotation commonly presented in literature (P25, P75, S25 and S50), passing through the 

head of the ulna distally and the head of the radius proximally. The axis for S25 was 

not as closely aligned as the other three. The axis representing the rotation from S50 to 

S75 did not correspond to the axis presented in literature, and fell outside of both the 

ulnar head and distal radius. However, the magnitude of this rotation was considerably 

smaller than for the other rotations (see Table 5.1). This axis may be more sensitive to 

inaccuracies in the manual alignment process and resulting transformation matrix than 

where the rotation occurs over a larger range. The remaining axis, P50, had the second 

smallest rotation magnitude (though it was substantially larger than S75). The P50 axis 

passed through the ulnar head distally but above the radial head proximally. This 

position will result in translational movement of the radial head which is typically 

uncharacteristic of radius rotation. The axis indicates lateral translation of the radial  

 

head during pronation and medial translation during supination. While it is possible 

that auxiliary movement of the radius may occur, it is also possible that this translation 

represents errors in the manual data cloud alignment process. Manual alignment may 

not be accurate enough for smaller rotations. Ideally, the data cloud alignment should 

be objective, and quantitatively optimal. This would allow greater confidence in the 

axes calculated: either by providing more consistent axes or greater assurance that non-

typical observations are not the result of alignment errors. 

Table 5.1. Calculated magnitude of each finite rotation. Ulna rotation is calculated relative to the humerus, while 
radius rotation is calculated relative to the ulna. 

Axis S75 S50 S25 P25 P50 P75 
Radius  4.0°  18.3°   30.1° 26.2° 13.2° 37.1° 
Ulna  1.1°    0.8°    7.4°   1.7°   5.5°   5.9° 
Combined -1.0° -11.9° -16.2° 16.3° 10.8° 25.4° 

 



FOREARM BONE KINEMATICS 

 

9 7  

 

Fi
gu

re
 5

.1
. A

na
to

m
ica

l a
xe

s o
f r

ad
iu

s r
ot

at
io

n 
ca

lcu
la

te
d 

fro
m

 th
e m

ov
em

en
t o

f t
he

 ra
di

us
 re

la
tiv

e t
o 

th
e n

eu
tra

l u
ln

a.
 



CHAPTER 5 

 

9 8  

Qualitatively, the radius was seen to rotate over the top of the ulna, consistent with the 

movement described in literature (Figure 5.2). In neutral position, the radius was slightly 

supinated relative to the humerus. Rotation in pronation and supination directions was 

as expected, except that there was very little further rotation of the radius from 50° to 

75° supination. In fact, it is evident both qualitatively and in the calculated rotation 

magnitudes that radius rotation alone is not able to account for the full rotation of the 

forearm (Table 5.1). The magnitude of radius rotation for P50, S50 and S75 were all 

well below the 25° through which the subject’s forearm was actually rotated. The ulna 

may have supplemented the movement of the radius through these rotations. Radius 

rotation for S25 and P75 were above 25°, indicating that the ulna movement through 

these rotations may actually reduce the overall forearm rotation. The only finite rotation 

that could be attributed to the radius alone was P25. A rotation magnitude of 26° was 

calculated for this rotation, and the axis very accurately reflected the anatomical radius 

axis reported in literature. 

Figure 5.2. Rotation of the distal radius relative to the neutral ulna. 
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As discussed in chapter 4, the host mesh fitted bone model used for this data was not 

accurate enough to study arthrokinematics at the joint. However, gross changes in the 

position of the distal radius relative to the ulnar head were still considered. At S75, the 

ulnar head was positioned centrally on the articular surface of the distal radius. As the 

radius pronated, the distal radius slid in a palmar direction relative to the ulnar head so 

that contact was more dorsal on the radius articular surface. This is consistent with 

some previous work (Matsuki et al., 2010), but conflicts with other work where the 

ulnar head was shown to remain largely central in the articular surface of the radius 

(Baeyens et al., 2006). Unfortunately, the current model was not customised accurately 

enough to determine whether the movement observed represents real translational 

movement of the distal radius. More accurate bone meshes will make this possible. 

5.2.2.2 ANATOMICAL ULNA AXIS 

The six anatomical axes calculated for the ulna were highly variable (Figure 5.3). They 

showed no clear pattern of movement, with each finite rotation involving movement 

about a unique axis. The total displacement was very small (see Table 5.1), with the 

largest finite rotation being only 7°. As was seen with the radius, the manual alignment 

process may not be accurate enough to calculate movement over such small ranges, 

and may be negatively influenced by small translations at the proximal end. For this 

reason, it is not very meaningful to discuss the precise axes and their implications. 

However, a qualitative analysis of the bone’s movement is still valuable.  

To begin with, it is very clear from the data that the ulna was not stationary during the 

forearm rotation. This is consistent with previous studies (Kapandji, 1977; Lees, 2009; 

Ray et al., 1951), and undermines an assumption commonly employed in most forearm 

rotation research: that the ulna does not move, and the movement of the radius can be 

considered alone. Relative to its neutral position, the ulna tended to flex in both 

pronation and supination movement directions. The most significant flexion occurred 

between 50° and 75° pronation, and between neutral and 25° supination (Figure 5.4). 

There was also evidence of slight abduction and adduction primarily during supination. 
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The movement from neutral to 25° supination is almost pure flexion as demonstrated 

by the ulna axis for this movement (see Figure 5.3). There was seven times more 

rotation from neutral to 25° supination than there was in either of the other two 

supination intervals (see Table 5.1). It appears likely that this movement is not 

characteristic of pure forearm rotation, but rather reflects additional forearm 

movement that occurred during an uncontrolled movement: that is, the forearm was 

flexed in addition to its rotation for this movement step. This is most clearly 

demonstrated when considering the movement of the radius bones during supination 

in comparison to their movement during pronation (see Figure 5.5). In order to draw 

useful conclusions about the movement of the bones during forearm rotation, it is 

important that the movement being studied is in fact forearm rotation. Since this cannot 

be assured, it cannot be stated with any certainty that the bone movement observed 

represents normal forearm rotation, particularly in the case of the supination 

movements. This is a major limitation of this initial study, and one which is addressed 

in subsequent work. 
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Figure 5.4. Movement of the ulna bone relative to the neutral humerus 

Figure 5.5. Movement of both ulna and radius for the first 25° rotation in each direction. The movement from N to 
S25 shows considerably more elbow flexion than is observed between N and P25. 
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5.2.2.3 COMBINED AXIS OF FOREARM ROTATION 

The anatomical ulna and radius axes describe the isolated movement of each bone. 

However, it is their combined movement that allows forearm rotation about the 

mechanical axis required by a task. The final set of axes calculated used data from both 

bones to define a single axis of rotation for each movement interval. All but the S75 

axis appear qualitatively reasonable (Figure 5.6). With a rotation magnitude for S75 that 

is so small (Table 5.1), errors in the alignment of the data clouds may have confounded 

the calculation of this axis. Four of the remaining axes (P25, P50, P75 and S50) pass 

between the head of the radius and the radial notch of the ulna proximally. If the bones 

are rotating with respect to one another then this seems reasonable. The remaining axis, 

S25, passed through the head of the radius, proximally. The ulna flexion that occurred 

during this finite rotation makes this axis difficult to evaluate. The distal end of all of 

the axes varied considerably. 

The combined axis was expected to pass through the centre of the forearm, 

representing movement about a mechanical axis central in the arm. However, this was 

not found. It is difficult to hypothesise why, without knowing the actual mechanical 

axis about which the forearm rotated. Because the motion was not controlled, it is not 

possible to make any assumptions about where the axis was likely to be. However, the 

rotation angle was controlled and each rotation is expected to represent a change of 

 25°. Only the axis calculated for the movement from 50° to 75° pronation 

demonstrated this (Table 5.1). All the other rotation intervals resulted in rotation angles 

much less than the expected 25°. There are multiple reasons why this may be. The 

calculated axis may not adequately account for the combined movement of the forearm 

or the forearm may not have actually rotated through 25° in each position. There may 

instead have been some additional rotation at the shoulder or wrist or perhaps both. It 

was necessary to examine the accuracy and validity of the combined axis before drawing 

conclusions about the results. 
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5.2.2.4 VALIDATION AND LIMITATIONS 

QUARTERNION-BASED METHOD FOR EXTRACTING AXIS OF ROTATION 

The quaternion-based method of determining the axis of rotation from a 

transformation matrix was tested in a number of different conditions. The rotation 

angle and axis vector were completely reliable in all conditions. Neither parameter was 

affected by any of the conditions specified in section 5.2.1.5, namely the rotation axis, 

the rotation magnitude or any additional translation. Provided the transformation 

matrix accurately represents the transformation of the bone, the axis orientation and 

the rotation angle will be completely accurate. The quaternion parameter that places 

the axis in space, the position vector, was not affected by the rotation axis or the 

rotation magnitude. However, it was sensitive to translation in the transformation. To 

calculate the error introduced by the translation, the Euclidean distance between the 

input position vector and the output position vector was calculated for each condition. 

The values were relatively similar for different axes, so for the 5° and 25° rotations the 

errors were averaged across rotation axes. The errors for the other rotation magnitudes 

were only calculated for rotations about AY. The results are presented in Table 5.2. 

Table 5.2. Errors introduced to the position vector by translation in the transformation matrix. Errors are presented in 
millimetres for different translation components and for different rotation magnitudes. Standard deviation is given for 
the errors that were averaged across rotation axes. 

      5°         15°       25°         30°         60° 
tno 0.00 (0.00) 0.00 0.00 (0.00) 0.00 0.00 
tS1 8.77 (2.03) 1.92 1.77 (0.41) 0.97 0.50 
tS2 8.56 (1.42) 3.53 1.73 (0.28) 1.78 0.92 
tL 59.38 (9.66) 24.53 11.97 (1.94) 12.37 6.40 

 

The errors were very sensitive to the rotation magnitude. For small rotations (5°), the 

errors were substantially larger than the translations introduced. For example, the 

magnitude of the tS1 translation was less than 1 mm, but this resulted in a position error 

of almost 9 mm. For all translation conditions, however, the error reduced substantially 

as the rotation magnitude increased. For small translations, a rotation magnitude of 25° 

or larger reduced the error to less than 2 mm. The error for larger translations also 

reduced significantly but remained relatively large even with 60° of rotation. However, 

the magnitude of translation introduced through the tL condition was 7 mm, which is 
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unlikely to be present in the passive, static positions used in the MR imaging data of 

this study. 

This result is important. It means that for pure rotations, the quaternion-based method 

gives the exact solution. It can determine the true axis of rotation. However, where the 

movement does not involve rotation alone, but also includes some kind of translation, 

the ability to place the axis accurately in space is compromised. The orientation of the 

axis remains accurate but its position is not. This error gets considerably smaller as the 

magnitude of rotation increases. As the rotation gets larger, the translation becomes a 

smaller component of the overall transformation relative to the rotational component. 

As a result, the error becomes smaller too. However, if the rotation is very small, this 

limitation becomes more problematic. Care needs to be taken when interpreting the 

axes calculated for small rotations. 

TRANSFORMATION MATRICES 

Given an accurate method for determining the rotation axis, the first major source of 

error in the calculations was the process of aligning data clouds. Data clouds were 

aligned manually and qualitatively: a subjective process. The RMS error between data 

points and their projection on a transformed bone mesh was used to evaluate the 

accuracy of the alignments. The results are presented in Table 5.3.  

Table 5.3. Fitting error (in mm) for the neutral data set and the RMS error (as a percentage of the fitting error) of the 
data sets registered using the individual bone transformation matrices. 

Bone S75 S50 S25 N P25 P50 P75 
Humerus        13% 12% 16% 2.3 10% 2% 17% 
Ulna 40% 40% 21% 1.4 10% 10% 58% 
Radius 48% 65% 59% 1.2 60% 33% 54% 

 

The RMS errors for the humerus data clouds were no more than 17% greater than the 

fitting error for the neutral humerus. The RMS errors for the ulna data clouds ranged 

from 10% to 58% greater than the fitting error for the neutral ulna. The RMS error for 

the radius ranged from 33% to 65% greater than the fitting error for the neutral radius. 

It appears that the alignment of the humerus data clouds was reasonable, but the 

alignment of the ulna and radius data clouds were progressively less consistent. The 

alignment of the data clouds is fundamental to all the subsequent calculations. To have 
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more confidence in the results, it will be important to develop a more objective means 

of aligning data clouds. This is a problem for the radius and ulna axes, as well as the 

combined rotation axis. However, the quaternion-based method of calculating a 

rotation axis is accurate if the transformation matrix is accurate. If correct data 

registration is achieved, it should be possible to evaluate the radius and ulna axes 

accurately. 

COMBINED ROTATION AXES 

Even if the registration of the data clouds could be considered sufficiently accurate, the 

validity of calculating a combined axis of rotation for both bones needed to be 

evaluated. To test this, the rigid-body transformation matrix associated with the 

combined axis was applied to the neutral radius and ulna bone data clouds. The RMS 

error between the data clouds transformed this way, and the data clouds transformed 

by the individual bone transformation matrices was calculated, as described in section 

5.2.1.5. The errors were large, resulting in discrepancies up to 4.8 times larger than the 

relative fitting error (see Table 5.4). These errors were confirmed by visually evaluating 

the transformation similarities. The failure of the combined axis transformation 

matrices to accurately predict the position of both the ulna and radius is likely due to a 

flaw in the underlying assumption behind the calculations. Specifically, it is clear that 

the ulna and radius bones do not rotate about a shared axis. Rather, their rotations must 

be about two independent axes – the anatomical axes determined already. Their 

movements about these two independent axes cannot be modelled as combined 

movement about any other single axis. In other words, there are too many degrees of 

freedom in the system to reduce the bone movement to rotation about a single axis. 

Table 5.4. RMS error (in mm) for the data sets registered using the combined bone transformation matrices. 

Bone S75 S50 S25 P25 P50 P75 
Ulna 5.6 5.5 3.4 2.6 4.1 8.2 
Radius 5.8 5.1 3.5 1.9 3.7 6.7 

5.2.3 CONCLUSIONS 

There were several positive outcomes from this initial work. Firstly, this study clearly 

confirmed the movement of the ulna during forearm rotation. A true understanding of 
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forearm rotation is not possible without including and understanding the movement of 

the ulna. Furthermore, the quaternion-based method of determining the axis of rotation 

from a transformation matrix was shown to be accurate and reliable provided the 

transformation matrix is accurate, and any concurrent translation is not too large. This 

is important for further study of forearm kinematics. Finally, the movement of the 

radius and the ulna were shown to occur about independent axes. It is still their 

combined movement that produces rotation about the mechanical axis of rotation, 

however, their movements cannot be considered coupled about a single axis of rotation. 

Further study is necessary to better understand how their independent movements 

create rotation about an external, mechanical axis of rotation. 

There were two main limitations in this study that prevented further analysis of the 

data. Firstly, the process of manually registering data sets is not accurate enough for 

assessing these small rotations. A more accurate and objective method is required. 

Secondly, an objective axis is needed to assess the accuracy of any mechanical axis of 

rotation that is calculated. When the MR images are collected, the axis about which the 

arm is rotated must be recorded. Therefore, a second study was undertaken to 

overcome these two limitations. 

5.3 KINEMATIC STUDY TWO 
Based on the results of the first study, it was clear that combining the movement of 

both radius and ulna into a single axis was not beneficial. Nevertheless, it is their 

combined movement that produces rotation of the forearm about the mechanical axis 

necessary for a given task. The kinematics for this movement, however, are more 

complex than originally hypothesised. It is still important to understand how this 

movement is achieved. Without that understanding, it is not possible to accurately 

determine forearm muscle moment arms, and understand the roles of muscles in 

forearm pronation and supination.  

It can be argued that the ultimate purpose of the upper limb is to place the hand where 

it needs to be to perform a task. In a static sense, the degrees of freedom afforded by 

the various joints of the arm are used to position the hand in space. Dynamically, 
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though, it is the rotation of the hand in space that is often the key to its usefulness. 

Basic tasks like feeding oneself require rotation of the hand between plate and mouth. 

The mechanical axis of rotation is the functional axis that the hand needs to rotate 

about to perform a given task. If the task requires an axis that coincides exactly with the 

anatomical radius axis, then the necessary rotation of the hand can be achieved through 

rotation of the radius about the ulna alone. More often, though, the task will require the 

hand to rotate about an axis that does not coincide with the radius axis. At this point, 

other joints must be incorporated. 

If the forearm is isolated, the ulna becomes critical in dynamically placing the radius, or 

radius axis, where it needs to be so that its rotation produces the movement required 

by the task.  Ultimately, it is the movement of the radius that determines the rotation 

of the hand in space. However, small movements of the ulna can moderate the radius 

rotation so that it achieves the desired rotation of the hand. Rather than being a 

combined rotation of both the ulna and radius about some single forearm axis, it is the 

rotation of the radius relative to the humerus, modified by the ulna, which achieves the 

mechanical axis of forearm rotation necessary for the task. The axis describing the 

rotation of the radius relative to the humerus will be termed the functional radius axis. 

With this improved understanding of the coordination of forearm rotation, a new 

model was constructed. In order to properly evaluate the accuracy of the results it was 

important to know, objectively, the mechanical axis of rotation used during data 

collection. For this reason, a MR-compatible jig was designed and built that would allow 

controlled forearm rotation about a fixed and prescribed axis. New MR imaging data 

was collected and data registration software was used to determine objective and 

accurate transformation matrices describing the movement of the forearm bones. Axes 

of rotation were then calculated for the ulna and radius with the following hypotheses: 

1. The ulna will be dynamic during forearm rotation, moving about variable axes. 

2. The anatomical radius axis will be consistent, passing from the radial head to 

the ulnar head. 

3. The functional radius axis will be consistent and resemble the mechanical axis 

of the movement. 
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5.3.1 METHODOLOGY 

5.3.1.1 FOREARM ROTATION JIG 

In the first kinematic study, there was no way to check whether a calculated mechanical 

axis of rotation corresponded to the actual mechanical axis about which the forearm 

rotated. One could not even be sure that the forearm rotated about the same 

mechanical axis through each finite step. The apparent elbow flexion between neutral 

and 25° supination was particularly problematic. For these reasons, it was necessary to 

design a jig that would constrain the position of the subject’s arm while in the MR 

scanner and control the rotation of their arm around a fixed and known axis of rotation. 

There were several requirements considered when designing the jig: 

∙ It needed a fixed axis of rotation about which the forearm rotation angle could 

be easily specified. This axis needed to be visible in the MR images. 

∙ It needed to maintain the position of the forearm and limit any movement 

associated with rotation about the axis of rotation. 

∙ It needed to be non-ferromagnetic in order to be safely used in the MR scanner.  

∙ It needed to be strong and stable to support the subject’s arm throughout the 

scanning sessions, without moving. 

∙ It needed to be adjustable to accommodate different sized arms, either left or 

right. This will be important, should further analysis of additional subjects be 

carried out. 

The final jig is illustrated in Figure 5.7. It was designed using SolidWorks 3D CAD 

design software (http://www.solidworks.com/). The various pieces were cut out of 

10 mm acrylic using a Trotec Speedy 300 laser cutter (Trotec Laser, Inc., Ypsilanti, 

USA) and where necessary, glued using dichloromethane. The base had tracks that were 

designed to fit into the grooves on the Siemens Skyra MR scanning table that was used 

for data collection. This made it easy to position the jig on the scanning table, and 

prevented it sliding across the table. There were two arm braces. One held the forearm 

just below the elbow and the other constrained the wrist. The brace at the wrist was in 

two pieces held together by plastic pins. This allowed the brace to fit tightly around the 
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wrist, preventing movement that was not rotation. Both braces were padded with high-

density foam and could be slid along the rails, as required, to accommodate the length 

of the subject’s arm. The rails were rectangular to provide good stiffness against vertical 

forces. There was also an adjustable shoulder support, the position of which could be 

fixed using plastic pins. 

The handle was designed to simulate the handle of an isokinetic dynamometer, like 

would be used to measure forearm rotation torques. It too was developed in 

SolidWorks, but was printed with ABSplus acrylonitrile butadiene styrene plastic using 

a Dimension Elite 3D printer (Stratasys Ltd., Eden Praire, USA). The handle attached 

to an axis that ran through the front pieces of the jig. The axis was machined out of 

Delrin acetal plastic. On the front side, a round protractor-like piece fitted to the axis, 

with holes drilled every 12.5°. The position of forearm rotation could be easily set from 

the front of the MR scanner and was fixed using a plastic pin. The front and rear pieces 

of the jig were reversible, allowing it to accommodate both right and left arms 

comfortably. This specially designed jig was used during all data collection to hold the 

forearm in position and constrain rotation about a fixed external axis. 

Figure 5.7. MR-compatible forearm rotation jig designed to be used during data collection in the second kinematic 
study. The jig is illustrated on the MR scanning table. The subject’s shoulder is supported on the most proximal brace, 
their elbow is supported by the middle brace, and the wrist is placed through the third brace. 
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5.3.1.2 DATA 

The right forearm of a 27 year old, healthy, male participant was scanned using a 3T 

Siemens Skyra MR imaging scanner (Siemens Medical Systems, Erlangen, Germany) 

and two body receiver coils.  Due to time constraints, the data was collected in two 

sessions conducted on separate days. During the first session the arm was scanned in 

three positions: neutral, 25° pronation and 25° supination (N, P25 and S25). These 

images were T1-weighted axial slices (TR = 5.89 ms, TE = 2.45 ms), with an in-plane 

resolution of 0.5625 mm and a slice thickness of 3 mm. During the second session, five 

more scans were acquired. The arm was scanned at 50° and 75° pronation and 

supination (P50, P75, S50, S75), completing the seven positions of forearm rotation 

analysed in the first kinematic study. To reduce the scanning time, these images had a 

slice thickness of 5 mm. They were also T1-weighted axial slices (TR = 864 ms, 

TE = 25 ms), and had an in-plane resolution of 0.2232 mm.  An additional neutral scan 

(N2) was collected which was used to register the data from the second collection 

session with the data collected in the first session. The N2 images were T1-weighted 

(TR = 771 ms, TE = 25 ms), had an in-plane resolution of 0.4911 mm and maintained 

a slice thickness of 3 mm to ensure accurate registration with the data collected in the 

first session. 

The radius, ulna and humerus bones were segmented in the MR images for each 

position of forearm rotation. In-house software, cmgui (http://www.cmiss.org/cmgui), 

was used to create the data clouds. This procedure ensured that each data cloud was 

positioned correctly in space, according to the MR imaging coordinate system used at 

the time of the scans. 

As explained previously, the scans were collected in two image stacks to ensure minimal 

distortion in the images. However, the data segmented from the different stacks did 

not align perfectly. The data from the distal image stack was manually transformed until 

it was qualitatively continuous with the data from the proximal image stack. This usually 

required translation of approximately 1 mm in the x- or y-direction. This correction 

was performed prior to any other analysis. 
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Before calculating any bone transformations, the data collected in the second session 

was registered with the data from the first session. This was done by aligning the neutral 

bone data clouds from each session and applying the same transformations to the P50, 

P75, S50 and S75 data sets. While performing this alignment the elbow was found to 

be in a different position of flexion between the two sessions. Had the humerus been 

used to register the data sets, the forearm bones in the second session would have been 

placed in a very different position relative to the bones in the first session. That would 

have severely compromised the accuracy of any further kinematic analysis. Instead, the 

neutral ulna was used to align the ulna and radius bones from the second session. The 

neutral humerus was used to align the humerus bones from the second session. This 

kept the bones in a more consistent position and maintained the elbow angle used 

during the first collection. It was these registered data clouds that were used in the 

subsequent analysis. The method of registering data clouds and determining 

transformation matrices is explained below. 

5.3.1.3 DATA REGISTRATION 

A major limitation identified in the first kinematic study was the manual registration 

method used to register data clouds. For this study, specialised 3D data processing 

software, CloudCompare (http://www.danielgm.net/cc/) was used instead. This 

software uses the iterative closest point (ICP) algorithm to find the optimal rigid 

registration of two data clouds (Besl & McKay, 1992). 

To begin with, the two data clouds must undergo a preliminary alignment. Four points 

are chosen from each data cloud that are approximately equivalent. The rigid-body 

transformation to align those points is determined and applied to the second data cloud. 

Once the two data clouds are closely aligned, the ICP algorithm is used to determine 

their optimal registration. 

The ICP algorithm begins by taking each point in the transformed data cloud and finds 

the closest corresponding point in the reference data cloud. Rotation and translation 

estimates that minimise the mean squared error between data points are calculated and 

applied to the transformed data cloud. This process is then repeated until some criteria 

is reached. Convergence was reached when the RMS difference between two 
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consecutive iterations was less than 1 × 10−6. The final registering transformation 

matrix was constructed as follows: 

 𝐓𝐓𝐓𝐓R = 𝐓𝐓𝐓𝐓post × 𝐓𝐓𝐓𝐓pre 5.8 
   

where 𝐓𝐓𝐓𝐓pre is the matrix used for the initial alignment of the data clouds, 𝐓𝐓𝐓𝐓post is 

the matrix determined using the ICP algorithm, and 𝐓𝐓𝐓𝐓R is the final transformation 

matrix that registers the transformed data cloud with the reference data cloud.  

5.3.1.4 DETERMINING TRANSFORMATION MATRICES 

To make the process of registering the data clouds in different positions faster, all data 

clouds were aligned with their neutral equivalents. For humerus registration, this was 

the transformation direction needed. For the radius and ulna bones, the inverse of the 

transformation matrices were used, registering the neutral bone data cloud with its 

respective data cloud in each other position. The final matrices needed for the various 

rotation axes were calculated as will be described below. 

ULNA 

Ulna movement is described with respect to the humerus. To begin with, humerus 

movement was negated from each ulna transformation matrix: 

 𝐓𝐓𝐓𝐓P25uln_h = 𝐓𝐓𝐓𝐓P25hum × 𝐓𝐓𝐓𝐓P25uln  
   
 𝐓𝐓𝐓𝐓P50uln_h = 𝐓𝐓𝐓𝐓P50hum × 𝐓𝐓𝐓𝐓P50uln 5.9 
   
 𝐓𝐓𝐓𝐓P75uln_h = 𝐓𝐓𝐓𝐓P75hum × 𝐓𝐓𝐓𝐓P75uln  
   

where 𝐓𝐓𝐓𝐓uln and 𝐓𝐓𝐓𝐓hum refer to the transformation matrices determined by 

CloudCompare, and 𝐓𝐓𝐓𝐓uln_h gives the movement of the ulna relative to a stationary 

humerus. These matrices represent the overall movement of the ulna, relative to 

neutral.  
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However, it is the finite rotation axes of the ulna that are needed. These were 

determined as follows:  

 𝐓𝐓𝐓𝐓P25uln_h_f = 𝐓𝐓𝐓𝐓P25uln_h  
   
 𝐓𝐓𝐓𝐓P50uln_h_f = 𝐓𝐓𝐓𝐓P50uln_h × 𝐓𝐓𝐓𝐓P25uln_h

−1  5.10 
   
 𝐓𝐓𝐓𝐓P75uln_h_f = 𝐓𝐓𝐓𝐓P75uln_h × 𝐓𝐓𝐓𝐓P50uln_h

−1   
   

where 𝐓𝐓𝐓𝐓uln_h_f is the finite ulna transformation with humerus movement taken into 

account. The matrices for the supinated positions were calculated in the same way. 

RADIUS 

There were several radius axes of interest which required various matrix calculations. 

To begin with, radius movement relative to the humerus was calculated as for the ulna: 

 𝐓𝐓𝐓𝐓P25rad_h = 𝐓𝐓𝐓𝐓P25hum × 𝐓𝐓𝐓𝐓P25rad  
   
 𝐓𝐓𝐓𝐓P50rad_h = 𝐓𝐓𝐓𝐓P50hum × 𝐓𝐓𝐓𝐓P50rad 5.11 
   
 𝐓𝐓𝐓𝐓P75rad_h = 𝐓𝐓𝐓𝐓P75hum × 𝐓𝐓𝐓𝐓P75rad  
   

Matrices for the supinated positions were calculated in the same way. These give the 

overall transformation from neutral to the given position of forearm rotation. Axes 

were not calculated from these matrices. They were used in further calculations.  

The transformations representing the functional radius axes were calculated as follows: 

 𝐓𝐓𝐓𝐓P25rad_h_f = 𝐓𝐓𝐓𝐓P25rad_h  
   
 𝐓𝐓𝐓𝐓P50rad_h_f = 𝐓𝐓𝐓𝐓P50rad_h × 𝐓𝐓𝐓𝐓P25rad_h

−1  5.12 
   
 𝐓𝐓𝐓𝐓P75rad_h_f = 𝐓𝐓𝐓𝐓P75rad_h × 𝐓𝐓𝐓𝐓P50rad_h

−1   
   

where 𝐓𝐓𝐓𝐓rad_h_f gives the finite rotation of the radius relative to the neutral humerus.  
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Next, the rotation of the radius relative to the ulna was determined. The matrices for 

these movements were calculated as follows: 

 𝐓𝐓𝐓𝐓P25rad_h_u = 𝐓𝐓𝐓𝐓P25uln_h
−1 × 𝐓𝐓𝐓𝐓P25rad_h  

   
 𝐓𝐓𝐓𝐓P50rad_h_u = 𝐓𝐓𝐓𝐓P50uln_h

−1 × 𝐓𝐓𝐓𝐓P50rad_h 5.13 
   
 𝐓𝐓𝐓𝐓P75rad_h_u = 𝐓𝐓𝐓𝐓P75uln_h

−1 × 𝐓𝐓𝐓𝐓P75rad_h  
   

Having already taken humerus movement into account, these calculations negate the 

movement of the ulna for each position. They give the rotation of the radius relative to 

a stationary ulna – the anatomical axes of radius rotation. Again, these matrices 

represent average rotations from neutral. They will be used to calculate radius rotation 

axes that are equivalent to those presented in previous research (Tay et al., 2008). An 

average anatomical axis of radius rotation was also determined as follows: 

 𝐓𝐓𝐓𝐓S75_P75rad_h_u = 𝐓𝐓𝐓𝐓P75rad_h_u × 𝐓𝐓𝐓𝐓S75rad_h_u
−1  5.14 

   
This matrix represents the overall movement of the radius relative to the ulna from 75° 

supination to 75° pronation. The axis it generates should correspond to the axis of 

forearm rotation usually presented in literature. However, it was the purpose of this 

study to evaluate finite axes, where a change in the axis of rotation from one position 

to the next will be visible. These final matrix calculations determine the finite rotations 

of the radius: 

 𝐓𝐓𝐓𝐓P25rad_h_u_f = 𝐓𝐓𝐓𝐓P25rad_h_u  
   
 𝐓𝐓𝐓𝐓P50rad_h_u_f = 𝐓𝐓𝐓𝐓P50rad_h_u × 𝐓𝐓𝐓𝐓P25rad_h_u

−1  5.15 
   
 𝐓𝐓𝐓𝐓P75rad_h_u_f = 𝐓𝐓𝐓𝐓P75rad_h_u × 𝐓𝐓𝐓𝐓P50rad_h_u

−1   
   

These matrices give the finite rotations of the radius relative to a stationary ulna. The 

matrices for the supinated positions were calculated in the same way. 

 

 



FOREARM BONE KINEMATICS 

 

1 1 7  

5.3.1.5 EXTRACTING AXES OF ROTATION 

There were 5 different categories of axes extracted: 

1. Six finite anatomical ulna axes – rotation of the ulna relative to the humerus. 

2. Six finite anatomical radius axes – rotation of the radius relative to the humerus 

and the ulna. 

3. Six average anatomical radius axes – rotation of the radius relative to the 

humerus and the ulna. 

4. One overall anatomical radius axis – rotation of the radius, from S75 to P75, 

relative to the humerus and the ulna. 

5. Six finite functional radius axes – rotation of the radius relative to the humerus. 

The quaternion-based method used to extract the necessary axes was the same as that 

described in the first kinematic study (section 5.2.1.4). 

5.3.1.6 DETERMINING THE MECHANICAL AXIS OF THE JIG 

The specially designed forearm rotation jig had two purposes. One was to provide 

sufficient constraint to control the rotation of the subject’s forearm. The second was 

to provide an objective mechanical axis with which to compare the calculated axes. To 

make this possible gel markers were attached to the jig. The MR imaging recording 

volume was not large enough for markers to be placed on either end of the jig axis. 

This would also have required extrapolation of the axis, which may have affected its 

accuracy. Instead, eleven markers were placed carefully on different parts of the jig. 

These markers were segmented in the MR images, and the centre of each data cloud 

was calculated. Usually, the midpoint between two markers lay on the jig axis. There 

were five such points. The sixth marker lay on the axis itself. The line of best fit through 

the 6 points was used as the mechanical axis of rotation. 

5.3.1.7 RELIABILITY TESTING 

Although the method of registering data sets was now objective, the data clouds were 

not identical and so the registration cannot be perfect. It was important to test how 

accurately the ICP algorithm could register the data clouds and how sensitive the 
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quaternion-based axes may be to any inaccuracies introduced through registration. The 

tests used are described here. 

DATA REGISTRATION 

There were several factors identified that may influence the accuracy of the ICP 

algorithm registrations. These include the accuracy of the pre-alignment, the axis about 

which rotation occurs, the magnitude of the rotation, additional translation within the 

transformation, the shape of the data clouds, and the extent to which the two data 

clouds are dissimilar.  

It is not easy to determine the accuracy of the registration of two non-identical data 

clouds. There is no one-to-one correspondence and so it is difficult to find an accurate 

measure of the error. Instead, the neutral radius and ulna bones were transformed in 

the different tests which created two data sets with one-to-one correspondence of data 

points. The transformed data cloud was registered to the original data cloud, which 

made calculating the RMS error of the registration simple:  

 
𝑅𝑅𝑅𝑅𝑝𝑝 = �∑ |𝐱𝐱�𝑖𝑖 − 𝐱𝐱𝑖𝑖|2𝑁𝑁

𝑖𝑖=1

𝑁𝑁
 5.16 

   
where |𝐱𝐱�𝑖𝑖 − 𝐱𝐱𝑖𝑖| gives the Euclidean distance between the original data points (𝐱𝐱𝑖𝑖) and 

the registered data points (𝐱𝐱�𝑖𝑖). Several axis and translation combinations were used in 

the various tests. They are described below: 

∙ AY – an axis parallel to the global y-axis. 

∙ AA – an axis approximately equivalent to the anatomical axis of radius rotation. 

∙ AM – an axis approximately equivalent to the mechanical axis specified by the 

forearm rotation jig. 

∙ tno – no translation component. 

∙ tS – a small translation component, [0.3 0.8 0.4]T. 

∙ tL – a large translation component, [4.0 3.0 5.0]T. 

 



FOREARM BONE KINEMATICS 

 

1 1 9  

INITIAL ALIGNMENT 

The first test evaluated how important the accuracy of the initial alignment was to the 

final registration. Both the ulna and the radius data clouds were used in all tests to 

account for differences in the data cloud shape. Three different transformations were 

tested: 

1. 35° rotation about AY, with tL. 

2. 30° rotation about AA, with tL. 

3. 25° rotation about AM, with tL. 

The neutral ulna and radius data clouds were transformed accordingly. The transformed 

data cloud was then pre-aligned with the original data cloud and the transformation 

matrix used was recorded (as described in section 5.3.1.3). The translation components 

of each of the pre-alignment transformation matrices were increased by 0.5%, 1%, 5%, 

7%, 10%, 20%, 30%, 40% and 50%. Additional matrix entries could not be changed 

easily without compromising the orthogonality of the transformation matrix. These 

perturbed pre-alignment matrices were also applied to the transformed data clouds. 

Finally, the original and pre-aligned data clouds were registered using the ICP 

algorithm. The final registration transformation matrices were calculated as before: 

 𝐓𝐓𝐓𝐓R = 𝐓𝐓𝐓𝐓post × 𝐓𝐓𝐓𝐓pre 5.17 
   

This was applied to the transformed data cloud and the RMS error between the 

resulting data points and the original data points was calculated. The results evaluated 

the extent to which the final registration was robust to inaccuracies in the initial 

alignment. 

TRANSFORMATION 

Next, the sensitivity of the ICP algorithm to the precise transformation used was tested. 

In this case, the following conditions were used for each of the three axes: 

∙ 5° rotation with tL. 

∙ 15° rotation with tno. 

∙ 25° rotation with tS. 

∙ 35° rotation with tL. 

∙ 60° rotation with tS. 
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Again, the neutral radius and ulna data clouds were transformed by these 15 

transformations. In each case, the transformed data cloud was first pre-aligned with the 

original data cloud. The ICP algorithm was then used to calculate their registration. The 

resulting transformation matrix (including pre-alignment) was applied to the 

transformed data cloud and the RMS error between data points calculated. 

DATA SETS 

The previous tests all consider an ideal situation: one where the two registered data 

clouds are identical. In reality, this is not the case. It was important to evaluate the effect 

dissimilarity in the data sets has on the accuracy of the ICP algorithm registration. To 

make this possible, different subsets of the neutral ulna and radius data clouds were 

created. The data cloud (DO) was randomly sampled to create a new subset using some 

percentage of the total data set. Each data cloud was randomly sampled twice (R1 and 

R2) to create different data sets. The data clouds were also reduced to 80%, 70%, 60%, 

50% and 40% of the total data set size, gradually reducing the potential for data point 

overlap between subsets. 

Two transformations were considered:  

∙ 25° rotation about AM, with tno. 

∙ 25° rotation about AM, with tS. 

The tno condition allows easy comparison between the resulting axis and the prescribed 

axis. The tS condition makes it possible to check that translation does not have a more 

significant effect on the axis calculations when the registered data sets are not identical.  

Both the complete data set (DO) and the second random subset (R2) were transformed 

as described. This provided two transformed data clouds in the same position in space 

– the complete data set (DT) and the second subset (R2T). The ICP algorithm was then 

used to register R2T to R1 following pre-alignment. The registration transformation 

matrix was applied to DT and the RMS error between it and DO calculated. This 

provided an accurate measure of the registration error, and the effect that dissimilarity 

in the data has on that error. The same procedure was used for the ulna and radius data 

clouds, and for each percentage of the data used. Each registration was repeated three 
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times to evaluate the reliability of pre-alignment and registration where data sets are 

different. 

AXES 

The final step was to evaluate how the errors caused by the registration process 

confound the axes determined using the quaternion-based method. To do so, 

quaternion parameters were calculated from each of the registration transformation 

matrices determined in the previous test. For both transformations there were twelve 

registration matrices, six per bone.  

To evaluate the resulting errors in the quaternion parameters, the difference between 

the input and output parameters were expressed as a percentage of the input value. The 

errors were plotted as a function of the RMS error determined previously. The 

relationship between the RMS error due to registration and the resulting error in the 

quaternion parameters was then assessed. The resulting axes were also visualised to 

evaluate the errors qualitatively. 
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5.3.2 RESULTS AND DISCUSSION 

5.3.2.1 AXES OF ROTATION 

RADIUS AXES 

There were several different axes calculated from the rotation of the radius. The first 

was the anatomical axis of radius rotation: the rotation of the radius with respect to the 

ulna. This is the true, anatomically meaningful description of radius motion and 

corresponds to the forearm rotation axis presented in literature. The movement of the 

radius with respect to the ulna is shown in Figure 5.8. As would be expected, the radius 

rotated in a consistent manner around the head of the ulna. The largest rotations were 

from P25 to P50 and from N to S25. There was only very small rotation of the radius 

from S25 to S75. This was also demonstrated quantitatively, as shown in Table 5.5. It 

suggests that ulna motion may be more important during this portion of forearm 

rotation in order to achieve the full rotation magnitude needed. From P25 to P50 the 

Figure 5.8. Movement of the radius over the neutral ulna, from S75 to P75. 
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radius actually rotated considerably more than the 25° specified. The ulna may have 

acted to compensate and reduce the overall rotation magnitude during this rotation. 

An anatomical axis was determined for each finite rotation of the radius. These are 

presented in Figure 5.9. The finite axes calculated from this new data were considerably 

more consistent than those in the first kinematic study. The axes from S25 to P75 match 

exactly the radius axis one would expect, with only very little and reasonable variation 

through the ROM. The axes determined for the S50 and S75 rotation intervals were 

less consistent with the expected anatomical axis of rotation. When one considers the 

magnitude of rotation, presented in Table 5.5, these finite rotations were also the 

movements with the smallest rotation magnitude. This indicates that even the objective 

method of determining transformation matrices used in this second study is not 

accurate enough to calculate axes for small rotations. 

Table 5.5. Magnitude of each finite rotation, calculated for the different axes of rotation. 

Axis S75 S50 S25 P25 P50 P75 
Anat. radius –  finite   3.7° 10.7° 25.4° 14.2° 38.4° 17.3° 
Anat. radius – average 39.7° 36.1° 25.4° 14.2° 52.6° 69.9° 
Func. radius – finite   6.0°   9.0° 26.6° 14.2° 38.5° 17.1° 
Anat. ulna –  finite   3.2°   2.6°   1.5°   1.7°   5.4°   1.8° 

 

A very similar study has examined the movement of the radius during forearm rotation 

(Tay et al., 2010). Both forearms of five volunteers were scanned using CT in five 

positions: maximal supination, 60° supination, neutral, 60° pronation, and maximal 

pronation. Finite helical axes were determined for each forearm position. Their results 

showed a reasonably consistent axis at the PRUJ with only one axis out of forty passing 

outside the radial head. The axes were less consistent at the DRUJ, with a quarter of 

the axes passing outside of the ulnar head, and with only three close to the fovea. The 

axes determined in the present work for rotations from S25 to P75 more closely align 

with the anatomical axis described in literature. However, the previous study did not 

show any axis as inconsistent as the S75 axis determined here. 

The reason for this is likely due to the way transformation matrices were calculated in 

the previous study (Tay et al., 2010). Although it is not clear in their later article, the 

initial work indicates that the radius data cloud in each position was registered with the  
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neutral position (Tay et al., 2008). Rather than representing finite rotations from one 

position to the next, the first axes represent the rotation from neutral to 60° pronation 

and supination, and the second axes represent the rotation from neutral to maximal 

pronation and supination. As a consequence, the latter axes represent an average 

rotation, including the movement from neutral to 60° pronation and supination. 

Essentially, this increases the magnitude of rotation over which the axis is calculated, 

reducing the errors that were seen in the present study for rotations of smaller 

magnitudes. However, this also means that changes in the position of the axis through 

the ROM will not be as easily seen, nor will any of the changes that are seen be accurate. 

Average axes of radius rotation were calculated so that the accuracy of the present axis 

calculations could be evaluated relative to the previous work. The resulting average axes 

are shown in Figure 5.10. When calculated this way, the axes were remarkably 

consistent. The overall axis representing rotation from S75 to P75 matched exactly the 

anatomical axis presented in literature. The axes for each forearm position were also 

very consistent, all passing through the centre of the radial head proximally and through 

the head of the ulna distally. These are actually far more consistent than the axes 

reported in previous work, indicating that the current method is at least as accurate as 

that used by other researchers. However, the rotation magnitudes used to determine 

these axes are much larger than the finite rotations (Table 5.5) and do not accurately 

represent any changes that may occur in the position of the axis of rotation. Therefore, 

a more precise method of determining the rotation of the radius is needed in order to 

study its kinematics accurately. 
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Figure 5.10. Average anatomical axes of radius rotation. (A) Overall axis of radius rotation, from S75 to P75. 
(B) Average supination axes of the radius. (C) Average pronation axes of the radius. 
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The anatomical axis of radius rotation is anatomically constrained to pass through the 

head of the ulna and the head of the radius. Where forearm rotation occurs about an 

axis not consistent with those constraints, additional motion must be involved. In 

particular, the ulna needs to move the distal radius so that the movement of the radius 

relative to the humerus occurs about the mechanical axis of the task. This is also evident 

in Figure 5.10A, where the overall axis of radius rotation is not consistent with the axis 

of the jig used during MR image collection. To examine this, axes were calculated that 

represent the rotation of the radius relative to the humerus, which includes any motion 

contributed by the ulna. These are described as the functional axes of the radius and 

are presented in Figure 5.11. It is clear from these axes that ulna motion facilitates 

movement of the radius about axes different to its anatomical axis. In fact, each rotation 

interval involved radius movement about a significantly different axis of rotation. The 

freedom of movement afforded to the radius by the ulna is considerable when 

contrasted with the very restricted anatomical axis of rotation. This is remarkable 

considering the very small magnitude of ulna motion observed (Table 5.5). However, 

these axes of rotation still do not correspond with the jig axis. They cannot adequately 

account for the motion that occurred during MR imaging data collection. Figure 5.11 

demonstrates the reason for this very clearly. While the ulna can mediate the position 

of the distal radius and the distal end of its axis of rotation, it cannot affect the position 

of the radial head and the proximal end of its anatomical axis. The radial head is 

constrained to the humerus. As such, all the axes pass through the head of the radius. 

Since the jig axis did not pass through the head of the radius, neither the anatomical 

radius axis nor any functional axis of radius rotation can coincide with the jig axis. 
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These results point to an even more complicated relationship. The axis of the radius 

relative to the humerus represents the overall rotation of the forearm. However, to 

equate this axis to an external, mechanical axis of rotation requires two assumptions: 

1. It assumes there was no humerus movement – in this study the humerus did 

move, albeit only slightly. The movement of the humerus was accounted for 

when determining the radius and ulna bone movements. It could be included 

again and the motion of the radius relative to the shoulder or torso evaluated. 

However, in that case the axis would no longer represent purely forearm 

rotation. 

2. It assumes that, from position to position, there is no change in the orientation 

of the hand relative to the forearm. Movement of the wrist was not considered 

in this study. To account for this in the future, the wrist and fingers would need 

to be placed in a splint during data collection to ensure no relative movement 

occurred. 

Figure 5.11. Finite functional axes of radius rotation. These describe the rotation of the radius with respect to the 
humerus. (A) Supination axes of the radius. (B) Pronation axes of the radius. 
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Isolating the forearm from humerus and hand movement, the overall axis of forearm 

rotation can be determined from the movement of the ulna and radius. Regardless of 

how the ulna influences the position of the distal radius the proximal radius is fixed. 

Due to the anatomical constraints, the overall axis of forearm rotation must pass 

through the head of the radius, proximally. This means that if a task requires movement 

about a mechanical axis that does not pass through the head of the radius, ulna 

movement will be insufficient to facilitate this axis. Additional humerus and/or wrist 

movement will be necessary. Had the hand been splinted in the present study, there 

would have been considerably more humerus movement to accommodate the 

prescribed mechanical axis of the jig. 

Dynamically, this creates a very complex scenario. As discussed previously, the ultimate 

purpose of the upper limb is to place the hand where it needs to be to perform a given 

task. Often, this will require rotating the hand about some mechanical axis or point in 

space. The radius can only rotate about one largely fixed axis. As it does, the ulna 

dynamically adjusts the radius axis to achieve the correct overall axis of rotation. But in 

most circumstances the shoulder and wrist will also move to place the ulna axis where 

it needs to be, to place the radius axis where it needs to be, to rotate the hand about the 

axis required by the task. The goal of this study was to use the jig axis to evaluate the 

accuracy of the forearm axis determined from the movement of the ulna and radius 

bones. The results show that the movement of the forearm was not controlled 

sufficiently to make this possible. However, it was possible to examine whether the 

movement of the radius and the ulna accounted (or did not account) for the overall 

rotation of hand. In the forearm movement evaluated in this study, motion of the radius 

and ulna alone did not account for the overall rotation of the hand about the axis of 

the jig. 
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ULNA AXIS 

The movement of the radius is most directly related to the forearm rotation axis. 

However, as has been seen, the movement of the ulna is vital to providing functionally 

useful radius movement. To date, there have been very few studies that consider the 

influence of the ulna in forearm rotation. The data recorded in this study allowed ulna 

motion to be examined qualitatively, but axes of rotation and rotation magnitudes were 

also calculated.  

The movement of the ulna through the ROM is shown in Figure 5.12. The primary 

movement of the ulna in this data involved flexion or extension, though there was also 

evidence of some abduction-adduction and slight internal-external rotation. From a 

neutral position, the ulna extended slightly to P25 and S25. It then flexed progressively 

from P25 and S25 through to P75 and S75. If considered as movement from S75 to 

P75, the ulna would appear to extend through to P25 and then flex again as the arm 

rotates to P75. Between neutral and S25 the ulna adducted slightly and from S50 to S75 

there was slight external rotation. When the movement of the ulna is viewed together 

with the radius, the purpose of the ulna motion becomes more evident (Figure 5.13). It 

effectively acts to increase the overall rotation of the forearm by moving the ulnar head 

in the same direction as the distal radius is rotating. As was discussed with regards to 

the radius axis, the ulna motion also serves to mediate the movement of the radius so 

that it occurs about an axis more appropriate to the task.  

Figure 5.12. Movement of the ulna from S75 to P75. 
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Qualitatively, the ulna appears to undergo predominantly flexion or extension. 

However, its axes of rotation suggest the ulna movement is more complex than this 

(Figure 5.14). Only two of the axes, P25 and P50, represent a flexion-extension axis. 

The four remaining axes all show other movements in addition to flexion and 

extension.  The S25 axis shows the adduction visible, qualitatively, in Figure 5.13A. The 

axes for S75 and P75 indicate that towards the end of the ROM, the ulna rotates 

internally or externally to maximise the overall rotation of the forearm. This 

longitudinal rotation was also visible for the movement from S50 to S75, as shown in 

Figure 5.13C. The rotation magnitudes involved, however, are very small (Table 5.5). 

The largest rotation was only 5.4°, seen between P25 and P50, with an average rotation 

of 2.7°. Unlike the anatomical axis of radius rotation, there is no axis with which to 

compare the ulna axes. The radius axis appeared less consistent as rotation magnitude 

decreased so it is likely that the ulna axes include errors. This is especially evident where 

the axis does not pass close to the humeroulnar joint, as is the case for P75. For this 

reason, the specific ulna axes can only be interpreted to a limited extent. More generally, 

though, the ulna axes show that the motion of the ulna is not restricted to any one axis 

of rotation. While the radius is very constrained and can only move about one axis, the 

ulna moves in a varied way. When considering task specific movement, the ulna is 

arguably more important to controlling the movement than the radius is. While this 

study was not able to adequately quantify the motion of the ulna, its importance to this 

movement necessitates further future study. A more accurate picture of the anatomical 

axes of ulna rotation through the ROM will be very valuable for modelling forearm 

rotation biomechanically. 
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Figure 5.13. Position of the ulna and radius bones in each position of forearm rotation. (A) Movement from neutral 
to 25° supination and pronation. (B) Movement from 25° to 50° supination and pronation. (C) Movement from 50° 
to 75° supination and pronation. 
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5.3.2.2 RELIABILITY TESTING 

DATA REGISTRATION 

The first aspect of the methodology tested was the process of registering the data sets 

between positions. The influence of the initial alignment, the transformation involved, 

and the dissimilarity between data sets was assessed. Since registering data clouds is 

fundamental to all the other calculations carried out, it was important that this method 

be reliable and robust. 

INITIAL ALIGNMENT 

The first test investigated how important the initial alignment was to the accuracy of 

the final registration. The results are presented in Table 5.6. Perturbations of the initial 

alignment up to 20% had no effect on the accuracy of the final registration. Beyond 

20%, the final registration showed a consistent RMS error of approximately 3 mm. 

When the results were visualised, the misalignment was always in the long direction of 

the data set, perpendicular to the MR image planes (z-direction). This problem likely 

arises from the “bands” of data segmented from the MR images. Although the data was 

dense, it was arranged in bands 3 mm apart (the MR image slice thickness). The ICP 

algorithm appears to have difficulty dealing with this arrangement where it would likely 

be fine were the data evenly distributed in all directions over the surface of the object. 

Table 5.6. RMS error in registration for different degrees of perturbation for different conditions. Grey indicates RMS 
errors greater than 0.01 mm. 

 25° - AM - tL 30° - AA - tL 35° - AY - tL 
Perturbation rad uln rad uln rad uln 
0.0% 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
0.5% 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
1.0% 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
5.0% 0.0007 0.0000 0.0000 0.0000 0.0000 0.0000 
7.0% 0.0013 0.0000 0.0000 0.0000 0.0000 0.0000 
10.0% 0.0013 0.0000 0.0000 0.0000 0.0000 0.0000 
20.0% 0.0007 0.0000 0.0000 0.0000 0.0000 0.0000 
30.0% 2.8823 2.9649 0.0000 2.9650 2.8823 2.9656 
40.0% 2.8853 2.9654 2.8836 2.9660 2.8836 2.9657 
50.0% 2.8849 2.9657 2.8844 2.9655 2.8837 2.9657 

 



FOREARM BONE KINEMATICS 

 

1 3 5  

Provided the data sets were not misaligned by more than 20% in the z-direction, the 

registration was essentially perfect. It is probable that the ICP algorithm would still 

register correctly even if the errors were larger, provided the perturbations were in the 

x- and y-directions. However, it is important that the data sets be initially aligned as 

accurately as possible in the z-direction (or the direction perpendicular to the MR image 

plane). 

TRANSFORMATION 

The previous test confirmed the robustness of the ICP algorithm with respect to the 

initial data alignment. The next conditions tested its sensitivity to the particular 

registration needed. The results of these tests are presented in Table 5.7. The ICP 

algorithm accurately registered the data in all conditions, and was not sensitive to the 

axis of rotation, the magnitude of rotation or any translation in the transformation. For 

data sets where there is a one-to-one correspondence of data points, the ICP algorithm 

appears to be completely robust in its registration. Care must only be taken to correctly 

align the data sets in the direction perpendicular to the image plane when data is derived 

from MR images. 

Table 5.7. RMS error in the registration of data sets separated by different transformations. 

Axis Bone 5° - tL 15° - tno 25° - tS 35° - tL 60° - tS 

AY rad 0.0000 0.0000 0.0000 0.0000 0.0000 
uln 0.0000 0.0000 0.0000 0.0000 0.0000 

AA rad 0.0000 0.0000 0.0000 0.0000 0.0000 
uln 0.0000 0.0000 0.0000 0.0000 0.0000 

AM rad 0.0000 0.0000 0.0000 0.0000 0.0000 
uln 0.0000 0.0000 0.0000 0.0000 0.0000 

 

DATA SETS 

The preceding tests evaluate the reliability of the ICP algorithm for registering ideal 

data sets – where there is one-to-one correspondence of data points. Unfortunately, 

this does not represent the data sets used in this study. The data clouds were segmented 

from the same rigid-body (albeit in different positions) and were relatively dense. 

However, there is no one-to-one correspondence of points. This may affect the 

accuracy of the ICP algorithm registration, but also makes it very difficult to 

quantitatively evaluate the accuracy of the registration. The next conditions were 
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designed to test the sensitivity of the ICP algorithm to registering non-identical data 

sets. 

Data sets were reduced to between 80% and 40% of the total number of data points. 

This ensured there would be increasingly fewer corresponding data points between 

registered sets. Each condition was registered three times to test the reliability of the 

registration. The results are presented in Table 5.8. For identical data sets, the 

registration was essentially perfect, with less than 0.01 mm error. Where the data sets 

comprised between 80% and 50% of the total number of data points, the RMS error in 

registration was approximately 0.15 – 0.20 mm.  Where each data set included only 40% 

of the total number of data points, and therefore very little one-to-one correspondence, 

the RMS error was approximately 0.30 – 0.40 mm.  

Table 5.8. Average RMS error (and standard deviation) in the registration of increasingly smaller subsets of the complete 
data clouds. RMS error is given in millimetres. 

 25° - AM - tno 25° - AM - tS 
  rad uln rad uln 
100% 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 
80% 0.15 (0.02) 0.16 (0.03) 0.16 (0.00) 0.18 (0.03) 
70% 0.15 (0.03) 0.17 (0.00) 0.15 (0.02) 0.17 (0.01) 
60% 0.22 (0.03) 0.21 (0.02) 0.21 (0.03) 0.22 (0.00) 
50% 0.21 (0.04) 0.21 (0.02) 0.21 (0.04) 0.22 (0.01) 
40% 0.38 (0.01) 0.29 (0.01) 0.38 (0.03) 0.30 (0.01) 

 

The results from this test were positive. Even at 40%, the error is small, amounting to 

less than 0.5 mm at its largest. This shows the ICP algorithm is very robust in 

registration even where there is relatively little overlap in the data sets. All standard 

deviations were also very low, at less than 0.05 mm. This variability does not come from 

the ICP algorithm; for two data sets it will always output the same registering 

transformation matrix. Instead, the variability comes on account of slightly differing 

pre-alignments. Nevertheless, the ICP algorithm was still able to provide very reliable 

results. That provides a lot of confidence to the registrations determined for the bone 

data clouds. Although the different bone data clouds have no on-to-one 

correspondence, the data sets are considerably larger than those used for the 40% tests. 

This should result in registrations at least as accurate as those determined in these tests. 
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AXES 

The potential errors in the registration matrices demonstrated by these tests are very 

small. At most, there should be less than 0.5 mm RMS error caused by imperfect 

registration. However, it is not known how sensitive the quaternion-based method of 

axis calculation is to errors in the input transformation matrix. It was important to 

evaluate how the small errors found in the previous test would affect the axes 

determined later. To do so, quaternion parameters were calculated from each of the 

registering matrices that were determined in the previous test. The results are presented 

in Figure 5.15. 

The quaternion parameters did not show large errors for the level of registration 

inaccuracies shown above. The largest errors were seen in the rotation magnitude 

parameter with up to 6% difference between the calculated magnitude and the true 

magnitude. This amounts to approximately 1.5° error in a rotation of 25°. The other 

parameters, describing the orientation of the axis and its position in space, were even 

more robust, with errors no greater than 1%. It is also noted that the errors due to 

registration inaccuracies were no larger when small translation was included in the 

transformation. This is important, as it has previously been shown that the quaternion-

based method could not place the axis of rotation precisely in space where translation 

is included. These results indicate that any inaccuracy inherent to the quaternion-based 

method will likely be smaller, and of no more significance than the small errors 

introduced by the registration method. The axis errors were also visualised and the 

largest are shown in Figure 5.16. Even where error was greatest the effect on the final 

axis calculation is negligible. 
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Figure 5.15. Errors in quaternion parameters (% input value) as a function of the registration RMS error. (A) Errors 
calculated for 25° rotation about AM with tno. (B) Errors calculated for 25° rotation about AM with tS. 
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5.3.2.3 LIMITATIONS 

Despite the steps taken to minimise variability and confounding errors, there remained 

several limitations in this study. These will need to be addressed to improve 

understanding of forearm rotation kinematics.  

To begin with, there were limitations in the methodology used. Calculating rotation 

axes requires decomposing a transformation matrix into quaternion parameters. The 

axes, then, are completely dependent on the transformation matrix used. Previous work 

has examined the reliability of the similar finite helical axis calculations where data is 

noisy (Woltring, Huiskes, de Lange, & Veldpaus, 1985). While the rotation magnitudes 

were determined to be very robust, the axis direction and position vector were very 

sensitive to noise in the transformation. These sensitivities increased as rotation 

magnitude decreased and where the distribution of data points were closer to the axis 

of rotation. In this experiment, both of the identified difficulties were present. The 

distribution of data points is relatively close to the axis of rotation, if compared to knee 

or elbow flexion and extension. The rotation magnitude, particularly for the S50 and 

S75 positions, was also very small. As a result, where noise is present in the 

transformation matrices, the axes will be more susceptible to error. 

The application addressed in the previous work involved determining axes of rotation 

from markers attached to a body (Woltring et al., 1985). That application carries 

considerable difficulties in terms of determining, accurately, the position of the markers 

in space, and ensuring that their movement accurately reflects the movement of the 

underlying bones. In the present work, the markers are represented by points 

segmented along the surface of the bones themselves so the opportunity for noise is 

substantially reduced. However, this work deals with very small rotations and 

inaccuracies in segmenting the bones in the MR images may introduce errors into the 

transformations determined. This is despite the ICP algorithm method of registering 

data sets proving to be very reliable. Inconsistencies in the segmentation of the bones 

likely represents the greatest source of error in the axes calculated in the present work. 

This may simply occur through the slightly different views of the bones afforded by the 

successive MR imaging scans. The use of CT, where more automated segmentation is 
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possible, could improve these results. It would also minimise the loss of data that occurs 

between MR image slices.  

It is noted that for a finite axis of rotation to be meaningful the rotation magnitude 

needs to be small (Woltring et al., 1985). The larger it is the less it represents a varying 

instantaneous axis of rotation. So there is a conflict between the need to determine 

meaningful axes and employing rotation magnitudes sufficiently large to generate 

accurate finite axes of rotation. In the present study, the magnitude of the finite 

rotations was also influenced by the time required to segment the data from each scan. 

Here again, the use of CT imagery, with more automated segmentation, would allow a 

greater number of positions to be included, resulting in smaller finite rotations. With 

the use of CT, however, the number of positions scanned would need to be balanced 

against the resulting x-ray dose the participant would receive. Whether or not CT were 

used, analysing a greater number of positions will only be useful where accurate and 

consistent axes can be determined for small rotations. 

Another difficulty encountered with the use of MR imaging, involved the distortion 

observed between image stacks. As explained previously, larger image volumes are 

captured with multiple image stacks. This reduces the distortion observed in data 

further from the centre of the MR bore. In this study, the data was captured in two 

continuous image stacks. Despite this, distortion was still observed towards the ends of 

the image stacks, being most notable where data from each stack met. To accommodate 

this distortion, the data segmented from the distal image stack was manually 

transformed so that, qualitatively, it appeared continuous with the data from the 

proximal image stack. In most circumstances this was achieved by merely translating 

the distal data 1 – 2 mm within the axial image plane (x- and y-direction). However, for 

some data sets (e.g. P25) this was not sufficient, and rotation and translation was 

required. The cause of the discontinuity is more complicated than simply a translation 

of the distal image stack relative to the proximal image stack. The data towards the ends 

of the stacks is actually distorted. Although it will increase the total MR imaging 

scanning time as well as the cost, it would be beneficial to use three overlapping stacks 

in future, to minimise this distortion. This would provide more accurate bone data 

clouds.  
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Due to time constraints, it was not possible to collect all of the MR imaging data in a 

single scanning session. Instead, the neutral, P25 and S25 positions were collected in 

one session (together with the high-resolution isotropic scans of the wrist and elbow). 

A second neutral scan was collected with the P50, P75, S50 and S75 positions during a 

subsequent scanning session. The second neutral scan was used to register the data 

from the second session with the data from the first session. While the relative position 

of the radius and ulna showed excellent reproducibility between scanning sessions (see 

Figure 5.17), the position of the humerus was not well maintained. When the humerus 

was used to register the data from the second session with the data from the first, the 

radius and ulna were placed in a flexed positioned relative to the first session. Instead, 

the ulna was used to register the ulna and radius bones, while the neutral humerus from 

the second session was used to register the rest of the humeri with the first session. 

This imposed a similar elbow posture between scans but was not an ideal solution. It is 

not certain whether the remaining ulna and radius movements represent only forearm 

rotation. They may still be confounded by auxiliary elbow and shoulder movement. 

Collecting all of the data in a single session would reduce this, but is made difficult by 

the scanning time required by MR imaging. 

There was a second concern regarding humerus movement. In an attempt to ensure 

the movement of the ulna and radius represented only forearm rotation, the humerus 

in each position was aligned with the humerus in neutral position. However, this is only 

valid if the position of the elbow is maintained. Then, aligning the humerus will account 

for any overall movement of the arm from one position to another. As was observed 

between scanning sessions, though, the humerus can move relative to the radius and 

ulna without influencing the position of the forearm. In other words, in the situation 

prescribed by this experiment, the elbow position can change without affecting the 

movements of the radius and ulna. In fact, given the control afforded by the forearm 

rotation jig, the radius and ulna could not flex significantly relative to the humerus. If 

the elbow position changes, and the humerus is aligned between positions, this would 

introduce flexion or extension into the movements of the radius and ulna that would 

not otherwise have been there. Nevertheless, it is important to use the humerus to 

account for any overall movement of the arm created at the shoulder or by moving the  
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body between scans. This is not a simple problem to overcome. The best solution 

would be to align the humerus in terms of its translation and longitudinal rotation, but 

to ignore any movement of the humerus that is associated with flexion or extension of 

the elbow. This would control for any overall movement of the arm without 

confounding the forearm rotation of the ulna and radius. 

Finally, there were some limitations that affect the application of the results of this 

study. Firstly, the data was only obtained from one subject. Any conclusions drawn are 

of limited generalisability. However, the data processing required for this study was 

extremely time consuming. It is not practical to complete this kind of analysis for a 

large population group, especially before the methodology is improved to ensure the 

final results are useful. Again, the use of CT may prove very valuable to gain an 

improved understanding of forearm kinematics. As suggested already, CT data could 

significantly improve the results obtained in this study. It would also dramatically 

reduce the processing time which would allow more subjects to be tested. This is very 

important for gaining a more complete understanding of ulna and radius motion during 

forearm rotation. 

There is also a technical limitation to this study. The goal of this work was to understand 

the movement of the ulna and radius bones during forearm rotation. However, the 

movement studied was not actually dynamic. In each position, the bones are static. It 

is assumed that their static positions correspond to the positions they would be in 

during dynamic movement. However, the validity of this assumption is not known. It 

is possible that under active contraction the movement of the bones may be different. 

At this stage of forearm rotation research, the current method is likely adequate. The 

subject did actively rotate their arm into each position but then relaxed. For more 

detailed analysis, particularly of the articular contact, dynamic movement under active 

contraction will need to be considered. As 4D CT scanning technologies improve, this 

may soon be possible and practical. 

5.3.3 CONCLUSIONS 

The first and simplest goal of this work was to provide kinematics to the DRUJ model, 

placing the bones accurately relative to one another for different forearm rotation 
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positions. This was accomplished. The very accurate bone models developed in 

chapter 4 were transformed into their relative positions for all seven forearm rotation 

postures. This provided the accurate arthrokinematics needed and discussed in 

chapter 7. 

Another goal of this work was to establish a mechanical axis of rotation to accurately 

determine moment arms that relate forearm muscle forces to the externally measured 

torque they generate. All muscle moment arms presented in previous work have been 

determined relative to the anatomical axis of radius rotation, where the radius is rotated 

about a fixed ulna (Bremer et al., 2006; Ettema et al., 1998; Holzbaur et al., 2005). The 

assumption that the ulna is stationary during forearm rotation has already been 

challenged (Kapandji, 1998; Lees, 2009; Ray et al., 1951). Nevertheless, there has been 

very little work to incorporate ulna motion into the analysis of forearm rotation 

biomechanics. 

In the first kinematic study, existing MR imaging data of the forearm was segmented in 

seven positions of forearm rotation. The segmented bone data clouds were used to 

calculate the axes of rotation that described the movement of the radius and ulna 

through forearm rotation. While this study confirmed, qualitatively, noticeable ulna 

movement throughout the ROM, there were several limitations that prevented further 

analysis of the data. The manual alignment used to determine the transformations from 

one position to the next was not accurate enough to provide reliable axes of rotation. 

However, more importantly, the motion of the subject’s arm was not sufficiently 

controlled during the MR imaging data collection. As a result, it was not possible to 

evaluate the accuracy of any axes that were calculated. 

Instead, new MR imaging data was collected. This time a specially designed jig was used 

to control the forearm rotation and to provide an objective axis with which to evaluate 

the results. An objective data registration method was also introduced to determine 

more accurate transformations. The results of the second study were considerably 

better than those of the first. Again, this study confirmed the movement of the ulna 

during forearm rotation, as was hypothesised. The anatomical axis of radius rotation 

was also shown to be very consistent, with an axis that passes from the head of the ulna 

to the head of the radius. However, it was hypothesised that the functional axis of radius 
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rotation would correspond to the mechanical axis prescribed by the forearm rotation 

jig. This was not shown. Instead, a more complex upper limb coordination was 

identified. The simplest form of forearm rotation can occur when the mechanical axis 

of rotation coincides with the anatomical axis of the radius. In this case, only the radius 

needs to rotate. However, the radius can only rotate about this one, fixed axis. That 

axis is task-independent. The ulna shows unconstrained movement. Its movement is 

task-dependent, where it acts to modify the position of the radius axis so that the overall 

movement of the radius occurs about an axis more appropriate to the task. The ulna 

can only influence the position of the distal radius so this will only be adequate if the 

mechanical axis of the task passes through the radial head. If it does not, additional 

movement, either of the humerus or of the hand, will be needed to make the necessary 

rotation possible. 

Although qualitative evidence of these relationships was shown in the present data, 

more precise, quantitative results were prevented due to limitations in the study. 

Primarily, these involved inadequacies in the MR image data collection process and in 

the manual segmentation of the bones. It is suggested that to continue this work and 

further the forearm kinematic understanding, CT imaging will be beneficial. Crucially, 

this will facilitate a larger study of more subjects, providing more reliable results and 

generalisable conclusions. 

Unfortunately, this study was not able to determine the mechanical forearm rotation 

axis based on the radius and ulna kinematics. That mechanical axis is critical to 

calculating accurate muscle moment arms, muscle forces, and ultimately, to the FE 

analysis of the DRUJ. The axis of the forearm rotation jig was meant to be used to 

validate the experimentally determined forearm rotation axes. Instead, the jig axis will 

need to be used as the mechanical axis about which muscle moment arms are calculated. 

While this axis will not be anatomically derived, it will more accurately relate the 

resulting muscle forces to the externally measured forearm rotation torque used in their 

calculations. 
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6 FOREARM MUSCLE FORCES 

6.1 INTRODUCTION 
In the previous chapter, forearm rotation kinematics were analysed based on the 

movements of the radius and ulna bones between 75° supination and 75° pronation. 

Neither a combined nor a resulting forearm rotation axis could be defined from the 

bone movements alone. Instead, an estimate of the actual dynamometer axis was used 

in the subsequent analysis. This axis most accurately balanced the individual muscle 

moments with the externally measured forearm rotation torque. Having established the 

appropriate axis, the next step was to calculate the individual muscle forces that would 

serve as boundary conditions for the FE model of the DRUJ. 

By way of review, indeterminacy in the individual muscle force problem was overcome 

by assuming a constant specific tension for the muscles involved in forearm rotation. 

Specific tension (𝜎𝜎) was calculated as follows: 

 𝜎𝜎 =
𝜏𝜏𝐸𝐸

∑ (𝑟𝑟𝑖𝑖 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 ∙ 𝑎𝑎�𝑖𝑖)𝑁𝑁
𝑖𝑖=1 + 𝜏𝜏𝑅𝑅

 6.1 

   
where 𝜏𝜏𝐸𝐸 is the externally measured forearm rotation torque, 𝑁𝑁 is the total number of 

muscles modelled, 𝑟𝑟𝑖𝑖 are the forearm rotation moment arms of the muscles, 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 

represent the physiological cross-sectional areas of the muscles, 𝑎𝑎�𝑖𝑖 are the EMG signals 

6 Forearm  
Muscle forces 
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of the muscles normalised to their maximum, and 𝜏𝜏𝑅𝑅 is the torque created by the 

reaction force of the humerus on the ulna. Once specific tension had been evaluated, 

individual muscle forces (𝐹𝐹𝑖𝑖) could be determined by: 

 𝐹𝐹𝑖𝑖 = 𝜎𝜎 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 ∙ 𝑎𝑎�𝑖𝑖 6.2 
   

The following parameters were required to solve the above equations and determine 

the individual muscle forces: maximal pronation and supination torques, forearm 

rotation moment arms for the muscles included in the model, PCSAs for the same 

muscles, and the normalised activation of the muscles during maximal isometric 

pronation and supination contractions. This chapter presents the methods by which 

data for each of these parameters was obtained. Individual muscles forces were then 

calculated throughout the range of forearm rotation using that data. 

6.2 MAXIMAL FOREARM ROTATION TORQUE 
The goal of this study was to determine a specific tension (and as a result, individual 

muscle forces) that was, as much as possible, specific to the individual involved. To 

that end, moment arms and PCSAs are used to apportion forearm rotation torque to 

the different muscles in a way that is specific to the subject. However, the magnitude 

of the specific tension (and the muscle forces it calculates) is determined by the 

magnitude of the externally measured forearm rotation torque. It is important, then, 

that the external torques be subject-specific too. For that reason, maximal forearm 

rotation torques were measured for the subject. 

6.2.1 METHODOLOGY 

Forearm rotation torques were recorded from the right arm of the same 27 year old 

male participant for whom the FE model has been constructed. Pronation and 

supination torques were recorded using a Humac Norm dynamometer (Model 770. 

Computer Sports Medicine, Inc., Stoughton, Massachusetts, United States of America). 

The position of the subject’s arm represented, as closely as was possible, their position 

during MR imaging data collection (see Figure 6.1). Their wrist was braced, to minimise 

contribution due to wrist flexion-extension, and their forearm was strapped down. 
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Following familiarisation, three maximal isometric pronation and supination trials were 

performed in all seven position of forearm rotation (S75, S50, S25, N, P25, P50 and 

P75). Trials were randomised to reduce practice effects and systematic error due to 

muscle fatigue, for which reason a two minute rest period between efforts was also 

allowed. The maximum pronation and supination torque in each position was used in 

the muscle force calculations. 

6.2.2 RESULTS AND DISCUSSION 

The maximum forearm rotation torques recorded in each position of forearm rotation 

are given in Table 6.1. The results are also presented graphically in Figure 6.2. Generally, 

strength was greater for pronation than supination. The greatest pronation moment 

was 11.7 Nm, as compared to the 8.0 Nm possible for supination. Peak supinating 

torque was accomplished with the arm in maximal pronation. Strength decreased 

progressively as the forearm moved into full supination. Pronation followed a similar 

trend except that pronation torque peaked when the arm was in early to mid-supination. 

Forearm rotation torques were reasonably consistent with all standard deviations under 

1.0 Nm. 

Figure 6.1. Position of the subject’s arm for maximal forearm rotation torque measurements, set to approximate the 
position of their arm during MR imaging. 
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Table 6.1. Maximum isometric forearm pronation and supination torques (in Nm) recorded for the forearm in each 
position. Standard deviations are given in brackets. 

  S75 S50 S25 N P25 P50 P75 
Pro 10.0 (0.4) 11.4 (0.4) 11.7 (0.5) 10.7 (0.7) 6.0 (0.2) 5.4 (0.2) 4.2 (0.3) 
Sup 3.9 (0.1) 4.2 (0.4) 5.2 (0.5) 5.7 (0.1) 6.3 (0.6) 7.4 (0.7) 8.0 (0.3) 

 

Previous studies have reported forearm rotation torques that, in the neutral position, 

range from 5.0 – 13.8 Nm (Askew, An, Morrey, & Chao, 1987; Kramer et al., 1994; 

O'Sullivan & Gallwey, 2002; Timm, O'Driscoll, Johnson, & An, 1993; Winters & 

Kleweno, 1993). The pronation and supination torques measured in this study fall 

within that range. Previous studies have shown a reasonably even torque for pronation 

and supination when averaged across individuals, although most showed slightly higher 

supination torques. The individual involved in the present study showed considerably 

higher pronation than supination torques in a neutral position. Substantial inter-

individual variability in these values has been reported (Askew et al., 1987) and 

variability in pronation-supination balance is evident where individualised data is 

available in previous studies (Winters & Kleweno, 1993). This shows the importance 

of using subject-specific parameters for scaling muscle force. 

The peak torques of which the subject was capable differed less than the relative torque 

at a neutral position, with 11.7 Nm possible for pronation and 8.0 Nm for supination. 

Figure 6.2. Maximal pronation and supination torques (in Nm) in each position of forearm rotation. 
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The relationship between forearm position and pronation and supination torques is 

similar to that shown in previous studies that recorded forearm rotation strength in 

multiple forearm positions (Gordon et al., 2004; O'Sullivan & Gallwey, 2002; Winters 

& Kleweno, 1993). All showed greater supination torques when the forearm was 

pronated and vice versa. One study also showed the preference for pronation torques 

at mid-supination that was seen in this subject’s data (Gordon et al., 2004). Again, the 

inter-individual differences that exist in forearm rotation torques, and likely in the 

muscle moment arms too, highlights the importance of determining data that is specific 

to the subject of the model. Had average forearm rotation torques from literature been 

used, the eventual individual muscle force would have been significantly different. 

It should be noted that the position of the subject’s arm, between the torque 

measurements and the MR imaging sessions, is important. Most immediately, a change 

in the position of the arm will affect the relative location of the torque axis with respect 

to the forearm bones. This will influence the extent to which the muscle moment arms, 

calculated in section 6.4, can be equated with the forearm rotation torques measured in 

this section. Furthermore, if the posture of the elbow or wrist changes, so will the paths 

of muscles crossing those joints. As a consequence, the lines of action of the muscles 

and any subsequent moment arm calculations may be affected. It will also change their 

relative lengths, the position of those muscles on the force-length curve and, therefore, 

the maximum muscle force of which they are capable. For these reasons, the position 

of the subject’s arm was matched as closely as possible to its position during the MR 

imaging sessions. 

6.3 MUSCLE MODELS 
In addition to external forearm rotation torques, muscle PCSAs and moment arms were 

calculated specifically for the subject of the study. These two parameters are crucial to 

appropriately distributing forearm torque to the various muscles involved in forearm 

rotation. In order to calculate them, accurate 3D models of the relevant muscles were 

necessary. The development of those models and the calculation of the subject-specific 

PCSAs and moment arms will be explained in this section. 
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6.3.1 MESH CREATION 

The method by which the geometric muscle models were created is similar to that 

described in section 4.2.2. To begin with, muscles were segmented manually from the 

MR imaging data recorded in the neutral forearm position using in-house software 

(http://www.cmiss.org/). All muscles visible in the MR images were segmented to 

ensure muscle boundaries were consistent and as accurate as possible. Segmentation 

was performed in conjunction with anatomy texts and, where necessary, the 

consultation of a clinician. Muscle tendons were clearly visible and were segmented 

separately for relevant muscles. The data clouds of those muscles identified as 

potentially contributing to forearm rotation (chapter 2) were used to create geometric 

FE meshes for those muscles (and their tendons). The included muscles are listed in 

Table 6.2. It should be noted that the subject of the model did not possess a PL muscle, 

as is occasionally the case (Dalley & Moore, 1999).  

Table 6.2. Details of the muscle models, giving the total number of segmented data points used for fitting, the number 
of nodes and elements in each mesh, and the fitting errors (in mm). 

Muscle Data points Nodes Elements Fitting Error 
APL 2646 186   90 0.35 
BB 6289 203   90 0.30 
BRA 4098 201   93 0.60 
BRAR 4202 210 102 0.47 
ECRB 4602 192   93 0.44 
ECRL 3637 186   90 0.40 
ECU 2759 162   78 0.18 
EIP 1487 162   78 0.27 
EPL 1722 252 123 0.22 
FCR 3180 222 108 0.28 
FCU 3667 180   88 0.31 
PQ 1310   70   30 0.48 
PT 2715 153   66 0.41 
SUP 3168 204   96 0.39 

 

Bicubic-linear meshes were created using the segmented data points for each muscle. 

Interpolation in the 𝜉𝜉1 and 𝜉𝜉2 directions (giving the circumference and length of the 

muscle) was cubic, while interpolation in the 𝜉𝜉3 direction (projecting through the 

muscle) was linear. Collapsed nodes were used for the outer two elements down the 

sides of the muscle mesh, which allowed the shape of the muscle to be captured 
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accurately with fewer degrees of freedom. These collapsed nodes had two sets of 

derivatives but one spatial coordinate. Once an initial mesh had been created that 

approximated the shape of the muscle, the mesh was fitted to the muscle’s data cloud 

in the same way as described in section 4.2.2.2. The initial BRAR muscle mesh showing 

the collapsed nodes as well as the final fitted muscle model is shown in Figure 6.3. The 

details of the final muscle meshes are given in Table 6.2. The tendons of relevant 

muscles were also meshed separately, and their details are given in Table 6.3. It should 

be noted that the muscle models included both muscle and tendon. 

Table 6.3. Details of the tendon models, giving the total number of segmented data points used for fitting, the number 
of nodes and elements in each mesh, and the fitting errors (in mm). 

Tendon Data points Nodes Elements Fitting Error  
APL   924   91 37 0.26 
BB   694   52 24 0.38 
BRAR   554   64 30 0.28 
ECRB 1060   96 46 0.25 
ECRL 1780 108 52 0.42 
ECU 1305 104 50 0.30 
EIP   438   68 32 0.11 
EPL   638 108 52 0.14 
FCR 1202   96 46 0.26 
FCU 1193 108 52 0.21 
PT   795   74 29 0.31 

 

The MR imaging data recorded in this study extended only midway up the humerus. As 

a result, it was not possible to segment complete data clouds for the BB and BRA 

muscles. Existing models of both muscles based on the Visible Human data set 

(Ackerman, 1998; Spitzer & Whitlock, 1998) were used to complete the data clouds. 

The existing muscle models were transformed so that they aligned with the segmented 

data of the distal portions of the muscles. The muscle models had to be scaled down 

considerably as they were much larger than the subject’s own muscles. Once each 

model was adequately aligned with the segmented data, additional, evenly distributed 

data points were created over the surface of the muscle model and used to complete 

the muscle’s data cloud. This process is demonstrated in Figure 6.4. The final muscle 

models were otherwise created as explained above. All the muscle models used in the 

muscle force estimations are shown in Figure 6.5. 
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Figure 6.3. Creation of muscle meshes, demonstrated for the BRAR muscle. (A) Initial bicubic-linear mesh with 
collapsed nodes on the outer elements. (B) The final fitted BRAR muscle model. Data points are shown as white spheres. 
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Figure 6.4. Creation of muscle meshes with incomplete data clouds, demonstrated for the BB muscle. (A) Existing 
model of the BB muscle based on the Visible Human data set, scaled and transformed to align with the segmented data. 
Evenly distributed data points were created over its surface and are represented by gold spheres. (B) Final, fitted BB 
muscle model. Segmented data points are shown as white spheres with the data incorporated from the Visible Human 
model shown in gold. 
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6.3.2 MUSCLE PHYSIOLOGICAL CROSS-SECTIONAL 

AREAS 

Physiological cross-section area is the cross-sectional area of a muscle perpendicular to 

its muscle fibres (Fukunaga, Kawakami, et al., 1997). It is usually calculated by dividing 

the volume of the muscle by its average fibre length (Bamman et al., 2000; Brand et al., 

1986; Murray, Buchanan, & Delp, 2000). Physiological cross-section area is a measure 

of a muscle’s size, and as such, its capacity to produce force – the more muscle fibres 

a muscle has, the more potential it has to generate force. As a consequence, PCSA is a 

key parameter for determining the maximum force any muscle can generate (Bamman 

et al., 2000).  

Most studies employ cadaveric estimates of PCSA in their muscle force models (Arnold 

et al., 2010; Delp et al., 1990; Holzbaur et al., 2005; Lemay & Crago, 1996; Lieber & 

Fridén, 1997), and there is an abundance of cadaveric data available on muscles of the 

upper limb (Brand & Thompson, 1981; Jacobson et al., 1992; Lieber et al., 1992; Murray 

et al., 2000). However, considerable differences have been shown between cadaveric 

and in vivo muscle volumes and their associated PCSAs (Cutts & Seedhom, 1993; 

Holzbaur et al., 2007). Generally, cadaveric data significantly underestimates the muscle 

volumes of healthy, living subjects. This is not surprising since cadaveric studies 

typically rely on elderly specimens. As such, it is questionable whether cadaverically 

derived PCSAs can provide accurate in vivo muscle force estimates, especially when 

inter-individual variability is also considered. 

Some researchers have investigated the relative volumes and PCSAs of muscles in a 

particular limb, and found these to be more consistent across individuals than absolute 

values are (Brand & Thompson, 1981). For example, Holzbaur et al. (2007) used MR 

imaging-based models to estimate in vivo muscle volumes for the upper limbs of ten 

relatively young subjects. These were used together with literature derived average fibre 

lengths to estimate muscle PCSAs. While absolute PCSAs differed considerably 

between individuals, PCSAs given relative to total muscle volume were remarkably 

consistent with a standard deviation of just 0.4%. These relative PCSAs were also 

consistent with those determined in cadaveric studies. This research suggests that, 
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although it may not be appropriate to use absolute cadaveric PCSAs to estimate in vivo 

muscle forces, it may be possible to scale their relative PCSAs using a subject’s total 

muscle volume.  

Unfortunately, the data presented in that study requires knowledge of the total upper 

limb muscle volume (including latissimus dorsi and pectoralis major) in order to scale 

the relative muscle PCSAs accurately. The MR imaging data available in the present 

study did not include all of those muscles. Furthermore, many muscles of the upper 

limb have a tendon running some distance up through the middle of the muscle (see 

Figure 6.6). Muscle volumes determined in the previous study did not take this into 

account. For these reasons, muscle PCSAs in this study were determined on an 

individual basis, using the MR imaging-based, geometric muscle models, and 

accounting for muscle tendon volume. The results were compared to PCSA data 

published in cadaveric anatomical studies as well as the in vivo study described above. 

6.3.2.1 METHODOLOGY 

The development of the 3D muscle models has already been described in section 6.3.1. 

These models provide the geometry of fourteen muscles believed to influence forearm 

rotation as well as the tendons of 11 of those muscles. The volume of each muscle and 

tendon mesh was numerically evaluated using the Gauss-Legendre quadrature. Where 

applicable the tendon volumes were subtracted from the muscle volumes to give only 

the volume of muscle fibre for each muscle. These were then used to estimate muscle 

PCSAs using the following equation: 

 
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

𝑉𝑉𝑚𝑚
𝑙𝑙𝑚𝑚𝑜𝑜

 6.3 

   
where 𝑉𝑉𝑚𝑚 is the muscle’s fibre volume and 𝑙𝑙𝑚𝑚𝑜𝑜  is the muscle’s optimal fibre length. 

Optimal fibre length is difficult to measure in vivo, and very little data is available as to 

the ratio of optimal fibre length to overall muscle length. The data that is available varies 

considerably between sources. For example, BB fibre-muscle length ratios range from 

60 – 90% in different studies, while ECRL ratios range from 66 – 81% (Langenderfer, 

Jerabek, Thangamani, Kuhn, & Hughes, 2004; Lieber et al., 1990; Murray et al., 2000). 

With that level of variability in the available data, there was not a substantial 
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benefit to scaling muscle fibre lengths from literature to the muscle lengths determined 

from the models developed in this study. Instead, the absolute muscle fibre lengths 

reported in literature were averaged for each muscle and used in the PCSA calculations 

for this study (Amis et al., 1979; An et al., 1981; Basset, Browne, Morrey, & An, 1990; 

Brand & Thompson, 1981; Cutts, Alexander, & Ker, 1991; Jacobson et al., 1992; 

Langenderfer et al., 2004; Lieber et al., 1990; Lieber et al., 1992; Murray et al., 2000). 

Only data measured directly in cadaveric studies was used and the average was weighted 

to the number of specimens in each study. 

Having determined in vivo muscle PCSA estimates for the subject, comparisons were 

made to several alternative sources of PCSA estimates: 

1) Using volume of the muscle belly (PCSAb).  

Previous in vivo estimates of muscle volume have calculated the entire 

volume of the muscle, from the first MR image in which muscle fibres are 

visible to the last (Holzbaur et al., 2007). For the purpose of the present 

study, this will be termed the muscle belly. Many muscles in the forearm 

have a tendon that runs some distance up through the middle of the muscle 

belly (Figure 6.6). That volume of tendon is not accounted for when 

calculating muscle volume in the described way. It is not known whether 

accounting for tendon volume significantly affects the final muscle PCSA 

estimates, though. For this reason, muscle volumes were calculated in a way 

similar to that described, and the effect on muscle PCSAs was evaluated. 

2) Using weighted average PCSAs from cadaveric studies (Ave. Cadaveric).  

The simplest way to estimate muscle PCSAs is to use the PCSA data 

presented in literature. That data is usually determined from cadaveric 

dissections. Considerable time and effort was required to determine the 

subject-specific PCSA estimates used in the present study. Those subject-

specific PCSA estimates were compared to the PCSA data available from 

cadaveric studies in literature (Amis et al., 1979; An et al., 1981; Basset et al., 

1990; Brand & Thompson, 1981; Jacobson et al., 1992; Langenderfer et al., 

2004; Lieber et al., 1990; Lieber et al., 1992; Murray et al., 2000; 
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Ravichandiran et al., 2009; Veeger, Yu, An, & Rozendal, 1997), to evaluate 

whether determining subject-specific PCSAs was beneficial. As was done for 

optimal fibre lengths, muscle PCSAs were averaged across studies and were 

weighted based on the number of specimens in the study. 

3) Using average PCSAs reported in any single cadaveric study (Ind. 
Cadaveric). 

More commonly, researchers use PCSA data from a single study or a subset 

of the available cadaveric studies (Brook et al., 1995; Delp et al., 1990; 

Herrmann & Delp, 1999; Lemay & Crago, 1996). The actual PCSA values 

estimated in the present study were compared to the average PCSA values 

reported in each of the available cadaveric studies. By doing this, it was 

possible to evaluate what errors would have been introduced had the data 

from only one previous study been used to estimate each muscle’s PCSA. 

Those errors were averaged across studies for each muscle and presented. 

4) Using average PCSAs reported in an in vivo study (In Vivo). 

Rather than using cadaveric muscle PCSA data, an alternative could be to 

use average PCSAs determined in vivo. One study exists that has estimated 

upper limb muscle PCSAs for 10 subjects using MR imaging and cadaveric 

fibre length-muscle length ratios (Holzbaur et al., 2007). The average PCSAs 

reported in that study were compared to the PCSAs determined for the 

subject of the present study, and the errors are presented. 

5) Using volume fraction data to estimate subject-specific PCSAs (𝑉𝑉%). 

The previously described in vivo study found absolute muscle volumes to vary 

significantly between individuals, particularly since the average muscle 

volumes included both male and female subjects. However, when they 

expressed individual muscle volumes relative to the total upper limb muscle 

volume, the relative volumes of the individual muscles were remarkably 

consistent between individuals. These relative muscle volumes are given as 

volume fractions (𝑉𝑉%) and had a standard deviation of just 0.4% between 
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subjects. It was suggested that individual muscle volume could be estimated 

relatively accurately given only the total muscle volume of the individual.  

The previous study included the entire upper arm, incorporating shoulder 

muscles as well as latissimus dorsi and pectoralis major muscles. The data in 

the present study did not include many of those muscles and so the “total 

upper limb muscle volume” necessary to use the volume fractions could not 

be determined directly from this data. The muscles that were included in the 

present study represented 23.4% of the volume fractions reported in 

Holzbaur et al. (2007). By summing the volume of the muscles in the present 

data, a total upper limb muscle volume could be estimated. Individual muscle 

volumes were then calculated using the reported volume fractions and the 

resulting PCSAs compared to the actual PCSAs that had been calculated for 

the subject. 

In all cases, the difference between the actual data and the alternative was calculated 

relative to the actual value: 

 
𝐸𝐸𝑖𝑖 =

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑒𝑒 − 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑎𝑎

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑎𝑎
× 100 6.4 

   
where 𝐸𝐸𝑖𝑖 is the evaluated error for the 𝑖𝑖th muscle (as a percentage), 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑎𝑎 is the actual 

value determined in the present study, and 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑒𝑒 is the estimate determined using 

one of the previously described alternative methods. Errors were averaged across 

muscles. A positive value for 𝐸𝐸𝑖𝑖 is given where the estimate is larger than the actual 

PCSA and a negative value is given when the estimate is smaller. 

6.3.2.2 RESULTS AND DISCUSSION 

The final muscle fibre volumes (𝑉𝑉𝑚𝑚), muscle belly volumes (𝑉𝑉𝑏𝑏) and PCSAs for each 

muscle are presented in Table 6.4. PCSAs were calculated using the muscle fibre 

volumes and the optimal fibre lengths (𝑙𝑙𝑚𝑚𝑜𝑜 ), averaged from cadaveric data in literature. 

In terms of force producing capacity, BRA had the largest cross-sectional area, followed 

by FCU, SUP and PT. As would be expected, EIP and EPL had very small PCSAs. 
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More surprising were the relatively small PCSAs of BB and BRAR, on account of their 

relatively long fibre lengths. 

Table 6.4. Muscle parameters calculated from the geometric models of each muscle. 𝑉𝑉𝑚𝑚 gives the volume of muscle fibre, 
calculated by subtracting tendon volume from total muscle volume. 𝑉𝑉𝑏𝑏 gives the volume of the muscle belly, without 
accounting for tendon volume. 𝑙𝑙𝑚𝑚𝑜𝑜  is the optimal fibre length, averaged from cadaveric studies. 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚 gives the final 
muscle PCSAs, calculated from 𝑉𝑉𝑚𝑚 and 𝑙𝑙𝑚𝑚𝑜𝑜 , and used in the muscle force calculations. 

Muscle 𝑽𝑽𝒎𝒎 (cm3) 𝑽𝑽𝒃𝒃 (cm3) 𝒍𝒍𝒎𝒎𝒐𝒐  (cm) 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒎𝒎 (cm2) 
APL   15.8   16.5   4.57   3.45 
BB 111.0 114.0 14.68   7.56 
BRA 138.7 138.7   9.76 14.21 
BRAR   60.3   60.5 15.27   3.95 
ECRB   40.1   41.0   5.63   7.13 
ECRL   29.8   31.5   8.91   3.35 
ECU   20.4   21.9   4.55   4.47 
EIP     6.5    6.8   5.12   1.27 
EPL     6.6    6.9   4.99   1.32 
FCR   36.1  37.4   5.42   6.65 
FCU   48.0  49.8   4.37 11.00 
PQ   12.3  12.3   2.64   4.67 
PT   43.7  44.8   4.74   9.22 
SUP   29.7  29.7   3.07   9.68 

 

When comparing both the muscle volumes and the PCSAs calculated in this study with 

those presented in previous work, considerable differences are evident. Whether using 

an average of all cadaveric data available for the upper limb, or using only some of that 

data, individual muscle volumes and PCSAs were underestimated by, on average, 

20 – 30% (Table 6.5). In both cases, muscle PCSAs differed more than muscle volumes 

did. More importantly, the differences were not uniform across muscles. Had there 

been a systematic underestimation, the influence on final muscle forces would not be 

great. While the specific tension value would be larger, the distribution of force between 

muscles would be conserved. However, when individual muscles are considered, some 

PCSAs were underestimated by just 3% while others were underestimated by almost 

50%. This variability would significantly affect subsequent muscle force calculations. 

From these results, cadaveric data does not provide an accurate estimate of muscle 

PCSAs for a young, healthy individual. 
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Table 6.5. Comparisons between the muscle volumes and PCSAs calculated in the present study and those estimated 
using alternative methods. All errors are given as a percentage of the actual value, presented in Table 6.4. Positive errors 
represent an overestimation while negative errors represent an underestimation. PCSAb compares the actual muscle 
PCSAs with PCSAs calculated from the muscle belly volume. Ave. Cadaveric compares the actual muscle volumes and 
PCSAs with those averaged across all available upper limb cadaveric studies. Ind. Cadaveric compares the actual muscle 
volumes and PCSAs with those presented in each individual cadaveric study. The calculated errors are averaged across 
studies for each muscle. In vivo compares the actual muscle volumes and PCSAs to averages presented in the only available 
in vivo study (Holzbaur et al., 2007). 𝑉𝑉% compares the actual muscle PCSAs with PCSAs estimated using the volume 
fractions presented in the previously mentioned in vivo study. 

  Ave. Cadaveric Ind. Cadaveric In Vivo v% 
Muscle PCSAb v PCSA v PCSA v PCSA PCSA 
APL 4%   -6% -14% -12%   -3% -25% -51% -19% 
BB 3%   -9% -23% -19% -31% 29%    9% 29% 
BRA 0% -31% -38% -39% -50%   4%    2%    5% 
BRAR 0% -37% -41% -42% -47%   8%   -1%    6% 
ECRB 2% -33% -35% -41% -35% -46% -65% -43% 
ECRL 6%   -2%   -6% -18% -14% 26% -19% 29% 
ECU 8%    4%   -4% -11% -4% -16% -48% -12% 
EIP 4% -25% -42% -24% -28% -36% -37% -21% 
EPL 5%    8% -11%   -4%   -7%    0%   -1%   17% 
FCR 4% -27% -38% -47% -53%   -4% -42%   -8% 
FCU 4% -33% -37% -49% -50% -23% -40% -20% 
PQ 0% -24% -39% -21% -36%   -9% -21% -17% 
PT 3% -39% -47% -42% -57% -12% -30% -12% 
SUP 0% -28% -34% -38% -40% -34% -76% -31% 
Average: 3% -20% -29% -29% -33% -10% -30%   -7% 

 

When compared to the average, in vivo muscle volumes, the overall difference was 

considerably less (under 10%). Viewed more closely, however, some of the muscles 

were overestimated by almost 30% while others were underestimated by over 45%. 

When compared to the average PCSA data, errors equivalent to those seen with 

cadaveric data are evident. In fact, muscle-by-muscle errors were larger and far more 

varied using in vivo data, with SUP PCSA underestimated by over 75%. These errors are 

not due to the different methods of muscle volume estimation used in the studies. 

Calculating PCSA using the muscle belly volume, as occurred in Holzbaur et al. (2007), 

has relatively little influence on the resulting PCSAs. The largest difference was seen 

for ECU, at 7.8%, however on average, tendon volume was only 3% of the muscle fibre 

volume. This cannot explain the 30% average error seen for the in vivo muscle PCSAs. 

From this data, there would be no benefit in using average in vivo PCSA data as an 

estimate of muscle PCSAs for an individual.  
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However, as was explained, Holzbaur et al. (2007) showed exceptionally consistent 

muscle volume fractions between subjects, with a standard deviation of 0.4% of the 

total muscle volume. The total upper limb muscle volume, averaged across 10 subjects, 

was 2554.0 cm3. The total volume of muscles in the present study was 599.0 cm3 which, 

based on the reported volume fractions, represented 23.4% of the total upper limb 

muscle volume. The total muscle volume for the subject of the present study could 

then be estimated as 2559.6 cm3, very close to the average above. Individual muscle 

volumes were estimated using this total muscle volume and the volume fractures 

presented in the previous study.  

Errors in Holzbaur et al. (2007) were given relative to the very large total upper limb 

volume. As a result, the errors were very small. In the present study, errors calculated 

this way ranged from 0.04 – 1.26%, which appear equally insignificant. However, errors 

reported that way do not adequately represent the influence those differences will have 

on muscle force estimates. Rather, errors should be evaluated on a muscle-by-muscle 

basis, relative to the actual muscle PCSA. When this is done, the same errors become 

far more significant. As is shown in Table 6.5, some muscle PCSAs calculated using 

volume fractions were overestimated by almost 30%, while others were underestimated 

by over 40%. These errors are considerable and would substantially affect the accuracy 

of subsequent muscle force estimates.  

Unfortunately, even average volume fractions are not adequate to provide accurate, 

subject-specific muscle PCSA estimates. It remains necessary to at least calculate muscle 

volumes on an individual basis. It would also be beneficial to evaluate the accuracy of 

cadaverically derived muscle fibre lengths, and the value of determining these, where 

possible, on an individual basis. Individualised muscle fibre lengths, which could 

potentially be obtained using ultrasound (Fukunaga, Ichinose, Ito, Kawakami, & 

Fukashiro, 1997), would allow the most accurate muscle PCSAs to be calculated. With 

the data currently available, however, the PCSA estimates calculated in the present 

study are substantially more accurate than they would have been if estimated by more 

common methods. 
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6.4 MUSCLE MOMENT ARMS 
The aim of this model was to estimate individual muscle forces from a measured, 

subject-specific, forearm rotation torque. This is important as it scales the magnitude 

of those forces to the individual involved. However, in order to equate individual 

muscle forces to the torque they produce, each muscle’s moment arm must be known. 

Moment arms for muscles of the upper limb have generally been determined one of 

two ways: either by tendon excursion method using cadaveric specimens or by way of 

a geometric muscle model.  

The tendon excursion method is based on the principle of virtual work (Storace & 

Wolf, 1979): if the change in muscle length is infinitesimally small, then that change in 

length, with respect to the associated change in joint angle, can give the instantaneous 

moment arm of the muscle through the joint’s ROM. Most tendon excursion studies 

of forearm muscles have focused on their moment arms at the elbow, wrist and finger 

(Amis et al., 1979; An, Ueba, Chao, Cooney, & Linscheid, 1983; Loren et al., 1996; 

Murray et al., 2000). Only two cadaveric studies have determined forearm rotation 

moment arms for a significant number of forearm muscles (Bremer et al., 2006; Ettema 

et al., 1998). In the most recent study, an epoxy resin model of a cadaveric upper limb 

was built. Muscle origins and insertions were marked during dissection of the cadaveric 

specimen and these positions were located on the epoxy model. Muscles were modelled 

by cords, attached at the points of insertion and passed through a hole in the bone at 

the points of origin. The cord was kept taut by a weight as the arm was moved through 

its range of forearm rotation, with the elbow at full extension, and at 45° and 90° of 

flexion. Change in muscle length as well as the angle of forearm rotation was recorded, 

and the first derivative of this data gave the instantaneous moment arm for each muscle 

throughout the range of forearm rotation. 

There are two primary problems with forearm rotation moment arms that have been 

determined this way. Firstly, in both studies muscles are modelled as straight lines from 

origin to insertion. In reality, the muscles of the forearm can follow complex paths as 

they wrap over bone surfaces and other muscles. Changes in muscle lengths will be 

inaccurate when evaluated this way, but are fundamental to subsequent moment arm 
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calculations. Muscle moment arms calculated by way of computer models account for 

this limitation by introducing wrapping points. Rather than passing straight from point 

of origin to point of insertion, the muscle’s path passes over designated geometric 

shapes to accomplish a more anatomically accurate muscle line (Holzbaur et al., 2005; 

Ramsay, Hunter, & Gonzalez, 2009). However, the second problem is common to both 

cadaveric studies and computer models. As has been explained in chapter 5, muscle 

moment arms can only be related to the external joint torque if the moment arms are 

described relative to the torque axis. The studies that describe, explicitly, the axis of 

forearm rotation about which the moment arms were calculated used the anatomical 

axis of radius rotation. Those moment arms correspond to an axis that runs from the 

head of the radius proximally to the head of the ulna distally, and describes rotation of 

the radius axis over a fixed ulna (Bremer et al., 2006; Ettema et al., 1998; Holzbaur et 

al., 2005). As was shown in the previous chapter, that axis of rotation is completely 

different to the axis about which the external forearm rotation torques were measured. 

Moment arms determined about that axis cannot be used to estimate muscle forces in 

this study. 

Instead, muscle moment arms were calculated so that they were specific to the anatomy 

of this subject and to the axis about which the forearm rotation torques were measured. 

The method used was similar to one recently presented (Ingram, Engelhardt, Farron, 

Terrier, & Müllhaupt, 2013), but different to that which has been used to determine 

forearm rotation moment arms previously. To allow comparisons with data in 

literature, moment arms were also calculated about the anatomical axis of radius 

rotation and about the elbow flexion and extension axis. 

6.4.1 METHODOLOGY 

6.4.1.1 MOMENT ARM CALCULATION 

The cross product of a force vector and position vector calculates the moment vector 

produced by the force: 

 𝛕𝛕𝑖𝑖 = 𝐩𝐩𝑖𝑖 × 𝐟𝐟𝑖𝑖 6.5 
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The force vector, 𝐟𝐟𝑖𝑖, is one that represents the magnitude and direction of the force. 

The position vector, 𝐩𝐩𝑖𝑖 , is a vector from the centre of rotation to the point of force 

application. The orientation of the calculated moment vector, 𝛕𝛕𝑖𝑖 , gives the axis about 

which the moment is generated and its magnitude gives the magnitude of the moment 

about that axis. The force vector, 𝐟𝐟𝑖𝑖, can further be represented by: 

 𝐟𝐟𝑖𝑖 = 𝐹𝐹𝑖𝑖 ∙ 𝐟𝐟𝑖𝑖 6.6 
   

where the complete force vector is a combination of a unit vector, 𝐟𝐟𝑖𝑖, describing its 

orientation and a scalar, 𝐹𝐹𝑖𝑖 , describing its magnitude. Combining these two equations 

gives the following: 

 𝛕𝛕𝑖𝑖 = 𝐹𝐹𝑖𝑖 ∙ �𝐩𝐩𝑖𝑖 × 𝐟𝐟𝑖𝑖� 
     =  𝐹𝐹𝑖𝑖 ∙ 𝐫𝐫𝑖𝑖 

6.7 

   
where the moment vector, 𝛕𝛕𝑖𝑖 , is a product of the scalar force magnitude, 𝐹𝐹𝑖𝑖 , and a 

unique vector representing the axis about which the torque is created, 𝐫𝐫𝑖𝑖 . The 

magnitude of this vector incorporates the distance of the force from the joint centre, 

but not the magnitude of the force.  

As explained, the position vector used in the above equation is a vector from the centre 

of rotation to the point of force application. The result gives the unique moment vector 

produced by the force. However, that unique moment would only be possible at a ball-

and-socket type joint, where the joint is free to move around any axis. In the forearm, 

as has been discussed extensively in chapter 5, the muscles produce torque about single, 

predefined axis. For that reason, the muscle moments relevant to this study are those 

created about an axis of rotation, not a centre of rotation. Mathematically, any point 

can be used to define the position vector provided it lies somewhere on the axis of 

rotation. The moment generated about that axis will be the same. For simplicity, the 

point at which the torque axis, determined in the previous chapter, passed through the 

DRUJ was selected for this purpose. 

While the assumed centre of rotation lies on the correct axis of rotation, both 𝛕𝛕𝑖𝑖 and 𝐫𝐫𝑖𝑖 

still represent a unique moment generated about a centre of rotation. It is necessary to 

determine what component of that moment vector creates movement about the 
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specified torque axis (the axis of rotation). This can be achieved by calculating the dot 

product of the partial moment vector, 𝐫𝐫𝑖𝑖 , and a unit vector, 𝐚𝐚�, representing the 

orientation of the forearm torque axis determined in chapter 5: 

 𝑟𝑟𝑖𝑖a = 𝐫𝐫𝑖𝑖 ∙ 𝐚𝐚� 6.8 
   

The moment component acting around the axis of rotation, 𝑟𝑟𝑖𝑖a, is a scalar. Since the 

analysis considers only the torque muscles create about the forearm rotation axis, the 

3D problem is essentially reduced to a 2D problem in a plane perpendicular to that 

axis. Equation 6.8 can be combined with equation 6.7 so that: 

 𝜏𝜏𝑖𝑖a =  𝐹𝐹𝑖𝑖 ∙ 𝑟𝑟𝑖𝑖a 6.9 
   

where 𝜏𝜏𝑖𝑖a is the moment generated by muscle 𝑖𝑖 about the forearm torque axis. At this 

point, 𝑟𝑟𝑖𝑖a can be seen to represent the muscle’s forearm rotation moment arm as a scalar 

quantity. This relationship was used to calculate moment arms for each included muscle 

of the forearm. The unit vector representing the axis of rotation, 𝐚𝐚�, was constructed 

such that a negative moment arm corresponds to a supinating torque, while a positive 

moment arm gives a pronating torque. The final equation for calculating individual 

muscle moment arms is: 

 𝑟𝑟𝑖𝑖a = �𝐩𝐩𝑖𝑖 × 𝐟𝐟𝑖𝑖� ∙ 𝐚𝐚� 6.10 
   

6.4.1.2 DETERMINING LINES OF ACTION 

In order to determine moment arms using the above method, lines of action were 

needed for each of the relevant forearm muscles. Specifically, the point of force 

application was needed, as well as a vector representing the direction in which the force 

was applied.  

For each muscle, a line through the centre of its geometric mesh was created. That line 

is described as the muscle’s path. The muscle’s path was determined by calculating the 

spatial coordinate at the centre of the middle element in each row of the muscle mesh 

(see Figure 6.7). The coordinates for the proximal and distal elements were calculated 

so that 𝜉𝜉3 = 0 and 𝜉𝜉3 = 1, respectively. These spatial coordinates were used as nodes 
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for the muscle’s path and were joined using cubic, 1D line elements. The muscle’s line 

of action was determined as the tangent to the line (representing the muscle’s path) at 

its point of insertion (Figure 6.8). The line of action specified the orientation of the 

muscle’s force, represented with a unit vector. The point of insertion specified the point 

of force application and was used to determine the muscle’s position vector. 

In this study, the humerus was assumed to be stationary. Only the action of muscles on 

the radius and ulna were considered. Muscles that attach to the hand (APL, ECRB, 

ECRL, ECU, EIP, EPL, FCR and FCU) were assumed to contribute to radius and ulna 

movement where their tendons crossed the DRUJ. The first point at which their tendon 

became “free” to pass the DRUJ was taken as their attachment site. Of importance was 

the final point of force application. Often this occurred through contact with the distal 

radius or ulnar head as the tendon passed the DRUJ (see Figure 6.9). 

Figure 6.8. Muscle line of action, demonstrated for the BRAR muscle. Line of action is shown by a red arrow and is 
the tangent to the muscle path at its point of insertion. 
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For muscles that attach to the humerus and radius (BB, BRAR, ECRB, ECRL, FCR 

and PT), a line of action was determined only at the radius attachment site. For muscles 

that attach to the humerus and ulna (BRA, ECU and FCU), a line of action was 

determined only at the ulna attachment site. For muscles that attach to both the ulna 

and radius or hand (APL, EIP, EPL, PQ and SUP), two lines of action were determined: 

one for the origin and one for the insertion. This was necessary, since both ulna and 

radius are assumed to be mobile during torque production. The actions of muscles on 

these bones were not considered in a hierarchical sense. The contracting muscle will 

produce force on both bones and as a result, will contribute to the moment applied to 

each. It is the muscle’s summed effect on both bones that produces the resultant bone 

Figure 6.9. Lines of action for muscles that attach to the hand, demonstrated for EPL and ECU. Lines of action were 
determined at the last point of contact before the tendon becomes "free", passing the DRUJ. For these two muscles, it 
was the point at which the tendon made contact with the distal radius or ulnar head, where the muscle force would 
effectively be applied. 
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movements. Finally, PQ and SUP have large attachment sites on the ulna and radius. 

These muscle would not be adequately modelled by a single line of action. Instead, PQ 

was modelled by three lines of action spaced across its width and SUP was modelled 

by five (see Figure 6.10). For these two muscles, the moment arms from the various 

lines of action were averaged across the attachment sites of each bone. 

The method described above used muscle models to determine muscle paths, which 

were then used to calculate lines of action. Due to the substantial time required to fully 

segment all the muscles of the forearm, muscle models were only constructed for the 

neutral forearm position. In the additional positions, the centre of each muscle was 

segmented in the MR images. This resulted in a series of data points representing the 

muscle’s path in the additional positions of forearm rotation. A cubic curve was fitted 

to those data points, and muscle lines of action were then determined as before. The 

associated forearm rotation moment arms were calculated using equation 6.10. 

 

 

 

 

Figure 6.10. Multiple muscle paths defined for muscles with large attachment sites. PQ was described with three muscle 
paths distributed across its attachment areas, as is shown. SUP was described similarly but with five muscle paths. 
Moment producing capacities at each bone were given by the average of the lines of action. 
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6.4.1.3 RELIABILITY 

MOMENT ARM COMPARISONS 

This method has not been used to calculate moment arms for forearm muscles before. 

Although it would be desirable to compare the moment arms calculated in this study 

with those that have been presented previously, the axis of rotation used in these 

calculations also differs from the anatomical axis of radius rotation used in past studies. 

As a result, direct comparisons were not possible. Instead, moment arms for those 

muscles that attached to the radius or the hand were also calculated about the 

anatomical axis of radius rotation – an axis defined from the centre of the radial head 

to the fovea of the ulnar head (Gray et al., 1995; Hollister et al., 1994). Muscle’s that 

attach only to the ulna cannot contribute to movement of the radius about that axis. 

To allow further comparison, elbow flexion-extension moment arms were also 

calculated for those muscles that crossed the elbow joint. The elbow flexion-extension 

axis was estimated by a line passing through the approximate centre of the trochlea and 

centre of the capitulum (Ericson, Arndt, Stark, Wretenberg, & Lundberg, 2003; Goto 

et al., 2004). The moment arms calculated about each of these axes were compared with 

relevant moment arms reported in literature. 

SENSITIVITY ANALYSIS 

It was also important to test the sensitivity of the moment arms calculated by the above 

method to the variables used in their calculation. Specifically, there were four variables 

involved in each moment arm calculation:  

∙ 𝐜𝐜 – centre of rotation, being a point that lay on the axis of rotation. The centre 

of rotation was used for calculating muscle position vectors and essentially 

places the axis of rotation in space. 

∙ 𝐚𝐚� – unit vector representing the orientation of the axis of rotation. This unit 

vector determines what component of a muscle’s moment is relevant to forearm 

rotation. 

∙ 𝐟𝐟𝑖𝑖 – unit vector representing the orientation of the muscle’s line of action. 

∙ 𝐏𝐏𝑖𝑖 – point of the muscle’s force application. This is used together with 𝐜𝐜 to 

determine the muscle’s position vector. 
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It was necessary to evaluate what affect errors in each of these variables would have on 

the corresponding muscle moment arms. Each variable is comprised of three 

parameters (x, y and z) and these needed to be varied systematically in three dimensions 

to evaluate the importance of their accuracy.  

For point variables (𝐜𝐜 and 𝐏𝐏𝑖𝑖), 36 data points were created that were distributed 

spherically about the coordinate system origin. Each data point was created using a unit 

vector, meaning each of the 36 data points were one unit (in this case one millimetre) 

in distance from the origin. Adding these data points to 𝐜𝐜 or 𝐏𝐏𝑖𝑖 perturbed them 1 mm 

in 36 different directions. The data points were multiplied by a scale factor to produce 

perturbations of varying magnitude. Magnitudes of 0.5 – 30.0 mm were used. The 

distribution of data points used to test the sensitivity to 𝐜𝐜 and 𝐏𝐏𝑖𝑖 are shown in 

Figure 6.11. 

For vector variables (𝐚𝐚� and 𝐟𝐟𝑖𝑖), it was necessary to vary the orientation of the vectors 

systematically while maintaining their unit length. To begin with, the angle was 

determined that described the orientation of the vector relative to the XY, YZ and ZX 

plane. That angle was then increased and decreased in 1° steps to produce a range of 

vectors 30° either side of the original vector in three directions. Vectors in three more 

directions were created by averaging adjacent vectors at each perturbation step. In every 

instance the resulting vector was normalised and the angle between it and the original 

vector evaluated. Unit vector perturbation is shown in Figure 6.12. 

Six muscles that represented a variety of attachment sites, lines of action, and distances 

from both the axis of rotation and the centre of rotation were selected for this analysis. 

These were APL, BB, BRA, BRAR, FCR and PQ. For each muscle, moment arms were 

calculated following the described perturbations to each of the four variables. The 

relative change in moment arm for each perturbation was evaluated and the largest and 

average absolute errors for each perturbation magnitude were recorded. These were 

then graphed as a function of perturbation magnitude. In so doing, the sensitivity of 

the calculated moment arms to the accuracy of the input variables could be assessed. 

The sensitivity analysis was conducted using the data from the neutral forearm position. 
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Figure 6.11. Perturbation of point variables, demonstrated for the BB attachment site. Its point of insertion, as 
determined from MR imaging data, was varied systematically in 36 directions. For each direction, 60 magnitudes of 
pertubation were tested, ranging from 0.5 to 30.0 mm. 

Figure 6.12. Perturbation of unit vectors, demonstrated for BRA. Gold arrow shows the line of action as determined 
from its muscle model. Additional lines of action representing a change of up to +/- 30° in six direction were tested. 
The end points of the perturbed vectors are shown. Vector orientations were perturbed in 1° increments. The 
magnitudes of the perturbed vectors were maintained: they remained unit vectors. 
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6.4.2 RESULTS AND DISCUSSION 

The moment arms determined for each muscle about the externally measured torque 

axis are presented in Figure 6.13 and Table 6.6. While these moment arms relate the 

forearm muscle forces to the torques measured by dynamometer (section 6.2), they are 

not functionally meaningful. They are moment arms unique to the torque axis specified. 

Had forearm rotation torque been measured about a different axis (by altering the 

position of the forearm relative to the dynamometer), the moment arms determined 

for each muscle would be significantly different. These are the moment arms needed 

when calculating the contribution of each muscle to the forearm rotation torque 

measured in the present study. It is in that sense that they are discussed: they are 

discussed in order to understand how each muscle will contribute, mathematically, to 

the forearm torque in the later calculations of muscle force. 

The moment arms of most muscles varied through the ROM with more muscles 

contributing to pronation than supination. Only three muscles remained pronators 

throughout the ROM. These were EIP, FCR and FCU. The moment arms of FCR and 

FCU were relatively constant in different positions, however FCU (3.6 – 6.4 mm) had 

a considerably larger mechanical advantage than FCR (0.3 – 1.0 mm). The moment arm 

of EIP varied, increasing through pronated positions and peaking at S50 in supinated 

positions.  

The only muscle that remained a supinator throughout the ROM was PQ. Its 

mechanical advantage was greatest at S25 (-13.1 mm) and lowest at P50 (-6.1 mm) and 

P75 (-4.5 mm). Because forearm rotation is typically considered as the rotation of the 

radius over the ulna, a muscle’s function is described by the action it has on the radius. 

In this sense, PQ is clearly a pronating muscle. However, if the ulna is not assumed to 

be fixed, the action of PQ on the ulna would contribute to supination. In the present 

case, the position of the axis relative to PQ meant its lines of action described a 

supinating torque even though its action on the radius remained pronation. This will 

be seen when the anatomical moment arms are discussed.  
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Figure 6.13. Pronation-supination moment arms for each muscle, determined relative to the external torque axis. 
Supinated positions and supinating moment arms are given as negative. Moment arms are presented in millimetres. 
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Table 6.6. Forearm rotation moment arms calculated relative to the external torque axis. Moment arms are given in 
millimetres. Negative values represent supinating moment arms while positive values represent pronating moment arms. 

Muscle S75 S50 S25 N P25 P50 P75 
APL 1.0 -2.0 -4.3 -3.5 1.5 3.5 1.7 
BB 7.8 5.6 1.9 -5.3 -4.4 -3.5 -7.3 
BRA 1.6 -1.2 2.8 7.7 3.6 -1.8 1.8 
BRAR -1.3 1.0 1.2 0.7 -0.8 0.4 -0.4 
ECRB 4.1 5.6 3.1 1.6 0.3 -0.4 -0.8 
ECRL 2.1 1.3 1.6 0.8 -0.3 -0.3 -0.3 
ECU 5.0 5.3 5.3 4.8 3.1 0.4 -0.5 
EIP 2.6 6.6 5.1 1.9 4.9 5.8 8.3 
EPL -1.1 1.4 1.3 -1.2 -0.4 4.0 4.4 
FCR 0.9 0.5 1.0 0.8 0.3 0.7 0.5 
FCU 5.8 5.6 6.4 5.5 5.4 3.6 3.8 
PQ -10.0 -12.3 -13.1 -10.6 -11.3 -6.1 -4.5 
PT 5.1 4.4 4.5 3.7 1.4 0.3 -0.1 
SUP 3.8 -3.6 -4.2 -3.7 -3.2 -4.3 2.6 

 

Supinator contributed predominantly to supination torque, with a moment arm of 

approximately -4 mm between S50 and P50. At S75 and P75 these changed to pronating 

moment arms of a similar magnitude. There were four muscles that contributed 

predominantly to pronation, however each contributed most when the arm was in a 

supinated position. Extensor carpi radialis brevis and ECRL had very small moment 

arms between P25 and P75, while ECU and PT had small moment arms between P50 

and P75. Brachialis had a pronating moment arm at the ends of the ROM and between 

S25 and P25. Its mechanical advantage was largest in the neutral position (7.7 mm). At 

S50 and P50 it had a relatively small supinating moment arm. 

The contributions of the remaining muscles varied more considerably through the 

ROM. Abductor pollicis longus generally contributed to supination when in a supinated 

position and pronation when in a pronated position. Biceps brachii showed the 

opposite relationship, where it pronated while in a supinated position and supinated 

between the neutral positon and P75. Brachioradialis had a relatively small moment arm 

throughout the ROM, which varied between pronation and supination. Finally, EPL 

generally contributed to pronation, however it had a supinating moment arm at S75 

and in the neutral position.  
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6.4.2.1 MOMENT ARM COMPARISONS 

The above moment arms are needed for estimating individual muscle forces but are 

unique to the torque axis involved. For this reason, it was not practical to compare 

them to muscle moment arms in literature. Previous studies have determined forearm 

rotation moment arms about the anatomical axis of radius rotation. To make 

comparisons possible, the lines of action determined for this study were also used to 

calculate moment arms about that rotation axis. The anatomical axis of radius rotation 

allows radius movement only – the ulna is assumed to be fixed. As such, only muscle 

attachments to the radius or hand were included in these moment arm calculations. The 

anatomical moment arms determined using this method were compared with moment 

arms presented for forearm rotation in literature. Seven of the available studies 

determined forearm rotation moment arms using models (Bremer et al., 2006; Garner 

& Pandy, 2001; Gonzalez, Hutchins, Barr, & Abraham, 1996; Holzbaur et al., 2005; 

Lemay & Crago, 1996; Murray, Delp, & Buchanan, 1995; Ramsay et al., 2009). Two of 

those studies validated their results using cadavers, while another two studies presented 

moment arms derived exclusively from cadaveric study (An et al., 1981; Ettema et al., 

1998). Different studies determined moment arms for different combinations of elbow 

and forearm posture. Data for the neutral forearm posture in the present study were 

used for comparison, as this position was most commonly replicated in other studies. 

Comparisons were made both with moment arms determined using a similar posture 

and with the range of data available from all studies. The comparisons are presented in 

Figure 6.14.  

The anatomical moment arms of ECU, EPL, FCR, PT and SUP were within the range 

of values presented in literature for similar upper limb postures. No previous studies 

have presented moment arms for EIP, so no comparison for it was possible. Of the 

remaining muscles, the moment arms of BB, BRAR, ECRB and ECRL, although 

outside of the posture-matched range, were still within the range of moment arms 

presented for those muscles in literature. However, the moment arms of APL, FCU 

and PQ were outside the ranges presented previously. The number of studies and 

specimens for which moment arms have been determined is small. Those moment arms 

that have been presented range widely between studies, subjects, and upper limb 
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postures. For these reasons, the moment arms determined in the present study are not 

unreasonable given the data available. 

To allow further comparisons, elbow flexion-extension moment arms were also 

calculated for those muscles that cross the elbow joint. In this case, comparisons were 

made with five cadaveric studies (Amis et al., 1979; An et al., 1981; Ettema et al., 1998; 

Murray et al., 2000; Murray, Buchanan, & Delp, 2002) and seven studies that 

determined moment arms using models (Garner & Pandy, 2001; Gonzalez et al., 1996; 

Holzbaur et al., 2005; Lemay & Crago, 1996; Murray et al., 1995; Pigeon et al., 1996; 

Ramsay et al., 2009). The results of those comparisons are presented in Figure 6.15. 

The moment arms calculated for BRA, BRAR, ECRL, ECU and PT were all within the 

ranges of moment arms presented in previous studies for similar upper limb postures. 

The moment arm of BB was lower than has been previously reported when a similar 

elbow and forearm position was used. However, it was still within the range of moment 

arms determined for BB in previous studies. Similarly, the moment arms of ECRB and 

FCR were higher than their posture-matched ranges, but within the general range of 

moment arms reported in literature. Only FCU had a moment arm outside the range 

presented previously, but moment arms for FCU have only been reported in two 

previous studies. 

Generally, the moment arms determined using this method and with the lines of action 

from the current data were comparable to the moment arms available from past studies. 

The data available varies considerably, as do moment arms between subjects. For this 

reason, it is not possible to evaluate the accuracy of the present moment arms by 

comparison with literature. Comparing the moment arms with literature can only 

indicate whether they are reasonable given the available data. Based on these 

comparisons, the moment arms in this study are reasonable. 
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6.4.2.2 SENSITIVITY ANALYSIS 

Comparing the moment arms calculated in the present study to those reported in 

literature demonstrates whether they are reasonable. Their falling within these wide 

ranges does not demonstrate their accuracy. The method itself is accurate – 

mathematically it gives the exact solution for the input data provided. However, it was 

important to assess the robustness of the method to inaccuracies of the input data. To 

test this, each of the four input variables were systematically perturbed for six muscles. 

The relative change in moment arm due to the perturbation of each variable was 

examined. 

As will be shown, moment arms were essentially linearly related to all four input 

variables. Although some muscles showed slight non-linear relationships, these became 

linear when errors were averaged or the maximal errors for each perturbation were 

taken. The errors due to perturbation of 𝐜𝐜 and 𝐏𝐏𝑖𝑖 were directly related – errors were 

identical for each. This makes sense, as 𝐜𝐜 and 𝐏𝐏𝑖𝑖 are used to calculate the position vector 

that determines the moment arm. As a result, sensitivity to these two variables will be 

considered together. Generally, moment arms were considerably more sensitive to the 

vector components (𝐚𝐚� and 𝐟𝐟𝑖𝑖) than to the point variables. 

The sensitivity of muscle moment arms to perturbations of 𝐜𝐜 and 𝐏𝐏𝑖𝑖 is shown in 

Figure 6.16. An error of 1 mm in either of these variables resulted in an average moment 

arm error of 14%. While this is relatively small (amounting to just 0.4 mm change to a 

3 mm moment arm), some muscles showed up to 77% error for a 1 mm perturbation. 

These errors increased significantly as the perturbation magnitude increased. For a 5 

mm error in 𝐜𝐜 and 𝐏𝐏𝑖𝑖, an average moment arm error of 70% was shown, although some 

muscles experienced errors of up to 384%. The susceptibility of moment arms to error 

depended on the muscle considered. For a 0.5 mm perturbation, PQ showed errors of 

up to 25% and BB had errors of up to 38%. However, FCR required perturbations of 

4.5 and 6.5 mm respectively to experience those moment arm errors. 
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Figure 6.16. Sensitivity of moment arm calculations to input data was evaluated for six forearm muscles. (A) Maximum 
moment arm errors caused by perturbation of centre of rotation or point of force application. (B) Average moment arm 
errors caused by perturbation of centre of rotation or point of force application. Error is given as percentage change in 
moment arm value. Perturbation is given in millimetres. 

Centre of Rotation and Point of Force Application 
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Moment arms were considerably more sensitive to errors in the orientation of the 

muscle force vector, 𝐟𝐟𝑖𝑖, as shown in Figure 6.17. A 1° change in the orientation of 𝐟𝐟𝑖𝑖 

resulted in an average moment arm error of 44%, with some muscles showing errors 

of up to 75%. A 5° perturbation caused 213% errors, on average, and up to 373% error 

for some muscles. Once again, moment arm sensitivity depended on the muscle. A 10° 

perturbation to the orientation of PQ’s muscle force vector caused only 14% error in 

its moment arm calculation. A 30° change caused 49% error for PQ whereas a 1° 

change caused 75% error for BB. 

Moment arms were most sensitive to the axis of rotation, 𝐚𝐚�. This is shown in 

Figure 6.18. A 1° error in the axis orientation caused an average error of 167% in the 

moment arm calculations. The moment arm of BB changed by 330% with the 1° 

perturbation of 𝐚𝐚�. At 5° perturbation, moment arm errors averaged 788% and for some 

muscle exceeded 2000%. However, APL was considerably more robust to errors in the 

axis of rotation. A 5° change in 𝐚𝐚� resulted in a 23% moment arm error. Clearly, the 

sensitivity of moment arms to the input variables is complex. The sensitivity itself will 

vary depending on the starting values of each variable. 

While the method used in this study allows the calculation of precise and instantaneous 

moment arms, this sensitivity analysis demonstrates its need for precise input data. It is 

most critical that the axis of rotation be accurate, as well as the orientation of the muscle 

force vectors. While calculations were least sensitive to the centre of rotation and the 

point of force application, these variables still allowed for considerable error in the 

calculated moment arms. Furthermore, it is hard to predict how sensitive a particular 

muscle will be. It depends on the orientation of the muscle relative to the axis and its 

distance from the axis.  

Ultimately, all the data used in the calculation of moment arms in this study was 

obtained as accurately as was possible. Segmenting MR images is inherently subjective, 

but the process of fitting line elements to the segmented data and extracting lines of 

action from the tangents to these lines maintained a level of objectivity in the data. The 

axis of rotation was also determined as accurately as possible using the markers included 

in the MR imaging scans. Although the moment arms are highly sensitive to errors in 
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Figure 6.17. Sensitivity of moment arm calculations to orientation of muscle force vectors was evaluated for six forearm 
muscles. (A) Maximum moment arm errors caused by perturbation to orientation of muscle force vector. (B) Average 
moment arm errors caused by perturbation to orientation of muscle force vector. Error is given as percentage change in 
moment arm value. Perturbation is given in degrees. 

Force Vector 
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Figure 6.18. Sensitivity of moment arm calculations to orientation of rotation axis was evaluated for six forearm muscles.  
(A) Maximum moment arm errors caused by perturbation to orientation of rotation axis. (B) Average moment arm errors 
caused by perturbation to orientation of rotation axis. Error is given as percentage change in moment arm value. 
Perturbation is given in degrees. 

Rotation Axis 
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the input data, every effort was made to ensure the accuracy of that data. As such, 

analysis will progress with the moment arms that have been determined. However, 

caution will be taken when interpreting results. 

6.5 MUSCLE ACTIVATION 
Many previous models of the upper limb have calculated muscle forces, assuming all 

muscles are maximally activated (Herrmann & Delp, 1999; Holzbaur et al., 2005; Lemay 

& Crago, 1996; Lieber & Fridén, 1997). In order to justify this assumption, muscles are 

usually grouped into agonist and antagonist groups and only agonists are considered 

active. For the elbow, it is easy to define flexor and extensor muscles. However, the 

roles of muscles in forearm rotation are far less certain. Furthermore, considering only 

agonist activation neglects any possible co-contraction of antagonist muscles. Where 

antagonist muscles do contract, they create an opposing torque so that the force 

produced by the agonists will need to be that much greater to maintain the measured, 

external forearm rotation torque. Specific tension and muscle forces will be 

underestimated if antagonistic co-contraction isn’t accounted for.  

To date, relatively few studies have examined activation of upper limb muscles during 

forearm rotation. The EMG data that does exist is limited, primarily, to BB, BRA and 

BRAR (Basmajian & Latif, 1957; Boland, Spigelman, & Uhl, 2008; de Sousa, de Moraes, 

& Vieira, 1961; Naito, Sun, Yajima, Fukamachi, & Ushikoshi, 1998; Naito et al., 1995), 

with a few studies also including ECRB, PQ, PT or SUP (Basmajian & Travill, 1961; 

Gordon et al., 2004; O'Sullivan & Gallwey, 2002). Some of these studies investigated 

free forearm rotation, but found muscle activity to be markedly higher when forearm 

rotation was performed under load. Resisted pronation and supination was also shown 

to result in consistent antagonistic co-activation of BB, BRA and BRAR (Basmajian & 

Latif, 1957; Boland et al., 2008; Naito et al., 1998; Naito et al., 1995). Only two studies 

have examined forearm muscle activity during maximal pronation and supination, as is 

modelled in the present study (Gordon et al., 2004; O'Sullivan & Gallwey, 2002). These 

papers have also demonstrated co-contraction of antagonist muscles, in particular 

BRAR, ECRB, PQ and SUP.  
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Given the presence of considerable co-contraction in the forearm, knowledge of the 

activation of forearm muscles during forearm rotation is critical to appropriately 

distributing force amongst the muscles. Although recording EMG data from the 

subject involved would have been preferable, the difficulty involved in collecting data 

from fourteen muscles in multiple forearm positions made doing so in the present study 

unrealistic. Fortunately, a comprehensive, but as of present unpublished, EMG data set 

for these muscles does exist and was made available for use in this study (Bader et al., 

2010). Details as to the collection of the EMG data as well as the muscle activations 

used in the present model will be presented here. 

6.5.1 METHODOLOGY 

6.5.1.1 SUBJECTS 

EMG data was recorded from each of the fourteen muscles included in the current 

model, as well as from PL. Maximum voluntary isometric contractions were performed 

in the seven forearm positions included in the present study, as well as at maximum 

pronation and supination. Due to the number of muscles and postures under 

investigation, data collection was divided into four separate collection sessions, each 

involving three or four muscles. In each session, the right forearms of 11 young, healthy 

volunteers were used. While some subjects participated in more than one of the groups, 

the subjects were not identical in each collection session. Subjects were only permitted 

to participate if they had no history of surgery, injury or pathology involving the elbow, 

forearm or wrist, and had no neurological disorders or an aversion to needles. Details 

of the subjects that participated in each of the four collection sessions and the muscles 

investigated in each session are presented in Table 6.7.  

Table 6.7. Details of muscles and subjects involved in four EMG data collection sessions. 

Muscles Subjects 
Gender 
(M/F) 

Age  
Mean (SD) 

Repeat 
Subjects 

APL, ECU, FCU 11 7/4 26.3 (2.5) 0 
BB, ECRB, EPL, FCR 11 8/3 25.6 (3.2) 6 
ECRL, EIP, PT, SUP 11 6/5 26.5 (2.6) 9 
BRA, BRAR, PL, PQ 11 6/5 26.4 (3.1) 9 
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6.5.1.2 EMG DATA COLLECTION 

Electromyographic data was collected from muscles at 2000 Hz using a Myopac 

amplifier (Run Technologies, Mission Viejo, CA) and two bipolar, Teflon-insulated 

50 µm fine wire electrodes with 3.5 mm exposed tips (California Fine Wire Co., Grover 

Beach, CA). Electrodes in each muscle were inserted 1 cm apart using a two-needle 

sterile insertion technique (Kelly, Cooper, Kirkendall, & Speer, 1997), and positioned 

in accordance with published guidelines (Perotto, 1994). A surface electrode was placed 

on the acromion of the subject’s right shoulder to serve as a grounding electrode. 

In each testing session, a five second baseline recording was collected with the subject’s 

arm horizontal and at rest. Following this, maximal EMG activity for each muscles was 

recorded using published maximum voluntary isometric contraction (MVIC) exercises 

(Kendall, McCreary, Provance, Rodgers, & Romani, 2005). Each contraction was held 

for five seconds and these trials were performed three times with two minutes of rest 

allowed between each trial. Maximal pronation and supination trials were performed 

using a dynamometer (BTE Technologies, Hanover, MD), with the subject standing 

and their elbow flexed at 90° (see Figure 6.19). The subject’s feet position was 

standardised and the dynamometer height was adjusted so that their forearm was 

horizontal. 

The order in which the nine forearm positions were tested was randomised. With the 

dynamometer handle placed in the desired position, the subject was required to grip 

the handle and perform maximal pronation. This was repeated three times, with each 

MVIC held for five seconds and a 2 minute rest interval allowed between each trial. 

Following this, three maximal supination trials were completed. This resulted in a series 

of 54 pronation-supination trials per subject for each group of muscles. 
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6.5.1.3 EMG DATA PROCESSING 

A digital band-pass filter of 10 – 1000 Hz was applied to the raw EMG signal prior to 

full wave rectification. A linear envelope was obtained from the rectified data using a 

2nd order Butterworth low-pass filter with a cutoff frequency of 5 Hz. Finally, the data 

was smoothed using a RMS algorithm with a time constant of 20 ms. An average of the 

relevant baseline recording, with the subject’s arm at rest, was subtracted from all EMG 

data. 

The peak RMS values were averaged across the three trials for each forearm position 

and normalised to the largest RMS value observed for the given muscle. Although 

MVIC exercises were used to elicit maximum muscle activities, if a larger RMS value 

was recorded in any other trial, this was used to normalise the EMG data from the 

Figure 6.19. EMG testing setup with dynamometer. 
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subject’s muscle.  The normalised EMG data for each muscle in each position of 

forearm rotation was then averaged across the 11 subjects. 

6.5.2 RESULTS AND DISCUSSION 

The normalised EMG data is presented in Figure 6.20 and Figure 6.21. Only those 

muscles and positions relevant to the present study are included. The averaged, 

normalised EMG data that will be used when estimating forces for each muscle is 

presented in Table 6.8 and Table 6.9. As was discussed in section 4.3.3.6, crosstalk is 

an issue that can affect the analysis of EMG data. It is of particular concern in the 

forearm, given the very close proximity of muscles. The use of fine wire electrodes has 

been shown to substantially reduce crosstalk in the EMG signal, relative to surface 

electrodes (Solomonow et al., 1994). However, this issue should still be considered 

when interpreting the EMG results. 

Arguably, the most striking feature of the results in Figure 6.20 and Figure 6.21 is the 

considerable co-contraction that occurred. Only a single muscle, BB, showed 

meaningful activation for only one direction of forearm rotation. All other muscles, 

even those that are considered primary supinators and pronators, showed significant 

activation regardless of the movement direction. In particular, SUP, so named due to 

its role as a primary supinator of the forearm, showed almost the same level of 

activation regardless of movement direction. PQ and PT were substantially more active 

during pronation but still showed over 20% maximal activation during supination.   

These results demonstrate how critical it is to include antagonist muscles in muscle 

force estimates. With these substantial levels of co-contraction, the antagonistic torque 

produced is likely to be significant. Failing to account for it could result in grossly 

underestimated agonistic muscles forces. 

It also demonstrates the importance of understanding the purpose for a muscle’s 

activation. It is not possible to determine a muscle’s function in a movement based on 

its activation alone. Otherwise, SUP could be considered both a pronator and a 

supinator, depending on which movement direction is studied. This is a shortcoming 

of some of the EMG research that has been conducted in the past. The first step to 
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understanding a muscles role at a joint comes from detailed knowledge as to its anatomy 

and location. The muscle’s anatomy will largely determine its ability to produce force. 

The muscle’s moment arm, determined by its location relative to the joint, will 

determine both its ability to produce torque at that joint and the direction of that 

torque. As has already been discussed, determining a muscle’s moment arm is more 

complex than simply identifying the muscle’s attachment sites. The path of the tendon 

determines the line of action of its force and can be affected by the limb posture and 

the activation state of the muscle. With all of this information one can establish the 

capacity of a muscle to contribute to a particular movement. More specifically, one can 

identify what that muscle’s contribution will be if it is active. An EMG study then 

determines whether or not it actually is active during a particular movement. The real 

contributions of those muscles will be seen when all of this data is brought together 

and the individual muscle forces (and torques) are subsequently estimated. 

 

 

  



FOREARM MUSCLE FORCES 

 

1 9 5  

 

 

 

 

Figure 6.20. Average normalised EMG for each muscle at each forearm position. Error bars represent one standard 
deviation. Light blue bars represent pronation and dark blue bars represent supination. 



CHAPTER 6 

 

1 9 6  

 

 

 

 

  

Figure 6.21. Average normalised EMG for each muscle at each forearm position. Error bars represent one standard 
deviation. Light blue bars represent pronation and dark blue bars represent supination. 
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Table 6.8. Average normalised muscle activations for pronation to be used for muscle force estimates. All values are given 
as a percentage of the muscle’s maximum activation. 

    Pronation    
Muscle S75 S50 S25 N P25 P50 P75 
APL 31.4 35.8 35.0 34.9 34.2 37.4 33.2 
BB   6.4   6.5   4.6   3.7   4.1   7.0   5.7 
BRA 30.8 33.9 28.1 28.9 21.3 24.7 24.9 
BRAR 37.9 38.3 37.6 30.3 27.6 28.4 29.7 
ECRB 31.1 26.7 29.1 43.0 36.9 42.8 34.1 
ECRL 27.6 27.6 34.1 34.5 37.5 33.8 34.7 
ECU 52.1 51.1 49.7 55.5 48.3 45.7 46.4 
EIP 27.6 33.3 35.3 34.5 42.5 38.9 41.5 
EPL 26.5 23.7 24.4 33.1 35.1 41.5 36.8 
FCR 53.3 49.7 50.2 49.0 45.5 47.7 31.3 
FCU 29.3 25.5 29.2 25.9 16.8 16.5 17.9 
PQ 54.9 52.9 51.3 58.5 63.3 66.4 68.2 
PT 50.9 56.0 54.1 53.7 50.8 53.8 55.1 
SUP 49.2 41.4 47.1 42.1 40.4 33.7 38.4 

 

 

Table 6.9. Average normalised muscle activations for supination to be used for muscle force estimates. All values are 
given as a percentage of the muscle’s maximum activation. 

    Supination    
Muscle S75 S50 S25 N P25 P50 P75 
APL 51.6 53.9 52.9 48.2 43.1 45.4 48.5 
BB 64.9 58.6 49.3 48.9 48.7 50.0 45.7 
BRA 20.3 22.7 14.5 17.2 15.6 17.9 16.0 
BRAR 13.0 15.7 15.3 25.8 23.2 27.5 32.0 
ECRB 22.9 28.8 31.5 28.7 36.4 36.0 39.5 
ECRL 23.5 26.4 29.5 34.2 31.4 31.2 32.1 
ECU 33.7 41.2 44.2 51.0 54.0 61.2 59.0 
EIP 34.8 42.8 29.6 37.9 32.6 33.3 29.7 
EPL 38.4 42.4 36.9 38.6 34.7 30.2 28.9 
FCR 26.6 21.9 26.4 27.1 31.5 37.9 35.3 
FCU 23.0 24.3 22.9 25.0 25.5 25.3 27.7 
PQ 20.3 26.5 19.4 28.6 18.7 23.3 20.8 
PT 16.3 17.3 15.1 15.6 14.8 14.4 14.6 
SUP 45.7 51.5 50.2 54.3 54.0 47.9 49.2 
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6.6 MUSCLE FORCES 
In chapter 4 an equation was developed to estimate individual muscle forces based on 

a measured forearm rotation torque. That equation distributes force to the included 

muscles based on three variables: the PCSA of the muscle, its moment arm, and its 

level of activation. In the previous sections of this chapter the data required for each 

of those variables was calculated. In this section that data was incorporated into the 

muscle force equation to estimate specific tension for muscles of the upper limb.  

6.6.1 CALCULATIONS 

The equation used to estimate specific tension (𝜎𝜎) for forearm muscles is: 

 𝜎𝜎 =
𝜏𝜏𝐸𝐸

∑ (𝑟𝑟𝑖𝑖 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 ∙ 𝑎𝑎�𝑖𝑖)𝑁𝑁
𝑖𝑖=1 + 𝜏𝜏𝑅𝑅

 6.11 

   
where 𝜏𝜏𝐸𝐸 is the externally measured forearm rotation torque, 𝑟𝑟𝑖𝑖 is the moment arm of 

the muscle, 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 its PCSA, and 𝑎𝑎�𝑖𝑖 is its normalised activation level. The only variable 

that still needed to be quantified for this equation is 𝜏𝜏𝑅𝑅, the torque produced by the 

reaction force of the humerus on the ulna. Had the axis of rotation passed through the 

elbow joint, neglecting this torque component could have been justified. However, in 

chapter 5 the axis of rotation was shown to pass some distance outside of the elbow, 

so 𝜏𝜏𝑅𝑅 needs to be included. Figure 6.22 illustrates how loading was implemented in the 

forearm model. Since the forearm is in static equilibrium, the reaction force, 𝐟𝐟𝑅𝑅, can be 

calculated by: 

 
0 =  �𝐟𝐟𝑖𝑖

𝑁𝑁

𝑖𝑖=1

+ 𝐟𝐟𝑅𝑅 6.12 

   
where 𝐟𝐟𝑖𝑖 is the force vector of each muscle. As was discussed in section 6.4.1, the 

individual muscle force vectors can be described as the combination of a scalar force 

magnitude (𝐹𝐹𝑖𝑖) and a unit vector giving its orientation (𝐟𝐟𝑖𝑖): 

 𝐟𝐟𝑖𝑖 = 𝐹𝐹𝑖𝑖 ∙ 𝐟𝐟𝑖𝑖 6.13 
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In the present muscle force model, the scalar force magnitude is given by: 

 𝐹𝐹𝑖𝑖 = 𝜎𝜎 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 ∙ 𝑎𝑎�𝑖𝑖 6.14 
   

Equation 6.12 can be rearranged to give the reaction force as: 

 
𝐟𝐟𝑅𝑅 =  𝜎𝜎 ∙�−(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 ∙ 𝑎𝑎�𝑖𝑖 ∙ 𝐟𝐟𝑖𝑖)

𝑁𝑁

𝑖𝑖=1

 6.15 

   
Like is the case for individual muscle forces, the reaction force is scaled by the specific 

tension value. In order to calculate the torque created by the reaction force, its position 

vector (𝐩𝐩𝑅𝑅) is needed. The point of force application was chosen to be the centre of 

rotation of the ulna. That was assumed to be the node of the ulna mesh that underwent 

the least displacement throughout the ROM. The torque created by the reaction force 

was then calculated by: 

 𝛕𝛕𝑅𝑅 = 𝐩𝐩𝑅𝑅 × 𝐟𝐟𝑅𝑅  
  6.16 
 

𝛕𝛕𝑅𝑅 = 𝜎𝜎 ∙ �𝐩𝐩𝑅𝑅 × �−�𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 ∙ 𝑎𝑎�𝑖𝑖 ∙ 𝐟𝐟𝑖𝑖�
𝑁𝑁

𝑖𝑖=1

� 
 

   
The dot product of this torque vector, 𝛕𝛕𝑅𝑅 , and a unit vector representing the axis of 

rotation, 𝐚𝐚�, gave the torque produced by the reaction force about the measured torque 

axis (𝜏𝜏𝑅𝑅a). Having determined 𝜏𝜏𝑅𝑅a , specific tension was calculated. 

Figure 6.22. A free body diagram, illustrating the implementation of loading in the forearm. The friction force at 𝒇𝒇𝑅𝑅 
is assumed to be negligible, while all other friction and joint reaction forces cancel each other out. 
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6.6.1.1 SENSITIVITY ANALYSIS 

For each of the fourteen muscles included in this analysis, three variables were used to 

estimate specific tension in the present muscle force model. These are moment arm 

(𝑟𝑟𝑖𝑖), physiological cross-sectional area (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖) and normalised activation (𝑎𝑎�𝑖𝑖). The 

reaction force is a function of each of the individual muscle forces, but the point at 

which the reaction force is assumed to act, 𝐏𝐏𝑅𝑅, is an additional input variable to the 

calculation. It was necessary to evaluate the sensitivity of the specific tension estimates 

to each of these variables. The final input variable to the specific tension calculation is 

𝜏𝜏𝐸𝐸, the externally measured forearm rotation torque. It was not included in this 

sensitivity analysis because, as is evident from equation 6.11, 𝜎𝜎 is directly related to 𝜏𝜏𝐸𝐸. 

A 50% change to 𝜏𝜏𝐸𝐸 would result in a 50% change to the estimated specific tension. 

For the first three variables, fourteen instances of each appear in the specific tension 

calculation. The sensitivity of 𝜎𝜎 to 𝑟𝑟𝑖𝑖 , 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 , and 𝑎𝑎�𝑖𝑖 was tested for the same six muscle 

as were selected for this purpose in section 6.4. Taking one muscle and variable at a 

time, each was perturbed in 1% increments to +/- 50% the original value. The 

percentage change in specific tension was analysed relative to the percentage change in 

the input variable. 

The sensitivity of 𝜎𝜎 to 𝐏𝐏𝑅𝑅 , the point of reaction force application, was tested in the 

same way as was described in section 6.4.1.3. The chosen point was perturbed in 

0.5 mm increments in 36 directions, with a maximum perturbation of 15 mm. The 

influence of those perturbations on the specific tension estimates was evaluated. For 

all variables, the sensitivity analysis was conducted using the data from the neutral 

forearm position. 
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6.6.2 RESULTS AND DISCUSSION 

The specific tension estimates for each position and for contractions in both directions 

are shown in Table 6.10. It is clear that these estimates are not accurate. They are 

extremely variable and for all positions one of the two movement directions required a 

negative specific tension to balance the equation. A negative specific tension is not 

physiologically possible. It would imply a pushing force, where muscles can only 

generate tension. Furthermore, most of the estimates far exceed those that have been 

reported in previous studies. As such, these results do not represent accurate estimates 

of the muscles’ specific tension. 

Table 6.10. Specific tensions estimated for each position and torque direction. Specific tension is given in N/cm2. 

  S75 S50 S25 N P25 P50 P75 
Pronation 6545 -1069 -707   155 -1969 -196 -95 

Supination -173    282  378 -2551  1983    96  82 
 

For a given forearm position, the only variable that changes between pronation and 

supination is the activation level of the muscles. Their moment arms and PCSAs are 

not affected by the direction of the forearm rotation torque. Ignoring, for the time 

being, the magnitude of the specific tension estimates, they should at least be positive 

for both movement directions. This will only occur if the activation of the muscles 

changes sufficiently between conditions so as to change the net muscle moment from, 

for example, a pronating to a supinating moment. That did not occur, as is evidenced 

by the negative specific tension estimates for one of the movement directions in each 

forearm position. It was noted in section 6.5 that, for many muscles, their activation 

levels did not differ as much as was expected between rotation directions.  

The muscle force model described in chapter 4 and implemented in this section 

employs a linear normalised EMG-to-force relationship. Various non-linear 

relationships were tested in an effort to improve the specific tension estimates. 

Particular polynomial functions were able to provide positive specific tension values 

for both movement directions in several of the forearm positions. However, in order 

to achieve this, the polynomial functions required coefficients and exponents that were 

so large that the functions themselves became unrealistic. Furthermore, the individual 
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muscle forces predicted by these functions were no longer representative of their 

relative activations. For example, in the neutral position ECRB was predicted to 

produce a muscle force of 411 N in pronation at 43% maximal activation. During 

supination ECRB activation dropped to 29% maximum, a change of 14%. However, 

the extreme EMG-to-force relationship used to predict specific tension produced a 

muscle force estimate of just 24 N in supination. It is unrealistic to think a change of 

14% in ECRB activation will result in an almost 20 times smaller muscle force. In light 

of these results, the linearity of the EMG-to-force relationship is not the cause of the 

incorrect specific tension estimates.  

6.6.2.1 SENSITIVITY ANALYSIS 

The results of the sensitivity analysis give a better explanation for the observed specific 

tension estimates. As was the case for moment arm calculations, changes to 𝑟𝑟𝑖𝑖 , 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 , 

and 𝑎𝑎�𝑖𝑖 did not affect the calculated specific tension equally for all muscles. The 

sensitivity of the specific tension estimate differed depending on which muscle was 

perturbed. The sensitivity also differed depending on whether specific tension was 

estimated during pronation or supination. For all variables, the errors of specific 

tensions calculated during supination were considerably larger and less predictable than 

those calculated during pronation. Sensitivity did not differ between 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 and 𝑎𝑎�𝑖𝑖 . 

The sensitivity of the specific tension results to muscle moment arms are presented in 

Figure 6.23. Considering the pronation results, the specific tension estimates are 

relatively robust to errors in the moment arm calculations. A 50% change in the 

moment arm of BRA and PQ showed a maximum specific tension error of 30% and 

26% respectively. For all other muscles, maximum errors were under 3%. However, 

the same was not true for the supination results. Brachioradialis and FCR showed a 

similar linear relationship between moment arm and specific tension error. The errors 

were higher than for pronation, reaching 20% and 55% respectively. However, the 

errors for the remaining four muscles were less predictable and larger in magnitude. 

While errors were substantial throughout the perturbation range, there was a particular 

point for each muscle where the errors suddenly increased to extremely large values. 
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Abductor pollicis longus showed the biggest errors, with specific tension increasing 220 

times when its moment arm was perturbed by 38%. 

Similar relationships were found for the additional variables. The sensitivity of specific 

tension estimates to changes in 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 and 𝑎𝑎�𝑖𝑖 is shown in Figure 6.24. For pronation, 

the specific tension estimate was more robust to errors in 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 and 𝑎𝑎�𝑖𝑖 than it was to 

errors in 𝑟𝑟𝑖𝑖 . Pronator quadratus showed the largest error, with a 17% change to the 

specific tension estimate after a 50% change to either its 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 or 𝑎𝑎�𝑖𝑖 value. However, 

for supination the errors were considerably larger than was demonstrated for changes 

to 𝑟𝑟𝑖𝑖 . In this case, BRA, BRAR and FCR each had a linear influence on specific tension, 

but their maximum errors were 240%, 75% and 550% respectively. The remaining three 

muscles showed the same unpredictable influence shown for their moment arms, but 

with peak errors substantially larger. Pronator quadratus caused a 600 times increase to 

the specific tension estimate when its 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 or 𝑎𝑎�𝑖𝑖 was perturbed by 23%. 

Finally, the sensitivity of the specific tension estimates to the point of application of 

the reaction force is shown in Figure 6.25. For both pronation and supination, specific 

tension estimates were more sensitive to this variable than any other. The articular 

surface of the ulna bone mesh measured approximately 20 x 20 mm, so a perturbation 

of up to +/- 15 mm in the 36 directions was tested. For pronation, a 15 mm 

perturbation in the point of force application caused an average specific tension error 

of 50%, but a maximum error of 240%. For supination, errors were substantially larger. 

Figure 6.25B shows only the average specific tension errors. The maximum errors were 

very similar, except that the errors were two orders of magnitude higher. When the 

point of application of the reaction force was changed by 12.5 mm, the average specific 

tension estimate was 670 times its original value. 
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Figure 6.23. Sensitivity of specific tension estimates to individual muscle moment arms. Moment arms of six forearm 
muscles were perturbed and the maximum specific tension error evaluated. Perturbation and specific tension errors are 
given as percentage change from baseline value. (A) Sensitivity of specific tension when calculated for pronation. 
(B) Sensitivity of specific tension when calculated for supination. 

Moment Arms 
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Figure 6.24. Sensitivity of specific tension estimates to individual muscle PCSAs and normalised activation levels. PCSA 
and activation level of six forearm muscles were perturbed independently and the maximum specific tension error 
evaluated.  Specific tension error as a function of perturbation was the same for both variables. Perturbation and specific 
tension errors are given as percentage change from baseline value. (A) Sensitivity of specific tension when calculated for 
pronation. (B) Sensitivity of specific tension when calculated for supination. 

PCSA and Activation 
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Figure 6.25. Sensitivity of specific tension estimates to point of application of reaction force. Specific tension errors are 
given as percentage change from baseline value. Perturbation is given in millimetres. (A) Sensitivity of specific tension 
when calculated for pronation. Maximum errors are reported. (B) Sensitivity of specific tension when calculated for 
supination. Average errors are reported. Maximum errors had a very similar relationship but were two orders of 
magnitude larger. 

Position Vector of Reaction Force 
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6.6.2.2 WEAKNESSES OF THE MODEL 

Based on these results, the equation used to estimate specific tension for muscles of 

the forearm is very sensitive to its input data. The estimates were most sensitive to the 

point at which the reaction force was assumed to be applied. They were least sensitive 

to the moment arms used, however, even then they could change by over 200 times the 

original value. Specific tension estimated for pronation was reasonably robust to errors 

in all variables, but specific tension was markedly more sensitive to the input variables 

for supination. To understand why, it is necessary to examine the equation used: 

 𝜎𝜎 =
𝜏𝜏𝐸𝐸

∑ (𝑟𝑟𝑖𝑖 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 ∙ 𝑎𝑎�𝑖𝑖)𝑁𝑁
𝑖𝑖=1 + �̃�𝜏𝑅𝑅

 6.17 

   
From this equation, the magnitude of the specific tension estimate is determined by 

two things: the magnitude of the externally measured forearm torque, 𝜏𝜏𝐸𝐸, and the 

magnitude of the right side denominator. The forearm rotation torque does vary 

between positions and for pronation and supination, but to a comparatively small 

extent. Its influence on the specific tension estimate is limited. Instead, it is the 

denominator that most significantly affects the specific tension calculated. The 

denominator consists of two parts – the net effective muscle moment  

(∑ (𝑟𝑟𝑖𝑖 ∙ 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 ∙ 𝑎𝑎�𝑖𝑖)𝑁𝑁
𝑖𝑖=1 ) and the effective reaction force moment (�̃�𝜏𝑅𝑅). These values are 

described as effective because they do not include the scaling value, 𝜎𝜎. They are 

proportional to the actual net muscle moment and reaction force moment, but not 

equal to them. The net effective muscle moment is the sum of the effective moments 

contributed by each individual muscle. The effective reaction force moment is the 

effective moment caused by the reaction force that the humerus applies to the ulna. 

The sensitivity analysis was performed using the neutral data set. With that data, nine 

out of the fourteen muscles were calculated to contribute a pronating moment. As a 

consequence, the net effective muscle moment for pronation was a relatively large 

pronating moment of 0.0374. The reaction force is not directly affected by the moment 

arms of the muscles or their pronation-supination distribution. It is determined by the 

orientation of each muscle force and its magnitude. For pronation, the effective 

reaction moment was similar in size to the net effective muscle moment, being 0.0316. 
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The denominator for pronation sums to 0.0690. This is a reasonably large value that is 

relatively robust to small changes in the individual muscle variables. 

For supination, the number of pronating and supinating muscles does not change. 

Their relative activations change, which resulted in a net effective muscle moment of   

-0.0023. While this value is negative and does represent a net supinating moment, it is 

an order of magnitude smaller than the net pronating moment. The effective reaction 

force moment was smaller too, at 0.0045. However, it remained a pronating moment. 

The effective reaction force moment was larger than the net effective muscle moment, 

which meant the denominator for supination was positive. Given a negative, supinating 

external torque, the resulting specific tension estimate was negative. However, the 

denominator was also an order of magnitude smaller than for pronation, at 0.0022. As 

a result, small changes to individual muscle variables caused relatively large changes to 

the denominator, in some cases even changing its sign. This in turn causes relatively 

large changes in the estimated specific tension.  

This also explains why a very small change in a particular variable of certain muscles 

can cause a substantial change in the specific tension estimate. Decreasing, for example, 

the activation level of a supinating muscle will decrease the magnitude of the supinating 

net effective muscle moment. However, it will also decrease the magnitude of that 

muscle’s force vector, which in turn will change the effective reaction force moment. 

How it affects the reaction force moment will depend on the orientation of that 

particular muscle’s force vector. If the net effective muscle moment is negative and the 

effective reaction force moment is positive, summing them will result in an effective 

moment that is smaller in magnitude than either of them. If changing a muscle’s variable 

causes the net effective muscle moment to become more similar in magnitude to the 

effective reaction force moment, their sum will grow continually smaller. At a certain 

point, a very small change to the variable can cause an order of magnitude change in 

the denominator’s value, which in turn will cause an order of magnitude change to the 

estimated specific tension. This is the reason for the seemingly random spikes in the 

supination figures above. 

What these results ultimately demonstrate is a complicated, sensitive, and unstable 

model. The model incorporates 44 input variables, where a small change to a single 
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variable can cause a substantial change in the output value. In light of this, it is 

unsurprising that the specific tensions estimated by the model are inaccurate and highly 

variable. It is even less surprising when the accuracy of the input data is considered. In 

particular, the EMG data presented in section 6.5.2 was highly variable. The most 

reasonable approach was to use the average EMG data for each muscle in each position. 

However, with considerable inter-individual variability evident, it is possible that the 

averaged activation patterns did not accurately represent the activation of the present 

subject’s muscles. Furthermore, it was shown in section 6.4.2 that the moment arm 

calculations used in this study were also highly sensitive to their input data. With MR 

imaging data only available at 3 – 5 mm slice intervals, it wasn’t possible to calculate 

accurate muscle lengths to use with the tendon excursion method. The tendon 

excursion method also assumes infinitesimally small rotations, which wasn’t true for 

the MR imaging derived data. As a result, the present method remained the most 

appropriate for determining moment arms that were specific to the subject of the 

model. However, while the input data was determined as precisely as possible, the 

sensitivity of the specific tension calculations means that even small errors in the 

moment arms could result in substantial errors in the specific tension estimates. 

Moreover, even if moment arms were calculated with complete accuracy from the 

available data, the MR images were collected with the forearm at rest. Under active 

muscle contraction, the radius and ulna bones are likely to move (Tay et al., 2007), thus 

altering the attachment sites of muscles, their lines of action and, as a consequence, 

their moment arms.  Similarly, if the axis of rotation had not been replicated precisely 

during forearm torque measurements, the moment arms will not be accurate either. 

The sensitivity of the present model is such that those changes could prevent it from 

achieving a reasonable solution. 

As was discussed in chapter 4, models are inherently simplified representations of the 

systems they model. The present model includes variables that represent key 

relationships known to influence muscle force but it does not account for all known 

relationships. If this model were used to estimate specific tension for a simpler joint 

like the elbow, the reduced number of input variables may have provided a sufficiently 

stable system to allow reasonable solutions, especially if only agonist muscles were 
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included. However, the present study involves many muscles and input variables. 

Despite this, there is only one variable available in the model to balance the equation – 

specific tension. Previous models that include many muscles have additional variables, 

like optimal fibre and tendon slack lengths, that can be optimised muscle-by-muscle to 

achieve an appropriate solution (Delp et al., 1990; Gonzalez et al., 1997; Hale et al., 

2011; Lloyd & Besier, 2003). With only one such variable, which is common to all 

included muscles, the present model requires an overly precise combination of input 

values to balance the system. As a result, it is unable to accommodate any inaccuracy in 

those input values. This is why it has not been possible to calculate accurate, subject-

specific muscle forces in the present study. 

6.6.2.3 MUSCLE FORCES FOR FINITE ELEMENT ANALYSIS 

The next stage of this work was to estimate joint contact pressure in the DRUJ using 

FE analysis. The individual muscle forces calculated in this section were required as 

input to that analysis. The first goal was to determine a dataset representing normal 

joint contact and cartilage deformation for the subject of the model. Without accurate, 

subject-specific muscle forces it is not possible to accomplish that goal. However, a 

further goal was to simulate clinical conditions, specifically UCIS and DRMU, and to 

evaluate the influence of those conditions (or their treatment) on the joint contact 

pressure. That goal is still achievable. The accuracy of the absolute joint contact 

pressures calculated by the FE analysis depends on the accuracy of the input data. 

However, the relative changes to the contact pressures following clinical simulations 

are still meaningful and useful. While the FE analysis will not provide accurate absolute 

estimates of joint contact pressure, it can still demonstrate the effect ulna osteotomies 

of various degrees have on the joint contact pressures. Similarly, it will still be possible 

to evaluate what influence the orientation of the distal radius has on the joint contact 

pressure and show which DRMUs are most likely to be problematic. For this reason, 

there is still benefit in conducting the planned FE analysis for the DRUJ. Furthermore, 

when more accurate estimates of individual muscles forces are available, these can easily 

be incorporated into the model to provide more accurate absolute estimates of DRUJ 

contact pressure. 
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If the FE analysis solution depended only on the magnitude of force input to it, it would 

be possible to use a completely arbitrary force as input to the described analysis. The 

magnitude would not matter when determining the relative joint contact pressures. 

However, the solution depends on both the magnitude of the input force and on its 

orientation. As such, a meaningful analysis still requires a meaningful input force, even 

if the magnitude of that force is not critical. The work in this chapter could not estimate 

an accurate specific tension with which to scale the individual muscle forces. However, 

it did determine the lines of action of each muscle (𝐟𝐟𝑖𝑖), their relative PCSAs (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖), 

and data is available with which to estimate their relative activations during pronation 

and supination (𝑎𝑎�𝑖𝑖). The original assumption was that the specific tension is uniform 

across muscles involved in forearm rotation. Maintaining that assumption, individual 

muscle forces can be estimated using a literature derived estimate of specific 

tension (𝜎𝜎):  

 𝐟𝐟𝑖𝑖 = 𝜎𝜎 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 ∙ 𝑎𝑎�𝑖𝑖 ∙ 𝐟𝐟𝑖𝑖 6.18 
   

The magnitude of the muscle forces may not be completely accurate, but this approach 

can provide a reasonable estimate of the relative force produced by each muscle. As 

was discussed in section 4.3.2, the estimates for specific tension reported in literature 

range from 4.6 – 148.0 N/cm2. The available estimates were averaged and a specific 

tension value of 40 N/cm2 was selected for use in this work. The magnitude of 

individual muscle forces estimated using that specific tension value are presented in 

Table 6.11 and Table 6.12. These forces will serve as input to the FE analysis. 
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Table 6.11. Individual muscle forces estimated for pronation using a literature derived specific tension value of 
40 N/cm2. Maximum muscle force is the product of the muscle’s PCSA and specific tension. These maximum forces are 
scaled linearly based on the muscle’s normalised activation to give their estimated muscle force in each position. 

Muscle Maximum S75 S50 S25 N P25 P50 P75 
APL 138.2 43.4 49.4 48.4 48.2 47.2 51.7 45.9 
BB 302.2 19.4 19.6 13.9 11.1 12.4 21.1 17.2 
BRA 565.9 174.6 192.1 158.8 163.4 120.8 140.0 141.1 
BRAR 158.0 59.8 60.4 59.4 47.9 43.6 44.9 46.9 
ECRB 285.2 88.8 76.2 83.0 122.5 105.2 122.0 97.4 
ECRL 134.0 37.0 37.0 45.7 46.3 50.3 45.3 46.5 
ECU 178.1 92.8 91.1 88.5 98.9 86.1 81.4 82.7 
EIP   50.8 14.0 16.9 17.9 17.5 21.6 19.8 21.1 
EPL   52.7 14.0 12.5 12.9 17.4 18.5 21.9 19.4 
FCR 269.1 143.3 133.8 135.1 131.8 122.4 128.5 84.3 
FCU 442.2 129.8 112.9 129.2 114.4 74.2 73.1 79.0 
PQ 186.6 102.5 98.6 95.7 109.1 118.0 123.8 127.2 
PT 372.5 189.6 208.6 201.6 200.0 189.1 200.4 205.1 
SUP 387.1 190.3 160.3 182.4 162.9 156.5 130.6 148.7 

 

 

Table 6.12. Individual muscle forces estimated for supination using a literature derived specific tension value of 
40 N/cm2. Maximum muscle force is the product of the muscle’s PCSA and specific tension. These maximum forces are 
scaled linearly based on the muscle’s normalised activation to give their estimated muscle force in each position. 

Muscle Maximum S75 S50 S25 N P25 P50 P75 
APL 138.2 71.2 74.4 73.1 66.6 59.5 62.8 67.1 
BB 302.2 196.1 177.1 148.9 147.9 147.2 151.1 138.1 
BRA 565.9 114.9 128.6 82.0 97.1 88.5 101.2 90.6 
BRAR 158.0 20.5 24.7 24.2 40.8 36.6 43.4 50.5 
ECRB 285.2 65.2 82.0 90.0 81.9 104.0 102.7 112.8 
ECRL 134.0 31.4 35.3 39.6 45.9 42.1 41.8 43.0 
ECU 178.1 60.1 73.3 78.8 90.9 96.2 109.0 105.0 
EIP   50.8 17.7 21.8 15.1 19.3 16.6 16.9 15.1 
EPL   52.7 20.2 22.3 19.4 20.3 18.3 15.9 15.2 
FCR 269.1 71.6 58.9 71.0 73.0 84.7 102.0 95.0 
FCU 442.2 101.8 107.5 101.4 110.5 113.0 111.9 122.5 
PQ 186.6 37.9 49.5 36.2 53.4 34.9 43.4 38.9 
PT 372.5 60.8 64.3 56.2 58.2 55.1 53.6 54.3 
SUP 387.1 176.8 199.2 194.3 210.2 209.1 185.5 190.3 
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6.7 SUMMARY 
The goal of this chapter was to implement the muscle force model described in 

chapter 4 to estimate individual forces for forearm muscles during maximal pronation 

and supination in seven forearm positions. The individual muscle forces are needed as 

input for the FE model of the DRUJ in chapter 7. To estimate forces using this model 

it was necessary to know each muscle’s moment arm, PCSA, and normalised activation 

in those seven positions, as well as the maximum forearm rotation torque they were 

capable of producing. Rather than use averaged data from literature, the intent was to 

determine values that were specific to the subject of the FE model. By doing so, both 

the articular geometry and the input forces will be derived from the same source, and 

therefore the joint contact pressures estimated by the FE model are expected to be 

more accurate. 

Maximal isometric pronation and supination torques were performed by the same 

subject for which MR imaging data had been collected and the FE bone model had 

been constructed. These were recorded in all seven positions using an isokinetic 

dynamometer. Overall the subject was capable of greater pronation than supination 

torques. The optimal forearm posture for pronation was with the arm in a mid-

supinated position. Supination torque was greatest with the forearm in 75° pronation. 

Three trials were recorded for each condition and variability was low. These results 

were consistent with the data available in literature. 

Geometric models of the relevant muscles were constructed from the neutral MR 

imaging data. These models were used to determine muscle volumes that were specific 

to the subject of the model. Physiological cross-sectional areas were calculated from 

those muscle volumes and literature derived average fibre lengths. These PCSAs 

provided a subject-specific estimate of the maximum force generating capacity of each 

of the fourteen muscles included in the study. Muscle volume is assumed to be 

conserved with contraction and with change in muscle length. As a result, the PCSAs 

determined in the neutral position can be used to estimate muscle forces in the 

additional positions. The PCSAs calculated in this work differed considerably from 
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those presented in previous work, which demonstrates the value of determining them 

in a subject-specific way. 

Moment arms were calculated using a geometric method that found the component of 

each muscle’s moment vector acting about the defined axis of rotation. A centre line 

representing the path of every muscle was generated for each position of forearm 

rotation. The tangent to that line at the point of insertion gave the muscle’s line of 

action – it specified both the point of force application and the orientation of the 

muscle’s force. From this, moment arms could be calculated. Moment arms calculated 

about the anatomical axis of radius rotation and the elbow flexion-extension axis 

generally fell within the ranges presented in literature. However, those ranges vary so 

considerably that it is hard to be certain about the current results. It was also found that 

the moment arms calculated using the present method are highly sensitive to the input 

data, particularly the orientation of the line of action and the orientation of the axis of 

rotation. As such, errors may be present in the final moment arms that were calculated 

about the torque axis. The available data precluded the use of the more commonly 

implemented tendon excursion method. 

Electromyographic data was not collected from the subject of this study due to the 

difficulty involved in collecting EMG data from fourteen muscles, many of which are 

deep, during pronation and supination contractions in multiple positions. Instead, an 

existing EMG dataset was used. Most muscles in that dataset showed considerable 

activation for both movement directions, indicating significant co-contraction during 

pronation and supination. The co-activation of antagonistic muscles necessitates 

substantially larger forces from agonistic muscles than would otherwise be predicted. 

However, normalised activation varied considerably between subjects. Average 

activation was used in the present study, but it may be that the activation patterns given 

by the averaged data do not accurately represent the activation patterns employed by 

this subject. 

Incorporating the above data into the muscle force model did not yield meaningful 

specific tension estimates. None of the forearm positions gave specific tensions that 

were physiologically realistic for both pronation and supination. The muscle model was 

found to be highly sensitive to its input data. As a result it was not possible to obtain 
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an individualised specific tension estimate with the available data. Instead, muscle 

forces were estimated based on the subject-specific PCSAs, the normalised muscle 

activation data, and a literature derived specific tension value of 40 N/cm2. These 

muscle force magnitudes will be used with the muscle lines of action as input to the FE 

model in chapter 7. The accuracy of the absolute joint contact pressures estimated by 

that model will be limited by the accuracy of the input muscle forces. However, it will 

still be possible to study the relative changes in joint contact pressures with forearm 

position and following clinically relevant simulations. In this respect, there remains a 

benefit in conducting the FE analysis as it will still provide useful and meaningful 

insight into the operation of the DRUJ. 
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7 JOINT CONTACT SIMULATIONS 

7.1 INTRODUCTION 
The aim of this research has been to develop a computational model of the forearm 

that allows articular contact at the DRUJ to be better understood, under both normal 

and clinical conditions. In the normal wrist, the goal was to examine where joint contact 

occurs on the radius and ulna articular surfaces, the magnitude of the load, and how 

both change through the ROM. In the clinical wrist, the goal was to determine how 

both change if the radius or ulna are altered, comparing the results to those determined 

for the normal joint. 

The forearm is a complex system which is comprised of four joints (excluding the 

interosseous membrane and the radio- and ulnocarpal joints) and provides attachment 

sites to 23 muscles. There are many disorders that can be detrimental to its operation 

and that severely affect the functional capacity of patients (Coggins, 2006; Glowacki et 

al., 1997). In chapter 3, two conditions that affect the DRUJ, UCIS and DRMU, were 

isolated and discussed in detail. Briefly, DRMU describes the condition where, 

following an extra-articular fracture, the distal radius fails to heal in its anatomical 

position or orientation. Ulnocarpal Impaction Syndrome describes a condition where 

excess loading of the TFCC causes degradation of the TFCC and considerable pain. It 

appears to be correlated with ulnar variance – the length of the ulna, relative to the 

7 Joint contact 
simulations 
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radius. A problematic ulnar variance can be congenital, but it can also result from an 

injury like a distal radius fracture, if the radius settles shorter than it had been pre-injury. 

In both these conditions, surgical correction is the recommended treatment. In the case 

of DRMU, the goal is to restore anatomical orientation of the distal radius and preserve 

physiological joint contact. For UCIS, the goal is to reduce the length of the ulna to 

decrease the load transmitted across the TFCC. However, in both cases it is difficult to 

predict when malunion or ulnar variance will be problematic, or whether surgical 

intervention will be successful. Therefore, there is a need to better understand how the 

articular orientation of the radius and ulna affect loading at the DRUJ.   

A number of joint contact studies that involve the distal radius and ulna have examined 

the radiocarpal and ulnocarpal joint loads associated with axial forces. Early studies 

suggested that, in the healthy wrist, approximately 80 – 85% of an axial load is 

transmitted through the radius, with the remaining 15 – 20% transferred to the ulna 

(Hara, Horii, An, Linscheid, & Chao, 1992; Palmer & Werner, 1984; Pfaeffle et al., 

2000; Werner et al., 1992). More recent studies have measured up to 33% of the load 

being transmitted through the ulna (Nygaard, Nielsen, & Bojsen-Møller, 2009; Shaaban 

et al., 2006), and the load share has been shown to change with forearm rotation 

(Shaaban et al., 2004; Shaaban et al., 2006) and wrist joint orientation (Hara et al., 1992). 

On average, radio- and ulnocarpal joint contact pressures are reported to be between 

1.4 and 3.3 MPa (Hara et al., 1992; Palmer & Werner, 1984). Two studies also 

investigated the sensitivity of the ulna load share to ulna length – specifically, they 

showed how sensitive TFCC loading is to ulnar variance. In the earlier study, a 20% 

ulna load increased to 42% when the ulna was lengthened by 2.5 mm (Palmer & 

Werner, 1984). Reducing the length of the ulna by 2.5 mm reduced the ulna load share 

to just 4%. A more recent study showed a 20% increase in ulna load with a 1 mm 

increase in ulna length (Nygaard et al., 2009). At 3 mm, the ulna load increased to 67%, 

which was a reversal of their normal load share. Shortening the ulna by 3 mm saw a 

13% reduction in the ulna (and therefore TFCC) load. This data demonstrates the 

importance of ulnar variance to ulnocarpal joint loading. It also demonstrates why 

shortening the ulna has been successful in reducing UCIS pain. 
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One of the above studies measured the load distribution not only at the distal radius 

and ulna, but also at their proximal joints – the humeroulnar and humeroradial joints 

(Pfaeffle et al., 2000). At the wrist, 15% of the axial load was transmitted through the 

ulna. However, at the elbow joint, its load share increased to 33%. It was found that 

the interosseous membrane played an important role in this load transfer, but it also 

highlights the importance of analysing the load transfer at the radioulnar joints. 

A number of studies have reported net joint contact forces for the DRUJ in neutral 

position. Most were recorded under axial loads of up to 100 N, where the net joint 

force ranged from 1.0 – 8.8 N (Harrison, Siddique, Powell, Shaaban, & Stanley, 2005; 

Malone, Cooley, Morris, Terenghi, & Lees, 2014; Shaaban et al., 2004). One study 

simulated muscle loads through the four primary pronators and supinators (Gordon, 

Kedgley, Ferreira, King, & Johnson, 2006) – BB, PQ, PT and SUP. Biceps brachii had 

the greatest influence on DRUJ contact force, with an 80 N muscle force generating 

15 N contact force at the joint. However, the relationship between muscle force and 

DRUJ loading was not consistent or predictable. When agonist co-contraction was 

simulated, the joint contact force decreased by 50 – 60%. These results indicate how 

important realistic loading conditions are to accurate evaluation of DRUJ contact. 

Net joint force remains a relatively crude measure of joint contact. Depending on the 

contact area, the cartilage in a joint can experience very different contact pressure for a 

given joint force. Three studies have measured joint contact area for the DRUJ, though 

their results vary greatly. Each applied axial loads of up to ~90 N, but reported contact 

areas of 7.6 – 15.7 mm2 (Ishii, Palmer, Werner, Short, & Fortino, 1998), 35 – 50 mm2 

(Malone et al., 2014), and 35 – 65 mm2 (Shaaban et al., 2007). The discrepancy may be 

due to differences in the pressure-sensitive film used in the respective studies. Arguably, 

the measure that is most relevant to understanding DRUJ health is joint contact 

pressure, of which contact area is only an indicator. Several studies have directly 

measured joint contact pressure in the DRUJ, although the results are often averaged 

over forearm positions and loads. Nevertheless, the results are relatively consistent, 

with average pressures ranging from 0.45 – 2.5 MPa for axial or compressive loads up 

to ~100 N (Lapner, Poitras, Backman, Giachino, & Conway, 2004; Malone et al., 2014; 

Rajaai, Walsh, & Schindhelm, 1996; Werner, Murphy, & Palmer, 1989). A significant 
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finding in the existing literature is that joint force (Harrison et al., 2005), contact area 

(Ishii et al., 1998; Malone et al., 2014; Shaaban et al., 2007) and contact pressure (Rajaai 

et al., 1996) increase substantially between an unloaded and loaded joint, with relatively 

little change after subsequent load increases. This suggests that there may be a level of 

contact pressure for which the joint is optimised. Small changes to that homeostasis 

could disrupt the normal joint biomechanics and lead to degradation of its articular 

cartilage. 

Almost all the data that exists for DRUJ contact has been collected in cadaveric studies. 

Only one study has used a model to estimate joint contact areas and pressures in vivo 

(Varre, Lee, McIff, Toby, & Fischer, 2011). Magnetic resonance images of unloaded 

wrists were used to construct models of the distal radius and ulnar head. These models 

were registered to subsequent images of the wrist collected during light grasping. 

Surface penetration was used to evaluate contact area and estimate cartilage strain. 

Contact pressure was inferred from that strain. DRUJ contact area ranged from 

8 – 45 mm2 (mean = 26 mm2), which is similar to the range found across the two 

cadaveric studies. Peak contact pressures were less variable, ranging from 0.8 – 1.2 MPa. 

When integrated across the contact areas, an average net joint force of 13.8 N was 

calculated. The joint contact pressures and net joint force are similar to those measured 

in cadaveric experiments. 

The location of contact may also be very important for understanding DRUJ 

pathologies. An injury or surgery may not alter the net joint contact force or even the 

contact pressure. However, the point of contact may shift to an area of the articular 

cartilage not otherwise accustomed to those loads. It is reasonable to think this may 

ultimately result in degradation of the cartilage structure. For this reason, it would be 

valuable to know where contact ordinarily occurs on both the radius and ulna articular 

surface throughout the range of forearm rotation. Two cadaveric studies have reported 

the location of contact on the articular surface of the radius. In the neutral forearm 

position, contact occurs centrally in the sigmoid notch (Ishii et al., 1998; Werner et al., 

1989). It then shifts dorsally during pronation and palmarly during supination, 

translating approximately 8 mm through the ROM (Ishii et al., 1998). Similar results 

were shown for radius contact using a CT-based model (Marai et al., 2004). Bone 
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meshes were constructed from CT data collected throughout the ROM, and contact 

was inferred from the distance between articular surfaces. On the radius, contact 

occurred towards the palmar side of the sigmoid notch in supination, translating to the 

dorsal side during pronation. The opposite was shown for the ulna articular surface, 

with contact shifting from its dorsal surfaces in supination to its palmar surfaces in 

pronation. 

Two authors have investigated the changes in net joint force that occur through the 

ROM (Malone et al., 2014; Shaaban et al., 2004). Both employed axial loads and found 

peak DRUJ contact force to occur at 30 – 60° supination. Net joint force decreased 

through the pronated positions, being least in maximum pronation. In a study of 

contact area, a very similar trend was shown. Contact area peaked at 30° supination and 

was smallest in maximal pronation (Shaaban et al., 2007). In a healthy joint, a 

relationship like this should be expected. The positions where greatest joint force occur 

correspond to the positions with greatest contact area, thus preventing excessive joint 

contact pressures. Although several studies recorded contact pressures through the 

ROM (Harrison et al., 2005; Ishii et al., 1998; Rajaai et al., 1996), only one has reported 

that data (Malone et al., 2014). They have shown very similar results to the previous 

studies, with both contact area and joint contact pressure peaking in 30° supination. 

Based on the available data, greatest DRUJ loading appears to occur with the forearm 

in mid-supination. However, a study that simulated physiological loading of individual 

muscles demonstrated different relationships for different muscles (Gordon et al., 

2006). Biceps brachii muscle force caused the greatest joint contact force with the arm 

in pronation and the lowest force in supination. Pronator quadratus caused similar 

contact forces in pronation and supination, but lower force in a neutral position. This 

again indicates that realistic loading conditions may be very important for accurately 

evaluating DRUJ contact, both at neutral and through the forearm ROM. 

Finally, there has also been some research to investigate the influence of ulnar variance 

on DRUJ contact. Ulna osteotomies have been recommended as treatment for patients 

with early signs of osteoarthritis in the DRUJ (Scheker & Severo, 2001). A recent study 

showed no change in net joint force with a change in ulna length (Nygaard et al., 2009). 

However, other studies have shown decreased contact area with ulnar shortening 
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(Deshmukh, Shanahan, & Coulthard, 2000; Miura et al., 2005), which would cause an 

increase in joint contact pressure. Although few studies have investigated this, the data 

that is available supports that inference. One study has reported an increased joint 

contact pressure of up to 200% with 5 mm resection of the ulnar head (Lapner et al., 

2004). A second study reported on ulnar lengthening, and showed DRUJ contact 

pressure to increase from 2.5 MPa to 4.8 MPa with a 5 mm change in ulna length 

(Werner et al., 1989). Based on these studies, DRUJ contact pressure is sensitive to 

changes in ulna length. There is also evidence that changes in the sigmoid notch 

orientation affects DRUJ contact force (Harrison et al., 2005). However, in both cases 

there has been no systematic study showing the relationship between ulnar variance or 

sigmoid notch orientation and DRUJ contact. That data would be valuable to clinicians 

treating patients with these conditions. It may also help to explain the observations 

made by several authors of post-operative degenerative changes in the DRUJ (Köppel 

et al., 1997; Minami & Kato, 1998; Sagerman et al., 1995). 

The goal of the present study was to improve and broaden the current understanding 

of healthy DRUJ contact. Joint contact pressures were evaluated throughout the range 

of forearm rotation during maximal pronation and supination, as were the location of 

contact on the radius and ulna articular surfaces. Having established the parameters of 

healthy joint contact, the model was used to conduct a systematic study to evaluate the 

influence DRMU and ulna osteotomies have on that joint contact. It was hypothesised 

that, following injury or surgery, the joint mechanics will be altered so that either joint 

contact pressure will increase, or the contact area will move to a part of the articular 

surface not normally loaded. It is theorised that these changes to the biomechanical 

system may, in the long term, result in breakdown of the articular cartilage and the onset 

of osteoarthritis.  

7.2 METHODOLOGY 
The kinematic analysis in chapter 5 was performed using rigid-body mechanics. Rigid-

body mechanics assumes that a force applied to a body will result in translation and/or 

rotation of that body, but no deformation will occur. The radius and ulna bone models, 
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which were developed in chapter 4 and used to visualise the rigid-body kinematics in 

chapter 5, represent the geometry of the bones at rest. During forearm rotation, muscle 

forces (and external forces) bring these bones into contact at the proximal and distal 

radioulnar joints, causing deformation of the associated articular cartilage. The present 

analysis is focused on the contact that occurs at the DRUJ. 

The goal of this chapter was to determine the stress distribution in the DRUJ cartilage, 

and so, evaluate joint contact pressure. The internal stresses are directly related to the 

strain (or degree of deformation) that the cartilage experiences. In order to investigate 

articular cartilage deformation at the DRUJ, a computational model based on the theory 

of finite elasticity was developed. This model was numerically solved using the FE 

method. The next sections briefly describe the development of that model. Once the 

theoretical foundation of the model has been discussed, the specific model used in this 

study will be described, along with the simulations that were run. 

7.2.1 DEFORMATION OF ELASTIC SOLIDS 

Elastic solids undergoing deformation are governed by conservation of momentum, 

which gives rise to the Cauchy equation. Since the analysis in this study assumes static 

(or quasi-static) conditions, the present model uses the static Cauchy equation, which 

is obtained based on the conservation of linear momentum. Conservation of angular 

momentum ensures that the stress tensor is symmetric. The static Cauchy equation, 

which provides the physics-based governing equation in this computational model, is 

given by: 

 𝜕𝜕𝜎𝜎𝑖𝑖𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

+ 𝜌𝜌. 𝑏𝑏𝑖𝑖 = 0   :    𝑖𝑖, 𝑗𝑗 = 1. .3 7.1 

   
where 𝜎𝜎𝑖𝑖𝑖𝑖 are components of the Cauchy stress tensor, 𝑥𝑥𝑖𝑖 are the spatial coordinates, 

𝑏𝑏𝑖𝑖 are the body force components, and 𝜌𝜌 is the material density. 

In order to solve this equation, constitutive properties and appropriate boundary 

conditions are needed. In the present analysis the kinematic (strain-displacement) 

relationships are based on the theory of finite elasticity. Each of these will be described 

in the following sections. 
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7.2.1.1 KINEMATICS OF DEFORMATION – THEORY OF  

FINITE ELASTICITY 

Kinematics, as it relates to continuum mechanics, describes the change in geometry of 

a body with time – the deformation of the body. Since cartilage can undergo large 

deformation, it is necessary to study its deformation using the theory of finite elasticity. 

Generally, the deformation of a body can be described using a continuous displacement 

field that varies with time. However, in the present study a quasi-static model is 

assumed, where the body is only considered in two configurations: undeformed and 

deformed. 

Coordinate systems are fundamental to the study of an object’s kinematics. The spatial 

coordinate system (spatial CS) is an arbitrary but fixed, orthogonal coordinate system. 

When an object deforms, the spatial coordinates of particles within the object will 

change. The material coordinate system (material CS) is a coordinate system that is 

attached to the object of interest, and it deforms with the object. Because the material 

CS deforms with the object, the material coordinates of particles within the object will 

not change with deformation. In the undeformed (reference) configuration, the 

material coordinate system is orthogonal. In the deformed (current) state it will no 

longer be.  

Suppose that an undeformed body occupies a configuration 𝑝𝑝0 in physical space. 

Consider two particles in that body, 𝑷𝑷 and 𝑸𝑸. The distance between those particles, 

described in the spatial CS, can be given as 𝑑𝑑𝐱𝐱. That distance described in the material 

CS will be given as 𝑑𝑑𝛎𝛎. They are related as follows: 

 
𝑑𝑑𝐱𝐱 =

𝜕𝜕𝐱𝐱
𝜕𝜕𝛎𝛎

𝑑𝑑𝛎𝛎 7.2 

   
Since the undeformed material CS is orthogonal, the transformation between it and the 

spatial CS constitutes a rigid-body transformation. In this case, 𝜕𝜕𝐱𝐱
𝜕𝜕𝛎𝛎

 is a rotational tensor. 

Once the body is deformed it will occupy a new configuration, 𝑝𝑝1. The distance 

between particles 𝑷𝑷 and 𝑸𝑸 described in the material CS remains unchanged (𝑑𝑑𝛎𝛎). 



JOINT CONTACT SIMULATIONS 

 

2 2 5  

However, their relative location in the spatial CS is now given as 𝑑𝑑𝐳𝐳. This is related to 

the material location as follows: 

 
𝑑𝑑𝐳𝐳 =

𝜕𝜕𝐳𝐳
𝜕𝜕𝛎𝛎

𝑑𝑑𝛎𝛎 7.3 

   
In order to simplify the derivation, it is assumed that the material CS aligns with the 

spatial CS in the undeformed state. When that is the case: 

 
𝑑𝑑𝐳𝐳 =

𝜕𝜕𝐳𝐳
𝜕𝜕𝛎𝛎

𝑑𝑑𝛎𝛎 =
𝜕𝜕𝐳𝐳
𝜕𝜕𝐱𝐱

𝑑𝑑𝛎𝛎 = 𝐅𝐅.𝑑𝑑𝛎𝛎 7.4 

   
where 𝜕𝜕𝐳𝐳

𝜕𝜕𝐱𝐱
 is called the deformation gradient tensor (𝐅𝐅). However, the deformation can 

also be described in displacement terms: 

 𝐳𝐳 = 𝐱𝐱 + 𝐮𝐮  
  7.5 
 

𝐅𝐅 =
𝜕𝜕𝐳𝐳
𝜕𝜕𝐱𝐱

=
𝜕𝜕𝐱𝐱
𝜕𝜕𝐱𝐱

+
𝜕𝜕𝐮𝐮
𝜕𝜕𝐱𝐱

= 𝐈𝐈 +
𝜕𝜕𝐮𝐮
𝜕𝜕𝐱𝐱

 
 

   
The last tensor in equation 7.5, 𝜕𝜕𝐮𝐮

𝜕𝜕𝐱𝐱
, is termed the displacement gradient tensor.  

When a body deforms, it is subject not only to shearing and scaling, but also translation 

and rotation. The latter two components constitute rigid-body motion, not 

deformation. It can be shown that the deformation gradient tensor, 𝐅𝐅, does not include 

translation. However, it does still include rotation. This must be removed in order to 

measure the true deformation that occurred. 

Using polar decomposition, a tensor can be expressed as the product of an orthogonal 

tensor (rotation – 𝐑𝐑) and a symmetric tensor (stretch – 𝐔𝐔 or 𝐕𝐕). As a consequence, the 

deformation gradient tensor can be further described as follows: 

 𝐅𝐅 = 𝐑𝐑1.𝐔𝐔  
  7.6 
 𝐅𝐅 = 𝐕𝐕.𝐑𝐑2  
   

While the deformation tensor is identical in both cases, the order of multiplication 

results in different stretch tensors (𝐔𝐔 and 𝐕𝐕). The rotation components can be removed 
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using right or left multiplication of the deformation gradient tensor, 𝐅𝐅. Right 

multiplication gives rise to the right Cauchy deformation tensor (𝐂𝐂): 

 𝐂𝐂 = 𝐅𝐅𝑇𝑇 . 𝐅𝐅 = (𝐑𝐑1.𝐔𝐔)𝑇𝑇 . (𝐑𝐑1.𝐔𝐔) = 𝐔𝐔𝑇𝑇 .𝐑𝐑1
𝑇𝑇 .𝐑𝐑1.𝐔𝐔 = 𝐔𝐔𝑇𝑇 .𝐔𝐔 7.7 

   
where 𝐂𝐂 is a symmetric tensor that represents the true deformation of the body. 

Similarly, left multiplication gives rise to the left Cauchy deformation tensor (𝐁𝐁): 

 𝐁𝐁 = 𝐅𝐅.𝐅𝐅𝑇𝑇 = (𝐕𝐕.𝐑𝐑1). (𝐕𝐕.𝐑𝐑1)𝑇𝑇 = 𝐕𝐕.𝐑𝐑1.𝐑𝐑1
𝑇𝑇 .𝐕𝐕𝑇𝑇 = 𝐕𝐕.𝐕𝐕𝑇𝑇 7.8 

   
Strain measures are defined from these deformation tensors. The Green-Lagrange 

strain tensor (𝐄𝐄) is calculated from the right Cauchy deformation tensor as: 

 
𝐄𝐄 =

1
2

(𝐂𝐂 − 𝐈𝐈) =
1
2

(𝐅𝐅𝑇𝑇 . 𝐅𝐅 − 𝐈𝐈) 
 

   
 

𝐄𝐄 =
1
2
��𝐈𝐈 +

𝜕𝜕𝐮𝐮
𝜕𝜕𝐱𝐱
�
𝑇𝑇

. �𝐈𝐈 +
𝜕𝜕𝐮𝐮
𝜕𝜕𝐱𝐱
� − 𝐈𝐈� 

 

  7.9 
 

𝐄𝐄 =
1
2
�𝐈𝐈𝑇𝑇 . 𝐈𝐈 + 𝐈𝐈𝑇𝑇 .

𝜕𝜕𝐮𝐮
𝜕𝜕𝐱𝐱

+ �
𝜕𝜕𝐮𝐮
𝜕𝜕𝐱𝐱
�
𝑇𝑇

. 𝐈𝐈 + �
𝜕𝜕𝐮𝐮
𝜕𝜕𝐱𝐱
�
𝑇𝑇

. �
𝜕𝜕𝐮𝐮
𝜕𝜕𝐱𝐱
� − 𝐈𝐈� 

 

   
 

𝐄𝐄 =
1
2
�
𝜕𝜕𝐮𝐮
𝜕𝜕𝐱𝐱

+ �
𝜕𝜕𝐮𝐮
𝜕𝜕𝐱𝐱
�
𝑇𝑇

+ �
𝜕𝜕𝐮𝐮
𝜕𝜕𝐱𝐱
�
𝑇𝑇

.
𝜕𝜕𝐮𝐮
𝜕𝜕𝐱𝐱
� 

 

   

It can be seen that the final strain tensor includes a quadratic term, �𝜕𝜕𝐮𝐮
𝜕𝜕𝐱𝐱
�
𝑇𝑇

. 𝜕𝜕𝐮𝐮
𝜕𝜕𝐱𝐱

. That term 

is neglected for small deformations and analysis is performed using linear strain (𝛆𝛆). In 

this study, where large deformation occurs, it is necessary to include the full non-linear 

strain tensor. 

The Almansi-Euler strain tensor (𝐞𝐞) is calculated from the left Cauchy deformation 

tensor as: 

 𝐞𝐞 =
1
2

(𝐈𝐈 − 𝐁𝐁−1) =
1
2

(𝐈𝐈 − (𝐅𝐅.𝐅𝐅𝑇𝑇)−1)  

  7.10 
 

𝐞𝐞 =
1
2
�
𝜕𝜕𝐮𝐮
𝜕𝜕𝐳𝐳

+ �
𝜕𝜕𝐮𝐮
𝜕𝜕𝐳𝐳
�
𝑇𝑇

− �
𝜕𝜕𝐮𝐮
𝜕𝜕𝐳𝐳
�
𝑇𝑇

.
𝜕𝜕𝐮𝐮
𝜕𝜕𝐳𝐳
� 
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The Green-Lagrange strain tensor uses the Lagrangian description of strain, where the 

deformation is described relative to the reference (undeformed) state. The Almansi-

Euler strain tensor uses the Eulerian description, where the deformation is described 

relative to the current (deformed) state. The invariants of both tensors are identical, 

since they are not dependent on the reference system used. They are calculated as 

follows: 

 𝐼𝐼1 = 𝑡𝑡𝑟𝑟(𝐂𝐂) = 𝑡𝑡𝑟𝑟(𝐁𝐁)  
   
 

𝐼𝐼2 =
1
2

(𝑡𝑡𝑟𝑟(𝐂𝐂2) − [𝑡𝑡𝑟𝑟(𝐂𝐂)]2) =
1
2

(𝑡𝑡𝑟𝑟(𝐁𝐁2) − [𝑡𝑡𝑟𝑟(𝐁𝐁)]2) 7.11 

   
 𝐼𝐼3 = det(𝐂𝐂) = det(𝐁𝐁)  
   

These deformation and strain tensors are used to describe the kinematics of deformable 

bodies and are fundamental to formulating the finite deformation elasticity equations 

of the continuum model. The chosen constitutive model is based on the first 

invariant (𝐼𝐼1) of the right Cauchy deformation tensor.  

7.2.1.2 CONSTITUTIVE PROPERTIES 

Constitutive relationships allow the internal stresses in a material to be inferred from 

its strain and are usually given in the form of a stress-strain relationship. The present 

study models a biological tissue, cartilage, undergoing large deformation. The 

mechanical behaviour of the cartilage is modelled using the neo-Hookean hyperelastic 

model, the simplest form of the non-linear Rivlin model (Rivlin & Saunders, 1951). The 

constitutive properties are described using a strain energy density function (𝑤𝑤). They 

are isotropic and assumed to be homogenous throughout the material. The neo-

Hookean strain energy density function is given by: 

 𝑤𝑤 = 𝑐𝑐10(𝐼𝐼1 − 3) 7.12 
   

where 𝐼𝐼1 is the first invariant of the right Cauchy deformation tensor, and 𝑐𝑐10 is a 

constant calculated from experimentally determined material properties. In the present 

model, a literature derived Young’s modulus (𝐸𝐸) was used together with a Poisson 

ratio (𝜈𝜈) of 0.4999 to calculate 𝑐𝑐10, as follows: 
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𝜇𝜇 =

𝐸𝐸
2(1 + 𝜈𝜈) 

 

  7.13 
 𝑐𝑐10 =

𝜇𝜇
2

  

   
An additional term was appended to the neo-Hookean strain energy density function 

to impose an incompressibility constraint: 

 𝑤𝑤 = 𝑐𝑐10(𝐼𝐼1 − 3) − 𝑝𝑝(𝐽𝐽 − 1) 7.14 
   

where 𝑝𝑝 is the Lagrange multiplier representing hydrostatic pressure and 𝐽𝐽 is the 

deformed-to-undeformed volume ratio, which is also the determinant of the 

deformation gradient tensor (𝐽𝐽 = �𝐼𝐼3). 

Stress can be calculated by differentiating the strain energy density function with respect 

to strain. Since strain can be defined in more than one way, stress must be too. If the 

strain energy density function is differentiated with respect to the Green-Lagrange 

strain tensor, the 2nd Piola-Kirchhoff stress tensor (𝐓𝐓) is calculated: 

 
𝐓𝐓 =

𝜕𝜕𝑤𝑤
𝜕𝜕𝐄𝐄

 7.15 

   
Similarly, the Cauchy stress tensor (𝛔𝛔) can be calculated by differentiating the strain 

energy density function with respect to the Almansi-Euler strain tensor: 

 
𝛔𝛔 =

𝜕𝜕𝑤𝑤
𝜕𝜕𝐞𝐞

 7.16 

   
Differentiating the strain energy density function with respect to the Almansi-Euler 

strain tensor is more computationally involved, so the present model determines the 

2nd Piola-Kirchhoff stress using the Green-Lagrange strain tensor. Note that the 

governing equation (7.1) requires components of the Cauchy stress tensor (𝛔𝛔). The two 

are related by: 

 𝛔𝛔 =
1
𝐽𝐽
𝐅𝐅.𝐓𝐓.𝐅𝐅𝑇𝑇  

  7.17 
 𝐓𝐓 = 𝐽𝐽.𝐅𝐅−1.𝛔𝛔.𝐅𝐅−𝑇𝑇  
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7.2.1.3 BOUNDARY CONDITIONS AND CONTACT FORCES 

Both Dirichlet (displacement) and Neumann (force/traction) boundary conditions are 

implemented in the present model. The Dirichlet boundary conditions constrain 

movement of the structures, while the Neumann boundary conditions provide the 

physiologically-based loads (e.g. muscle forces). In addition to boundary conditions 

there are also contact forces that arise from interaction between structures. 

7.2.2 NUMERICAL IMPLEMENTATION 

The model solves for the deformed state that satisfies the governing equations, the 

constitutive relationships and the boundary conditions, subject to other constraints like 

incompressibility and contact. It can be shown that the solution will be the state of 

minimum total strain energy – the state of least energy out of many possible 

configurations. A closed form analytical solution does not exist for the described 

model, where the problem domain includes complex geometry and large non-linear 

deformations. In order to solve the system of equations, the FE method was used. 

The FE method involves breaking the problem down into smaller subdomains (finite 

elements) that are connected by nodes. A solution for the field variables (in this case, 

displacement) at the nodes is sought that satisfies the governing equations, constitutive 

relationships and boundary conditions. Within the elements, field variable values are 

obtained by interpolating the nodal values. Usually the interpolation functions are 

polynomials, as they have good numerical properties. Although there are several 

methods to formulate the FE model, the Galerkin method (a weighted residuals 

method) was used in the present study. 

7.2.2.1 DISCRETISATION AND INTERPOLATION FUNCTIONS 

As mentioned, the FE method divides the problem domain into smaller subdomains 

(elements) in order to make the problem amenable to a solution. Figure 7.1 shows a 

domain discretised into smaller subdomains. The nodal values in Figure 7.1 are 

determined such that they satisfy the governing equation and boundary conditions. 

Intra-element variation of the field variable is then evaluated by interpolating the nodal 

values. 
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Variation of the field variable within the element is parameterised using the normalised 

element coordinate, 𝜉𝜉. Note that 𝜉𝜉 varies from 0 to 1. For a 1D element, linear, 

quadratic and cubic variation is described by: 

 𝐮𝐮 = 𝐚𝐚 + 𝐛𝐛𝜉𝜉  
   
 𝐮𝐮 = 𝐚𝐚 + 𝐛𝐛𝜉𝜉 + 𝐜𝐜𝜉𝜉2 7.18 
   
 𝐮𝐮 = 𝐚𝐚 + 𝐛𝐛𝜉𝜉 + 𝐜𝐜𝜉𝜉2 + 𝐝𝐝𝜉𝜉3  
   

To obtain the interpolation functions, a 1D linear case (equation 7.18A) is considered. 

To completely define the polynomial (in this case, linear), two known values are needed 

per field variable per element. Using those two known values, the constants 𝐚𝐚 and 𝐛𝐛 in 

the polynomial can be solved. Equation 7.18A can then be rearranged so that: 

 𝐮𝐮 = (1 − 𝜉𝜉).𝐔𝐔1 + (𝜉𝜉).𝐔𝐔2 7.19 
   

where 𝐮𝐮 represents the field variable at any point within the element, 𝐔𝐔1 and 𝐔𝐔2 are 

the field variable values at the element’s first and second node respectively, and (1 − 𝜉𝜉) 

and (𝜉𝜉) are known as the interpolation or shape functions.   

 

Figure 7.1. Problem domain in 2D space discretised into smaller subdomains 
(elements) connected by nodes. Variation of field variables within elements is 
interpolated based on their values at the nodes. 
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In matrix form: 

 𝐮𝐮 = [(1 − 𝜉𝜉) (𝜉𝜉)] �𝐔𝐔
1

𝐔𝐔2� 
 

   
 𝐮𝐮 = [Φ1(𝜉𝜉) Φ2(𝜉𝜉)] �𝐔𝐔

1

𝐔𝐔2� 7.20 

   
 𝐮𝐮 = 𝚽𝚽.𝐔𝐔  
   

where 𝚽𝚽 represents the interpolation functions associated with a particular nodal 

variable, 𝐔𝐔 gives the nodal values for those variables, and 𝐮𝐮 represents the field variable 

value for any point within the element.  

To accurately capture the solution for more complex variation, a very large number of 

linearly interpolated elements would be needed. Instead, it is often more efficient to use 

higher order polynomials (e.g. cubic interpolation), where complex variation of the field 

variable can be captured with far fewer elements. As can be seen from equation 7.18C, 

four known values are required per field variable per element in order to determine the 

unknown coefficients for cubic interpolation. If this is achieved using nodal values only, 

the resulting elements are called Lagrange family elements. Alternatively, nodal 

derivatives can be used in addition to nodal values, with the resulting elements known 

as Hermite family elements. Where the large deformations may include bending and 

twisting, it is necessary to guarantee continuity not only of displacement, but of the 

displacement derivative as well. This ensures moment balance across the element 

boundary. For that reason, Hermite elements are used in the present model. Hermitian 

cubic interpolation of field variables is given by: 

 

𝐮𝐮 = [Φ1(𝜉𝜉) Φ2(𝜉𝜉) Φ3(𝜉𝜉) Φ4(𝜉𝜉)]

⎣
⎢
⎢
⎢
⎢
⎢
⎡ 𝐔𝐔

1

𝜕𝜕𝐮𝐮
𝜕𝜕𝜉𝜉
�
1

𝐔𝐔2

𝜕𝜕𝐮𝐮
𝜕𝜕𝜉𝜉
�
2

⎦
⎥
⎥
⎥
⎥
⎥
⎤

 7.21 

where 𝜕𝜕𝐮𝐮
𝜕𝜕𝜕𝜕
�
𝑖𝑖
 is the derivative of the field value at node 𝑖𝑖.  
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The interpolation functions for each nodal degree of freedom are: 

 Φ1(𝜉𝜉) = 1 − 3𝜉𝜉2 + 2  
   
 Φ2(𝜉𝜉) =  𝜉𝜉(𝜉𝜉 − 1)2  
  7.22 
 Φ3(𝜉𝜉) = 𝜉𝜉2(3 − 2𝜉𝜉)  
   
 Φ4(𝜉𝜉) = 𝜉𝜉2(𝜉𝜉 − 1)  
   

If the problem is expanded to include a 2D (area) element, interpolation will occur over 

two element parameters (𝜉𝜉1 and 𝜉𝜉2). The interpolation functions can be determined by 

taking the tensor product, as follows: 

⎣
⎢
⎢
⎢
⎡1 − 3𝜉𝜉1

2 + 2
𝜉𝜉1(𝜉𝜉1 − 1)2

𝜉𝜉1
2(3 − 2𝜉𝜉1)
𝜉𝜉1
2(𝜉𝜉1 − 1) ⎦

⎥
⎥
⎥
⎤
⊗ [1 − 3𝜉𝜉2

2 + 2  𝜉𝜉2(𝜉𝜉2 − 1)2 𝜉𝜉2
2(3 − 2𝜉𝜉2) 𝜉𝜉2(𝜉𝜉2 − 1)] = �

Φ1 Φ2 Φ3 Φ4

Φ5 Φ6 Φ7 Φ8

Φ9 Φ10 Φ11 Φ12

Φ13 Φ14 Φ15 Φ16

� 
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Cubic-Hermite interpolation of an area element requires 16 known values per field 

variable per element. This is achieved using the nodal values and their derivatives at 

each of the four element nodes. Interpolation functions for a 3D volume element are 

obtained by extending the tensor product to include the 𝜉𝜉3 interpolation functions. A 

cubic-Hermite 3D (volume) element requires 64 known values per field variable per 

element. In matrix form, interpolation as a weighted sum of nodal variables 

(node 1 to 𝑁𝑁) is given by: 

 
𝐮𝐮 = �𝚽𝚽𝑚𝑚(𝝃𝝃).𝐔𝐔𝑚𝑚

𝑁𝑁

𝑚𝑚=1

 7.24 

   

7.2.2.2 GALERKIN FINITE ELEMENT METHOD 

The goal of the FE model is to determine the nodal values that satisfy the governing 

equation, as well as the constitutive relationships and boundary conditions described in 

section 7.2.1. Determining those nodal values involves solving complex, partial 

differential equations for which no analytical solution exists. Galerkin method is a 

method of weighted residuals useful for solving partial differential equations.  
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Suppose the following describes a complex differential equation for which there is no 

analytical solution: 

 𝑑𝑑𝑓𝑓(𝑥𝑥)
𝑑𝑑𝑥𝑥

= 0 7.25 

   
The above function, 𝑓𝑓(𝑥𝑥), is approximated by the sum of a number of constants and 

trial functions, such that:  

 
𝑓𝑓∗(𝑥𝑥) = �𝑐𝑐𝑖𝑖 .𝑁𝑁𝑖𝑖(𝑥𝑥)

𝑁𝑁

𝑖𝑖=1

 7.26 

   
where 𝑓𝑓∗(𝑥𝑥) is an approximation of the original function, 𝑁𝑁𝑖𝑖(𝑥𝑥) is a trial function, and 

𝑐𝑐𝑖𝑖 is an associated constant. 𝑁𝑁 gives the total number of trial functions included, where 

each trial function must satisfy any boundary conditions. While the trial functions are 

assumed, the constants in the residual equation must be solved for. The residual 

equation becomes: 

 
𝐑𝐑 =

𝑑𝑑𝑓𝑓∗(𝑥𝑥)
𝑑𝑑𝑥𝑥

≠ 0 7.27 

   
Using the method of weighted residuals, the residual equation is integrated over the 

entire problem domain, subject to a weighting function, and set to zero: 

 
� 𝜔𝜔𝑖𝑖 .𝐑𝐑
𝑚𝑚

𝑚𝑚

= 0               i = 1,𝑁𝑁 7.28 

   
where 𝑛𝑛 and 𝑚𝑚 represent the boundaries of the problem domain, and 𝜔𝜔𝑖𝑖 represents 

the weighting function. In Galerkin method, the trial functions are selected as the 

weighting functions, such that: 

 
� 𝑁𝑁𝑖𝑖(𝑥𝑥).𝐑𝐑
𝑚𝑚

𝑚𝑚

= 0               i = 1,𝑁𝑁 7.29 

   
This provides as many integration equations as there were trial functions and the 

constants can be found by solving the simultaneous equations. 
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In the present model, the Galerkin method of weighted residuals is applied to the FE 

method. Instead of integrating over the entire problem domain, integration is 

performed over elements. The interpolation functions of the element of interest are 

used as the trial (and weighting) functions in the residual equation. The constants are 

those nodal values that satisfy the governing equation, constitutive properties and 

boundary conditions. 

7.2.2.3 CONTACT MECHANICS 

The present application involves contact between the cartilage surfaces of the DRUJ. 

This provides additional boundary conditions to the problem, and it is therefore 

necessary to solve the contact mechanics. Contact mechanics deals with the mechanical 

interaction of bodies that are in contact with each other. The analysis in this study 

considers contact where large deformation is involved. Contact areas and forces are 

determined using a gap function together with Signorini conditions.  

Consider two bodies, 𝑝𝑝1 and 𝑝𝑝2, that are in contact with each other. The contact 

boundary of 𝑝𝑝1 is termed the contact slave, while the boundary of  𝑝𝑝2 is termed the 

contact master. A material point on the surface of 𝑝𝑝1 is described by vector 𝐱𝐱1, with 

its closest point projection onto  𝑝𝑝2 being 𝐱𝐱�2. The gap function is then given by: 

 𝑔𝑔 = −𝐧𝐧� ∙ (𝐱𝐱1 − 𝐱𝐱�2) 7.30 
   

where 𝐧𝐧� is a normalised vector representing the outward surface normal at 𝐱𝐱�2. The 

magnitude of the resulting 𝑔𝑔 is determined by the Euclidian distance between the 

contact surfaces (𝐱𝐱1 − 𝐱𝐱�2). The sign is such that penetrating surfaces correspond to 

𝑔𝑔 > 0, separated surfaces (no contact) correspond to 𝑔𝑔 < 0, while 𝑔𝑔 = 0 exist when 

the two surfaces are in perfect contact. 

Three constraints are imposed for solid bodies that are in contact and in a state of 

equilibrium. These are termed the Signorini conditions, and are given by: 

 𝑔𝑔 ≤ 0  
   
 𝑡𝑡𝑁𝑁 ≥ 0 7.31 
   
 𝑡𝑡𝑁𝑁 .𝑔𝑔 = 0  
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The first constraint is that of impenetrability. Solid bodies can be separated or in 

contact, but they cannot penetrate each other. The second constraint requires that all 

contact forces (𝑡𝑡𝑁𝑁) be compressive. The third constraint ensures that contact forces 

only exist if the surfaces are actually in contact. At any point over the surface, points 

must either be in contact (𝑔𝑔 = 0) or the contact force must be zero. 

If the two contact surfaces do penetrate each other, a compressive force is applied at 

𝐱𝐱1 and  𝐱𝐱�2 (assuming two deformable bodies are in contact) to counteract that 

penetration. The compressive force (𝑡𝑡𝑁𝑁) is oriented normal to the contact surface (in 

the direction of 𝐧𝐧�). In the present model the contact constraints were imposed using 

the penalty method. Contact force was calculated as the product of the gap function 

and the penalty coefficient, 𝜖𝜖𝑁𝑁, known as the contact stiffness: 

 𝑡𝑡𝑁𝑁 = 𝜖𝜖𝑁𝑁{𝑔𝑔} 7.32 
   

where { } are known as the Macaulay brackets and indicate that the contact pressure is 

only evaluated when the gap is positive. Equation 7.32 will only be perfectly satisfied if 

𝜖𝜖𝑁𝑁 → ∞. Since very large values make the solution numerically unstable, contact 

pressure is approximated using a sufficiently large 𝜖𝜖𝑁𝑁 (𝜖𝜖𝑁𝑁 = 100 N/mm).  

7.2.2.4 NUMERICAL INTEGRATION 

Solving the FE equations requires integration over surfaces and volumes. This cannot 

generally be performed analytically, so a numerical method is used instead. The current 

model uses Gauss-Legendre quadrature, where the integral is approximated by a 

weighted sum of the integrands, evaluated at specific (Gauss) points within the element. 

For 2D surface integrals, the solution is given by: 

 
�𝑓𝑓(𝜉𝜉1, 𝜉𝜉2) 𝑑𝑑𝜉𝜉1𝑑𝑑𝜉𝜉2

1

0

≈��𝜔𝜔𝑖𝑖𝜔𝜔𝑖𝑖

𝐽𝐽

𝑖𝑖=1

𝐼𝐼

𝑖𝑖=1

𝑓𝑓�𝜉𝜉1
𝑖𝑖 , 𝜉𝜉2

𝑖𝑖� 7.33 
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and volume integrals are evaluated as: 

 
�𝑓𝑓(𝜉𝜉1, 𝜉𝜉2, 𝜉𝜉3) 𝑑𝑑𝜉𝜉1𝑑𝑑𝜉𝜉2𝑑𝑑𝜉𝜉3

1

0

≈���𝜔𝜔𝑖𝑖𝜔𝜔𝑖𝑖𝜔𝜔𝑘𝑘𝑓𝑓�𝜉𝜉1
𝑖𝑖 , 𝜉𝜉2

𝑖𝑖 , 𝜉𝜉3
𝑘𝑘�

𝐾𝐾

𝑘𝑘=1

𝐽𝐽

𝑖𝑖=1

𝐼𝐼

𝑖𝑖=1

 7.34 

   
where 𝐼𝐼, 𝐽𝐽, 𝐾𝐾 are the number of Gauss Points in 𝜉𝜉1, 𝜉𝜉2 and 𝜉𝜉3 directions, and 𝜔𝜔𝑖𝑖 , 𝜔𝜔𝑖𝑖 , 

and 𝜔𝜔𝑘𝑘 are the weights associated with the Gauss points located at element coordinates 

𝜉𝜉1
𝑖𝑖, 𝜉𝜉2

𝑖𝑖, 𝜉𝜉3
𝑘𝑘 respectively. The procedure for determining the Gauss point coordinates 

and their weights is documented (Burden & Faires, 2005). It can be proven that, for a 

polynomial of 𝑛𝑛th order, the Gaussian integration technique can give an exact solution 

using 2𝑛𝑛 − 1 integration points.  

7.2.2.5 NUMERICAL SOLUTION 

The FE model involves a system of non-linear algebraic equations which are solved 

iteratively using the Newton-Raphson method. Suppose a solution is sought for the 

non-linear function: 

 𝑓𝑓(𝑥𝑥) = 0 7.35 
   

An initial estimate, 𝑥𝑥0, is evaluated. In the next iteration, the estimate (𝑥𝑥1) is selected 

by: 

 
𝑥𝑥1 = 𝑥𝑥0 +

𝑓𝑓(𝑥𝑥0)
𝑓𝑓′(𝑥𝑥0)

 7.36 

   
where 𝑓𝑓′(𝑥𝑥0) is the derivative of the non-linear function. The next approximation of 𝑥𝑥 

is the x-intercept of the tangent to 𝑓𝑓(𝑥𝑥) taken at 𝑥𝑥0 (see Figure 7.2). The process is 

repeated until convergence is reached.  
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For a system with 𝑁𝑁 non-linear equations, the Newton-Raphson method of 

determining successive estimates can be given as: 

 𝐱𝐱𝑖𝑖 = 𝐱𝐱𝑖𝑖−1 + 𝐉𝐉𝑖𝑖−1−1 𝐑𝐑(𝐱𝐱𝑖𝑖−1) 7.37 
   

where 𝐱𝐱𝑖𝑖([𝑥𝑥𝑖𝑖1 𝑥𝑥𝑖𝑖2 ⋯ 𝑥𝑥𝑖𝑖𝑁𝑁]𝑇𝑇) is the 𝑖𝑖th iteration solution estimate and 

𝐉𝐉𝑖𝑖−1 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡
𝜕𝜕𝑓𝑓1
𝜕𝜕𝑥𝑥𝑖𝑖−11

𝜕𝜕𝑓𝑓2
𝜕𝜕𝑥𝑥𝑖𝑖−11 ⋯

𝜕𝜕𝑓𝑓𝑁𝑁
𝜕𝜕𝑥𝑥𝑖𝑖−11

𝜕𝜕𝑓𝑓1
𝜕𝜕𝑥𝑥𝑖𝑖−12

𝜕𝜕𝑓𝑓2
𝜕𝜕𝑥𝑥𝑖𝑖−12 ⋯

𝜕𝜕𝑓𝑓𝑁𝑁
𝜕𝜕𝑥𝑥𝑖𝑖−12

⋮ ⋮ ⋮
𝜕𝜕𝑓𝑓1
𝜕𝜕𝑥𝑥𝑖𝑖−1𝑁𝑁

𝜕𝜕𝑓𝑓2
𝜕𝜕𝑥𝑥𝑖𝑖−1𝑁𝑁 ⋯

𝜕𝜕𝑓𝑓𝑁𝑁
𝜕𝜕𝑥𝑥𝑖𝑖−1𝑁𝑁 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

            𝐑𝐑(𝐱𝐱𝑖𝑖−1) =

⎣
⎢
⎢
⎡𝑓𝑓1(𝑥𝑥𝑖𝑖−11 , 𝑥𝑥𝑖𝑖−12 ⋯𝑥𝑥𝑖𝑖−1𝑁𝑁 )
𝑓𝑓2(𝑥𝑥𝑖𝑖−11 , 𝑥𝑥𝑖𝑖−12 ⋯𝑥𝑥𝑖𝑖−1𝑁𝑁 )

⋮
𝑓𝑓𝑁𝑁(𝑥𝑥𝑖𝑖−11 ,𝑥𝑥𝑖𝑖−12 ⋯𝑥𝑥𝑖𝑖−1𝑁𝑁 )⎦

⎥
⎥
⎤
 

7.38 
 
𝐉𝐉 and 𝐑𝐑 are termed the Jacobian or gradient matrix and the residual vector respectively. 

Provided the initial estimate is close to the solution, the Newton-Raphson method 

exhibits quadratic convergence (Gosz, 2006). In the present model, the undeformed 

state was used as the initial estimate. Because the problem involves large deformation, 

load was applied incrementally. The solution for each load step served as the initial 

estimate for the next load step.  

 

 

Figure 7.2. Newton-Raphson method for selecting successive iterations. 
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Convergence was determined based on two stopping criteria: 

 ‖∆𝐪𝐪‖ ≤ 𝑇𝑇𝑐𝑐𝑙𝑙∆q  
  7.39 
 ‖𝐑𝐑‖ ≤ 𝑇𝑇𝑐𝑐𝑙𝑙R‖𝐑𝐑0‖  
   

The first criterion requires that the solution vector converge (i.e. ∆𝐪𝐪 ≈ 𝟎𝟎), where 

∆𝐪𝐪 = 𝐪𝐪𝒊𝒊 − 𝐪𝐪𝒊𝒊−𝟏𝟏 and 𝑇𝑇𝑐𝑐𝑙𝑙∆q = 1 × 10−6. The second criterion requires that the 

residual vector be close to a null vector (i.e. 𝐑𝐑 ≈ 𝟎𝟎). This was determined based on the 

current residual vector’s ratio to the residual vector of the initial estimate, where 

𝑇𝑇𝑐𝑐𝑙𝑙R = 1 × 10−10. A maximum number of allowable iterations is set. If these two 

criteria have not been satisfied after that number of iterations, the procedure is repeated 

at a smaller load step. The final deformed configuration was obtained when the full 

load had been applied and convergence had been reached. 

7.2.3 FINITE ELEMENT MODEL OF THE DRUJ 

The undeformed geometry for the present model was derived from high-resolution MR 

imaging scans obtained with the arm in a resting, unloaded state. The development of 

the radius and ulna bone meshes was described in detail in section 4.2.2. The 

computational model for predicting DRUJ cartilage deformation was based on the 

theory described in sections 7.2.1 and 7.2.2 and was implemented in MATLAB (Wu, 

2014). The specific details of the DRUJ model are given in this section. 

7.2.3.1 MATERIAL PROPERTIES 

The mechanical properties of cartilage and bone were modelled as hyperelastic, as 

described in section 7.2.1.2. Material-specific stress-strain relationships were estimated 

based on Young’s moduli, obtained by reviewing the experimental data available in 

literature. The values that were used in the present model are given in Table 7.1. It 

should be noted that the Young’s moduli for cartilage and cancellous bone vary greatly 

across studies. The mechanical properties of both are highly dependent on their 

microstructure, therefore the values measured experimentally will depend on the 

specific specimen tested and on the orientation and nature of its loading. Consequently, 
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it is unsurprising that the available data varies so greatly. In the current model, values 

were selected that represent the data reported by the majority of papers. 

Table 7.1. Material properties used for bones and cartilage. 

Material Young’s 

Modulus 

Literature 

Cortical bone 18 GPa (Reilly, Burstein, & Frankel, 1974; Rho, Ashman, 

& Turner, 1993) 

Cancellous 

bone 

600 MPa (Goldstein, Wilson, Sonstegard, & Matthews, 

1983; Homminga et al., 2002; Linde & Hvid, 1989; 

Morgan, Bayraktar, & Keaveny, 2003; Rho, 

Hobatho, & Ashman, 1995; Rohlmann, 

Bergmann, & Kolbel, 1980; Turner, Cowin, Rho, 

Ashman, & Rice, 1990) 

Cartilage 2 MPa (Démarteau, Pillet, Inaebnit, Borens, & Quinn, 

2006; Jurvelin, Arokoski, Hunziker, & Helminen, 

2000; Kim, Bonassar, & Grodzinsky, 1995; 

Korhonen et al., 2002; Mow, Kuei, Lai, & 

Armstrong, 1980; Schinagl, Gurskis, Chen, & Sah, 

1997; Stolz et al., 2004; Thambyah, Nather, & 

Goh, 2006) 

 

Mechanical properties were treated as field variables using mesh nodal values. The distal 

radius and ulnar head were modelled as cancellous bone. The elements proximal to 

these were modelled as cortical bone. There is very little data available with which to 

estimate cartilage thickness in the DRUJ, and it was not possible to segment the 

cartilage layer in the present MR images. Based on data from other joints (Springer 

1998, Schmidt 2004, Rafehi 2012), from the radio/ulnocarpal articular surfaces 

(Yoshioko 2007, Buck 2011), and taking into consideration the joint space evident in 

the MR images, a cartilage thickness of 1 mm would be a reasonable estimate. However, 

in the present model, cartilage was not modelled explicitly as an element layer. Instead, 

cartilage material properties were assigned to the surface nodes of those elements 
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representing the articular surfaces of the DRUJ. The deep nodes of those elements were 

given cancellous bone properties. The material properties within the elements were 

interpolated linearly. This approach was chosen because it was simpler to implement 

than meshing the cartilage separately, it prevented the numerical issues of using very 

thin elements, and was found to give similar accuracy to an integration point-based 

approach.  

7.2.3.2 DIRICHLET BOUNDARY CONDITIONS 

To simplify the simulations and reduce the solving time, the nodal field variables of the 

ulna bone were fixed in the present model. The centre of rotation for the radius was 

selected as the centre of the radial head articular surface. The nodal displacements were 

constrained at that node, allowing rotation of the radius but not translation. This 

ensured that the proximal radius and ulna maintained their respective positions, but the 

radius could still be rotated to bring the bones into contact at the DRUJ. 

7.2.3.3 NEUMANN BOUNDARY CONDITIONS 

The Neumann boundary conditions in this model were the forearm muscle forces that 

bring the radius and ulna bones into contact. Ligament and interosseous membrane 

contributions were not considered, nor were external forces. Gravitational force was 

ignored, as the arm was fully supported in the jig during MR imaging and it was 

considered to have negligible influence on the results. 

PHYSIOLOGICAL LOADING 

The forces that fourteen muscles of the forearm produce during maximal pronation 

and supination were estimated in seven forearm positions (see chapter 6). These muscle 

force predictions were based on the PCSA of the muscle, its activation level, and 

include the point of force application and the orientation of the force vector. Applying 

each individual muscle force at its respective ulna and radius attachment sites was 

computationally problematic. Instead, the individual muscle forces were combined to 

give a single force vector that gave their resulting influence on the DRUJ. By doing so, 

only one force needed to be included in each simulation.  
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There were a total of 27 lines of action for the fourteen muscles included. Five muscles 

(APL, EIP, EPL, PQ and SUP) have attachments to both radius and ulna, with PQ and 

SUP each represented with three lines of action. The total muscle force for PQ and 

SUP was divided equally between their three lines of action. The remaining nine 

muscles (BB, BRA, BRAR, ECRB, ECRL, ECU, FCR, FCU and PT) have only one 

attachment to either the radius or the ulna. The net force acting across the DRUJ was 

calculated as follows: 

 
𝐟𝐟𝑚𝑚𝑒𝑒𝑡𝑡 = �𝐟𝐟𝑟𝑟

16

𝑟𝑟=1

−�𝐟𝐟𝑢𝑢

11

𝑢𝑢=1

 7.40 

   
where 𝐟𝐟𝑟𝑟 and 𝐟𝐟𝑢𝑢 are the muscle force vectors acting on the radius and ulna, respectively, 

and 𝐟𝐟𝑚𝑚𝑒𝑒𝑡𝑡 represents the net force acting across the DRUJ. The net force was applied to 

the radius bone. It was necessary to know not only the net force vector, but also the 

node in the radius mesh at which that force should be applied. The position vector, 

𝐩𝐩𝑚𝑚𝑒𝑒𝑡𝑡, for the net force was calculated as follows: 

 
𝛕𝛕𝑚𝑚𝑒𝑒𝑡𝑡 = �𝐩𝐩𝑟𝑟 × 𝐟𝐟𝑟𝑟

16

𝑟𝑟=1

−�𝐩𝐩𝑢𝑢 × 𝐟𝐟𝑢𝑢

11

𝑢𝑢=1

 
 

  7.41 
 𝛕𝛕𝑚𝑚𝑒𝑒𝑡𝑡 = 𝐩𝐩𝑚𝑚𝑒𝑒𝑡𝑡 × 𝐟𝐟𝑚𝑚𝑒𝑒𝑡𝑡  
   

where the total moment acting on the radius and ulna (𝛕𝛕𝑚𝑚𝑒𝑒𝑡𝑡) was calculated by the sum 

of the cross product of each muscle’s position (𝐩𝐩𝑟𝑟 or 𝐩𝐩𝑢𝑢) and force (𝐟𝐟𝑟𝑟 or 𝐟𝐟𝑢𝑢) vector. 

The net position vector was calculated so as to maintain the same net moment in the 

forearm. The net force was then applied to the node in the radius mesh closest to its 

position vector. Any joint reaction force at the elbow was assumed to pass through the 

joint centre, and therefore did not contribute to the net moment in the forearm. A net 

force and position vector was calculated for maximal pronation and supination in seven 

positions of forearm rotation. 

It should be noted that the absolute muscle forces estimated in chapter 6 were not 

accurate. As such, absolute joint contact pressures are unlikely to be either. Instead, the 

relative joint contact pressure between the various testing conditions will be analysed. 
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COMPRESSION LOADING 

The magnitudes of the net muscle forces were relatively consistent between forearm 

positions. However, the muscle moment calculations in equation 7.41 are subject to the 

same sensitivities as were identified for the moment arm calculations in section 6.4.2.2. 

As a result, the position vectors determined for the net muscle forces were seen to vary, 

sometimes substantially, between positions.  

One of the goals of this study was to investigate how DRUJ contact changes through 

the forearm’s ROM. The variability of the calculated position vectors affects the 

moment applied to the radius in the contact simulations. Therefore, it will not be 

possible to know whether changes that are observed in the simulation results reflect 

real changes in DRUJ contact, or whether they are the consequence of inaccurate 

moment calculations.  

Instead, a vector was created that was normal to the articular surface of the radius, so 

that the relative orientation of the vector was maintained throughout the range of 

forearm rotation. A 10 N load was then applied in the direction of that vector to a 

central node at the base of the distal radius. This provided a compression loading 

condition that was uniform throughout the forearm ROM. 

7.2.3.4 MEASURES OF JOINT CONTACT 

Using the theory from sections 7.2.1 and 7.2.2, the Cauchy stress tensor is calculated 

based on the cartilage deformation. However, it is the joint contact pressure that is of 

interest in the present study. Contact pressure can be calculated from the Cauchy stress 

tensor (𝛔𝛔) as follows: 

 𝐭𝐭 = 𝛔𝛔𝐧𝐧� 7.42 
   

where 𝐭𝐭 is the stress vector and 𝐧𝐧� is a unit vector normal to the joint surface. Contact 

pressure (𝑃𝑃) can then be determined by: 

 𝑃𝑃 = 𝐧𝐧� ∙ 𝐭𝐭  
   

     = 𝐧𝐧�𝑇𝑇𝐭𝐭 7.43 
   

                                    = 𝐧𝐧�𝑇𝑇𝛔𝛔𝐧𝐧�  
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Peak contact pressure (𝑃𝑃𝑚𝑚𝑎𝑎𝑥𝑥) was recorded, as well as the average pressure  

across the contact area (𝑃𝑃𝑚𝑚𝑒𝑒𝑎𝑎𝑚𝑚). A triangular surface mesh was generated using  

the Gauss points at which positive pressures were calculated (MeshLab, 

http://meshlab.sourceforge.net/). The total area of that surface mesh provided  

the joint contact area (𝑝𝑝𝑐𝑐). Finally, joint contact force (𝐹𝐹𝑐𝑐) was estimated by multiplying 

the average joint contact pressure with the joint contact area: 

 𝐹𝐹𝑐𝑐 = 𝑃𝑃𝑚𝑚𝑒𝑒𝑎𝑎𝑚𝑚.𝑝𝑝𝑐𝑐  7.44 
   

These measures were used to examine DRUJ contact in the various simulations.  

7.2.4 SIMULATIONS 

As per the hypotheses in this study, joint contact simulations were run in two stages. 

The first simulations calculated joint contact pressure and the location of contact for 

the normal, healthy DRUJ in seven positions of forearm rotation. The second stage 

estimated contact pressure and determined the location of contact in the clinical DRUJ. 

The specific simulations run for each are described here.  

7.2.4.1 NON-CLINICAL SIMULATIONS 

Distal radioulnar joint contact was simulated for maximal pronation and supination in 

seven forearm positions, from 75° supination to 75° pronation. This allowed joint 

contact measures to be compared between pronation and supination and throughout 

the range of forearm rotation. In total, fourteen simulations that represent healthy 

DRUJ contact were carried out. 

In addition to these physiologically-based loading conditions, contact was simulated in 

each position using a 10 N compression load. This required a further seven simulations. 

7.2.4.2 CLINICAL SIMULATIONS 

Clinical simulations were run to examine the relationship of UCIS and DRMU to DRUJ 

contact. Due to the number of simulations and their solving time, clinical simulations 

were limited to the neutral forearm position. A consistent input force was used in all 

trials, with the maximal pronation and supination force estimated for the neutral 
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position used to drive joint contact. This ensured that any variation in joint contact was 

a consequence of the changed DRUJ geometry and not the loading condition. 

Ulnocarpal impaction syndrome (and its treatment) was tested by systematically 

increasing and decreasing the length of the ulna bone. This was achieved by shortening 

and lengthening a row of elements halfway down the shaft of the ulna bone: the distal 

nodes of those elements were translated in a direction parallel to the long axis of the 

bone. The bone mesh was lengthened and shortened by 5 mm at 1 mm intervals. This 

resulted in ten joint variations, each tested under pronation and supination loading 

conditions. The radius bone was not altered for these tests. In total, twenty simulations 

were carried out to test the influence of ulna length on DRUJ contact. 

Distal radius malunion comes as a consequence of serious trauma and is, by nature, 

variable in its form. The conditions simulated in this study may not directly reflect any 

single DRMU case. Instead, the goal was to study the relationship between distal radius 

orientation and DRUJ contact in a systematic way. To make this possible, a local, 

orthogonal coordinate system was created at the base of the distal radius. The first axis 

represented the long axis of the radius bone. With the arm in anatomical positon, the 

second axis was oriented mediolaterally with the third oriented palmodorsally. Only the 

nodes of the distal radius elements were rotated about each axis of the local coordinate 

system. Rotation was performed in 2° increments up to +/- 6°. These were deemed 

the extremes at which DRUJ function may be possible without significant adaptation, 

based on qualitative assessment of the altered bone models. There were six simulations 

carried out for distal radius rotation about each axis. Each test was performed under 

pronation and supination loading conditions, for a total of 36 simulations. The non-

clinical ulna bone model was used for all tests. It should be noted that a clinically 

presented DRMU case is unlikely to match any of the conditions tested. It will instead 

be a combination of rotations about multiple axes, possibly with a concurrent change 

to the relative length of the ulna.  
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7.3 RESULTS AND DISCUSSION 
Joint contact data was found to be very similar between pronation and supination 

loading conditions, as shown in Figure 7.3. The data presented for subsequent 

physiologically-based loading simulations represents the average of both. 

7.3.1 NON-CLINICAL SIMULATIONS 

The peak and average joint contact pressures calculated for physiologically-based 

loading are presented in Figure 7.3. The position vectors calculated for the S75 

pronation and supination net forces (section 7.2.3.3) were located furthest from the 

elbow joint. This resulted in a larger moment, and so, greater effective load at the 

DRUJ. As would be expected, joint contact pressure was also greatest in the S75 

position. Further simulations were run where each net force was applied at the same 

point on the radius. The resulting joint contact pressures were almost identical to those 

determined under controlled compression loading. This showed that the simulation 

results were sensitive to inaccuracies in the loading location. For that reason, controlled 

compression loading was used to study joint contact through the forearm ROM. 

 

Figure 7.3. Average and maximum DRUJ contact pressures for each forearm position, estimated using 
position-specific, physiologically-based, pronation and supination loads. 
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The maximum and average joint contact pressures calculated under 10 N compression 

loading are presented in Figure 7.4A. Generally, the average and peak joint contact 

pressures followed very similar patterns. Arguably, it is the peak contact pressure that 

will have the greatest influence on cartilage health or degradation, rather than the 

contact pressure averaged over the whole contact area. For that reason, the maximum 

contact pressures observed in each forearm position will be the focus of this discussion. 

Both maximum and average contact pressure peaked with the forearm positioned in 

mid-supination, an increase of 69% over the maximum contact pressure calculated in 

the neutral position. A second peak was observed at early to mid-pronation, with the 

maximum contact pressure at P25 being 46% greater than in the neutral position. The 

lowest contact pressure was observed with the forearm in 75° pronation, a decrease of 

35%. These results are supported by those found in experimental research (Malone et 

al., 2014; Shaaban et al., 2004), where greatest contact has been reported in mid-

supination and least in full pronation. However, those studies did not show the increase 

in early- to mid-pronation. The absolute contact pressures estimated by the present 

model are considerably higher than those reported previously. Average contact 

pressures ranged from 3.14 – 9.58 MPa, with peak pressures ranging from 6.20 – 16.01 

MPa through the ROM. Although data is limited, average contact pressures between 

0.80 and 2.03 MPa have been reported (Lapner et al., 2004; Malone et al., 2014; Rajaai 

et al., 1996), with peak contact pressures of 1 – 5 MPa (Werner et al., 1989). It should 

be noted that the absolute values estimated by the present model are mediated by the 

loading conditions used and the material properties chosen for the cartilage. As a result, 

the values calculated by the model are of less importance than the relationships shown. 

Joint contact area remained relatively consistent across most of the ROM (Figure 7.4B). 

Excepting S75 (39% decrease) and P25 (54% increase), contact area varied by less than 

30%. At neutral, the DRUJ contact area was 4.2 mm2, which increased to 6.4 mm2 at 

P25 and decreased to 2.5 mm2 at S75. The mean contact area was 4.2 mm2. In literature, 

reported contact areas have ranged from 7.6 – 65.0 mm2 (Ishii et al., 1998; Malone et 

al., 2014; Shaaban et al., 2007; Varre et al., 2011). The smaller contact areas predicted 

by the present model may account for the contact pressures that are larger than have 

previously been reported. 
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Figure 7.4. DRUJ contact data estimated using a controlled 10 N compression load in each forearm 
position. (A) Average and maximum joint contact pressures in each forearm position. (B) Joint 
contact area in each forearm position. (C) Joint contact force in each forearm position. 
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When contact area was considered along with the average contact pressure, the contact 

force was shown to follow a similar but exaggerated pattern to the peak contact 

pressure (Figure 7.4C). The forearm positions with the largest contact force (S50 and 

P25) also had the largest contact areas. That makes sense, as more cartilage contact 

would be expected with greater load. Moreover, that is arguably one the main functions 

of cartilage – where load increases, the cartilage deforms, increasing the contact area 

and decreasing the resulting pressure in the joint. Contact area did not increase 

sufficiently to maintain a steady joint contact pressure at S50 and P25. However, 

Figure 7.4C demonstrates how much greater the fluctuations would be if there were 

not a corresponding increase in the joint contact area. A joint contact force of 16.5 N 

was predicted for the neutral position, slightly higher than the 1.0 – 15.0 N reported 

previously (Gordon et al., 2006; Harrison et al., 2005; Malone et al., 2014; Shaaban et 

al., 2004; Varre et al., 2011). While previous studies have shown up to a 100% increase 

in the contact force through the range of forearm rotation (Shaaban et al., 2004), the 

present model predicted a 200% increase at S50. The associated increase in peak contact 

pressure was only 69%, demonstrating the efficiency with which cartilage deformation 

mitigates the impact of changes in joint load. 

In addition to the above measures, it is also important to know where on the radius and 

ulna articular surfaces contact typically occurs. If injury or surgery shifts the point of 

contact to areas of cartilage not normally loaded, cartilage degradation may occur, even 

if the joint contact pressure is not altered. Figure 7.5 illustrates the cartilage surfaces of 

the radial sigmoid notch and ulnar head (Palmer & Werner, 1984). In the neutral 

position, contact occurred towards the palmar side of the radius sigmoid notch (Figure 

7.6) and slightly dorsally on the ulnar head (Figure 7.7). Contact on the ulnar head 

shifted dorsally during supination and palmarly during pronation. This is consistent 

with observations in literature (Marai et al., 2004). The location of contact on the 

sigmoid notch did not change with 25° of rotation in either direction, but shifted 

dorsally with 50° of both pronation and supination. This result is different to that 

shown in previous studies. Contact in the neutral position has been shown to occur 

centrally, shifting palmarly during supination and dorsally during pronation (Ishii et al., 

1998; Marai et al., 2004; Werner et al., 1989). The reason for this difference is not clear. 
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In supination, the radius is generally believed to slide across the ulnar head so that 

contact occurs palmarly.  

In the present study, the radius was seen to pivot during supination, maintaining contact 

on the dorsal side. However, without additional subjects it is not possible to determine 

why this is so. Longitudinally, the location of contact did not change significantly on 

either the ulna or the radius articular surfaces. Contact on the radius occurred in the 

proximal portion of the sigmoid notch, while contact occurred centrally on the ulnar 

head. That is the zone of cartilage which, based on the present model, is ordinarily 

loaded during forearm rotation. If contact moves outside of these areas, cartilage 

degradation may result. 

 

Figure 7.5. Articular cartilage (light blue) on the joint surfaces of the radial sigmoid notch and ulnar head (Palmer 
& Werner, 1984). 
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7.3.2 ULNOCARPAL IMPACTION SYNDROME 

Ulnar variance describes the length of the ulna relative to the radius, where a negative 

ulnar variance describes an ulna shorter than the radius and a positive ulnar variance 

describes an ulna longer than the radius. As was discussed in chapter 3, positive ulnar 

variance has been associated with UCIS incidence, and an ulnar shortening osteotomy 

is commonly its treatment (Bowers, 1988; Jay Boulas & Milek, 1990; Palmer et al., 1984; 

Sammer & Rizzo, 2010). While shortening the ulna successfully reduces ulnocarpal 

loading, post-operative degenerative changes have been observed at the DRUJ (Köppel 

et al., 1997; Minami & Kato, 1998). It is suggested that changing the length of the ulna 

may have a negative influence on contact at the DRUJ. For that reason, a series of 

simulations were carried out to examine the relationship between ulna length and DRUJ 

contact. 

The subject’s normal ulnar variance was calculated to be -2.8 mm with the forearm in 

a neutral position. The ulna bone model was systematically lengthened and shortened 

in 1 mm increments to give a total ulnar variance change of +/- 5 mm. The resulting 

estimates for joint contact pressure, area and force are presented in Figure 7.8.  

Increasing the length of the ulna did not increase the force transmitted across the 

DRUJ, but decreased it by 36 – 75%. The reduced contact force was associated with a 

reduced contact area (33 – 78%), so that the contact pressure at the DRUJ remained 

largely unchanged. This supports the concept of a homeostatic joint contact pressure 

that, when possible, is maintained in the joint. It contrasts a previous cadaveric study, 

where a 5 mm increase in the relative length of the ulna was shown to increase joint 

contact pressure by approximately 90% (Werner et al., 1989). Based on the present data 

an increase in the length of the ulna may be well tolerated at the DRUJ. However, 

increasing the length of the ulna did influence where contact occurred on the sigmoid 

notch of the radius (see Figure 7.10). There was relatively little change to the point of 

contact on the ulnar head (Figure 7.12), but contact immediately began to shift distally 

on the sigmoid notch. By +2 mm, contact had shifted to a portion of the sigmoid notch 

not normally loaded during forearm rotation. It is possible that this change may cause 

cartilage damage, despite contact pressure remaining relatively unchanged. It should 
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Figure 7.8. DRUJ contact data as a function of ulna length change. N represents the subject’s 
normal ulna length, which was lengthened and shortened by up to 5 mm. (A) Average and 
maximum joint contact pressures as a function of ulna length change. (B) Joint contact area as 
a function of ulna length change. (C) Joint contact force as a function of ulna length change. 
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also be noted that any increase in the length of the ulna will significantly increase 

ulnocarpal loading (Palmer et al., 1984).  

Decreasing the length of the ulna was associated with a very large increase to DRUJ 

contact force. Shortening the ulna by 1 mm increased the contact force by 146%, while 

a 5 mm shortening increased it 459%. Associated with this increase in contact force 

was an expected increase in contact area. Contact area peaked at -4 mm, having 

increased by 313% relative to the normal joint. As a consequence, the increase to DRUJ 

contact pressure was considerably less. There was still a trend towards increasing joint 

contact pressure with ulnar shortening, as has been demonstrated previously (Lapner 

et al., 2004; Nishiwaki et al., 2008). In the present model, contact pressure appeared to 

peak at -3 mm (34% increase) before flattening out. This change was not greater than 

was observed for the normal joint, but the contact pressure may increase further when 

the forearm is rotated. It is also not known whether such a large increase to the joint 

contact force may still cause cartilage damage in the long term. It may be that a patient 

with healthy articular cartilage can accommodate the increased contact area and force, 

but that a patient with poor articular cartilage will be unable to do so. Based on this 

data, it is important that clinicians consider not only the impact ulnar shortening will 

have on ulnocarpal and TFCC loading, but also its influence on DRUJ contact. 

This becomes particularly important when one considers the location of contact (Figure 

7.9 and Figure 7.11). Contact on the ulnar head shifted slightly dorsally, but remained 

physiological in the neutral position. Contact on the sigmoid notch was largely 

unchanged with 1 – 2 mm of shortening. From 3 mm of shortening, contact shifted 

proximally and dorsally on the sigmoid notch so that it was no longer physiological. It 

is questionable whether any further shortening is possible without a proximal 

dislocation of the DRUJ.  

What is not known, is how the current subject’s joint geometry compares to a patient 

with UCIS. If their normal joint corresponds to, for example, this subject’s at +3 mm, 

it may be that they can accommodate several millimetres of ulnar shortening. 

Alternatively, their articular geometry may differ significantly, so that the above analysis 

would yield very different results. The modelling approach used in this work has 

considerable benefits for studying this problem. It allows the relationship between bone 
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length and joint contact to be evaluated such that it takes into account the subject’s 

specific joint geometry. However, to better understand this relationship, it is necessary 

to perform the analysis on a greater number of healthy subjects, as well as patients with 

UCIS. Having data from a larger number of healthy subjects will make it possible to 

determine whether the results in the present study can be generalised to other 

individuals.  Having data from patients with UCIS will demonstrate how their joint 

geometry differs, and whether joint contact can be generalised between patients. It may 

be that the relationship between ulna length and DRUJ joint contact has to be evaluated 

on an individual-by-individual basis. 
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7.3.3 DISTAL RADIUS MALUNION 

The effects of DRMU on DRUJ contact were systematically examined by rotating the 

distal radius about three anatomically-based orthogonal axes. The resulting bone 

models included up to 6° of palmar-dorsal rotation, radial-ulnar rotation, and 

retroversion-anteversion of the distal radius. As was noted in section 7.2.4.2, the 

specific conditions tested in this study are unlikely to correspond to any single case of 

DRMU. However, by systematically studying the influence of each displacement, the 

goal is to better predict their combined effect on the DRUJ. The subject’s normal distal 

radius orientation was evaluated using the measures described in chapter 3. That data 

is presented in Table 7.1, and the changes made to the distal radius were relative to that 

starting orientation. 

Table 7.2. Measures of distal radius orientation for the subject's DRUJ, compared to the mean (and range) reported in 
literature. 

Measure Subject Literature 
Ulnar Variance -3 mm   0 mm (-4 –   4 mm) 
Radial Length 14 mm 11 mm ( 8 – 18 mm) 
Radial Inclination 28° 22° (13 – 30°) 
Palmar Inclination 14° 11° ( 0° – 28°) 

  

The joint contact data estimated for palmar-dorsal rotation of the distal radius is 

presented in Figure 7.13. Palmar rotation of the distal radius decreased the joint contact 

pressure by up to 28%. This decrease was also reflected in the contact force and contact 

area data for 2° – 4° rotations. With 6° of palmar tilt there was a sudden jump in both 

the contact force (43%) and contact area (65%). This corresponded to a dorsal shift in 

the location of contact on the sigmoid notch and ulnar head (see Figure 7.14 and Figure 

7.15). While the point of contact did not depart from the areas loaded during normal 

forearm rotation, the shift may become problematic as the position of the forearm 

changes.  

With dorsal tilt of the distal radius, a very slight trend towards increasing contact 

pressure was shown (Figure 7.13A). At 6° of dorsal tilt, peak contact pressure increased 

11% and the average joint contact pressure rose 15%. However, joint contact force 

increased 109%, with an associated contact area increase of 81%. This again  
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Figure 7.13. DRUJ contact data for dorsal-palmar changes to the orientation of the distal radius. N 
represents the subject’s normal distal radius orientation, which was rotated in dorsal and palmar 
directions in 2° increments. (A) Average and maximum joint contact pressures as a function of distal 
radius orientation. (B) Joint contact area as a function of distal radius orientation. (C) Joint contact 
force as a function of distal radius orientation. 
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demonstrates the effectiveness with which joint cartilage accommodates increased 

contact force. Nevertheless, prolonged loading of this magnitude may still be 

detrimental to cartilage health. Based on the data from these simulations, a patient 

would accommodate slight palmar tilt more easily than increased dorsal tilt. It is 

important to note that this analysis only considers the influence at the DRUJ. It does 

not consider the influence of these changes on wrist joint mechanics. 

The above changes occurred with very little change to the contact location on either 

the sigmoid notch or the ulnar head (Figure 7.14 and Figure 7.15). With the present 

model, 6° of dorsal rotation was the maximum rotation possible without dislocating 

the DRUJ. Any further rotation would require adaptation at the DRUJ to maintain 

articular contact. It should be noted that the 6° dorsal rotation evaluated in this study 

corresponds to a palmar tilt angle of 8°. A neutral distal radius would require 14° of 

dorsal tilt, while a distal radius showing 10° of dorsal tilt would require a 24° change 

relative to this subject’s normal position. It would be useful to understand how patients 

accommodate that distal radius orientation without dislocating the DRUJ. It would also 

be beneficial to know what influence those kinematic changes have on DRUJ contact. 

In order to determine these things, it would be necessary to obtain additional data from 

patients with similar cases of DRMU. 

Radial and ulnar rotation of the distal radius did not significantly affect DRUJ contact 

pressure (Figure 7.16A). There was a gradual increase in contact area with radial tilt (up 

to 31%), which would be expected as the sigmoid notch becomes more parallel to the 

ulnar head (Figure 7.16B). With no corresponding increase in contact force (Figure 

7.16C), the joint contact pressure decreased slightly. With 2° – 4° of ulnar tilt, joint 

contact force decreased by up to 62% and contact area was reduced by up to 48%. 

There was a slight increase in both at 6° ulnar tilt, but despite these changes, contact 

pressure remained relatively stable throughout. Based on these results, small changes 

to the radial inclination of the distal radius will not significantly affect DRUJ loading. 

A straighter distal radius does result in a slightly lower joint contact pressure, probably 

due to the foreseeable increase in contact area.  
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Figure 7.16. DRUJ contact data for radial-ulnar changes to the orientation of the distal radius. N 
represents the subject’s normal distal radius orientation, which was rotated in radial and ulnar 
directions in 2° increments. (A) Average and maximum joint contact pressures as a function of distal 
radius orientation. (B) Joint contact area as a function of distal radius orientation. (C) Joint contact 
force as a function of distal radius orientation. 
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There was very little change in the location of ulnar head contact throughout the range 

of radius inclinations tested (Figure 7.18). Contact on the sigmoid notch remained 

unchanged between 4° radial rotation and 2° ulnar rotation (Figure 7.17). However, 

DRUJ contact became non-physiological beyond these points. At 6° radial rotation, 

contact shifted proximally, while 4° ulnar rotation caused a distal shift. Rotation of the 

distal radius beyond +/- 6° resulted in dislocation of the DRUJ. It is perceivable that a 

patient could change the position of their radius or ulna bones to accommodate a 

change in palmar inclination. Changing their length is the only way to maintain articular 

contact beyond these radial inclinations. The relative length of the ulna is greatest in 

pronation and least in supination, so a patient may accommodate this change by 

maintaining a particular forearm posture. Based on the present model, surgery would 

be necessary to restore normal forearm function. 

The final simulations evaluated the influence retroversion and anteversion of the distal 

radius had on DRUJ contact. Retroversion describes rotation of the distal radius about 

a longitudinal axis so that the sigmoid notch faces posteriorly, while anteversion 

describes rotation of the sigmoid notch anteriorly. With 2° – 4° retroversion, contact 

pressure remained relatively stable (Figure 7.19A). There was a 50% reduction in joint 

contact force, but this was accompanied by an equivalent decrease in contact area 

(Figure 7.19B and Figure 7.19C). With 6° retroversion there was a large increase in the 

contact force (101%) accompanied by an increased contact area (64%). This resulted in 

a 35% increase in joint contact pressure. The location of contact on the ulnar head 

remained relatively unaffected by distal radius retroversion (Figure 7.21). On the 

sigmoid notch, contact immediately shifted palmarly, making contact at 4° retroversion 

problematic (Figure 7.20). It is unlikely any more than 2° of retroversion could be 

tolerated without adapting the position of the radius or ulna. 

Anteversion of the distal radius resulted in a steady increase in DRUJ contact pressure, 

increasing by up to 29%. With a 2° rotation, a large increase in contact force was 

observed (40%) with an accompanying increase to the contact area (49%). With 4° – 6° 

anteversion, there was actually a decrease in contact force (up to 40%), but there was 

also a decrease in contact area (up to 49%) so that the joint contact pressure increased 

further. Contact on the sigmoid notch moved dorsally with 2° anteversion  
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 Figure 7.19. DRUJ contact data for anteversion-retroversion of the distal radius. N represents the 
subject’s normal distal radius orientation, which was anteverted and retroverted in 2° increments. 
(A) Average and maximum joint contact pressures as a function of distal radius orientation. (B) Joint 
contact area as a function of distal radius orientation. (C) Joint contact force as a function of distal 
radius orientation. 
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(Figure 7.20). Although still physiological in the neutral position, it is unclear what 

effect this shift will have as the forearm rotates through its ROM. That dorsal shift 

continued with 4° of anteversion, and by 6° contact was no longer physiological. 

Contact on the ulnar head shifted dorsally with 2° anteversion, but remained unchanged 

beyond this (Figure 7.21). Based on these results, very little retroversion or anteversion 

can be tolerated without an adaptation in the configuration of the radius or ulna. Again, 

additional data is needed to determine what adaptation may occur and how this would 

influence DRUJ contact. 

7.3.4 LIMITATIONS 

As was discussed in chapter 4, all models include inherent assumptions and limitations. 

While the aim is to minimise them, it is equally important that the limitations are known 

and taken into consideration when interpreting any results. A number of assumptions 

were necessary to make the present model possible. The consequential limitations will 

be discussed in this section. 

To begin with, there were limitations in the way particular variables were calculated. 

The FE model evaluated contact pressure at gauss points on the articular surfaces of 

the radius. Only those gauss points with non-zero contact pressures were output, and 

only the spatial coordinates and pressure values at those points were recorded. The 

maximum pressure calculated across all gauss points gave the peak joint contact 

pressure. Average contact pressure was calculated by averaging the pressures across all 

the gauss points. Gauss points are weighted so that they are not uniformly distributed 

across an element face. As a result, calculating average pressure this way is not accurate. 

Instead, a weighted average should be used that takes into account the weighting 

associated with each gauss point. This would provide an accurate average joint contact 

pressure. 

Joint contact area was estimated by evaluating the total area of a triangular surface mesh, 

constructed using the exported gauss points. A triangular surface mesh was usually not 

a realistic representation of the relevant articular contact area. This was particularly true 

when the contact area was small and the number of available gauss points was relatively 
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few. Therefore, the accuracy of the joint contact areas estimated in the present analysis 

is limited.  

Joint contact force is correctly calculated as joint contact pressure integrated over the 

contact area. In the present analysis, contact force was calculated by multiplying the 

average contact pressures with the contact areas. Since the accuracy of both the average 

contact pressure and the contact area is limited, so is the accuracy of the contact forces 

estimated this way. Contact force is actually calculated explicitly as part of the solving 

process, by way of the gap function (see section 7.2.2.3). Contact force could be 

calculated accurately by summing the forces calculated at each gauss point. Once an 

accurate contact force (𝐹𝐹𝑐𝑐) and average contact pressure (𝑃𝑃𝑚𝑚𝑒𝑒𝑎𝑎𝑚𝑚) has been calculated, 

an accurate contact area (𝑝𝑝𝑐𝑐) can be calculated by: 

 
𝑝𝑝𝑐𝑐 =

𝐹𝐹𝑐𝑐
𝑃𝑃𝑚𝑚𝑒𝑒𝑎𝑎𝑚𝑚

 7.45 

   

There were also a number of limitations on account of the data available for the present 

model. First, the joint contact data presented in this study represents a single, healthy, 

male subject. The joint surfaces of the DRUJ are not congruent (Tolat, Stanley, & Trail, 

1996). As a result, joint contact area will change as the posture or morphology of the 

joint changes. It is difficult to predict precisely how inter-individual differences in joint 

geometry will influence the joint contact estimates. Ideally, the general patterns in joint 

contact will be preserved between individuals, even if the absolute measures are not. 

This is a benefit of evaluating joint contact relative to that determined in the neutral 

position. However, changes in joint geometry, and in particular surface congruity, could 

significantly affect joint contact areas and, therefore, joint contact pressure.  It will be 

important to repeat this analysis using the joint geometry of more individuals to assess 

the degree to which DRUJ contact is influenced by individual-specific, joint 

morphology. 

Distal radius malunion was simulated using joint geometry from a healthy subject. 

Following injury, it is likely that adaptations will occur that alter the relative positions 

of the radius and ulna at the DRUJ. Those adaptations were not simulated in the current 

analysis. Additional data will need to be collected from DRMU patients to determine 
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what adaptations occur. It may be possible to simulate a much larger range of distal 

radius orientations once those adaptations are accounted for. When that additional data 

is available, the analysis should be repeated using joint geometry and bone kinematics 

from actual DRMU patients. 

The consequence of ulnar shortening and lengthening was also simulated using the joint 

geometry of a healthy subject. Ulnocarpal impaction syndrome can develop after radius 

fractures, where the radius bone settles shorter than its original length. The current 

results are a reasonable representation of that scenario. However, the results may not 

be a reasonable representation for those patients whose relative ulna length is 

congenital. The subject of the present model had a negative ulnar variance. A patient 

whose natural ulnar variance is positive might show quite different DRUJ contact. 

Contact would likely occur more distally on the sigmoid notch. Shortening the ulna 

3 – 5 mm may result in DRUJ contact similar to the current subject’s normal joint 

contact, rather than the increased contact pressure observed with 3 mm shortening in 

the present model. Therefore, the analysis should be repeated using joint geometry 

obtained from individuals with differing ulnar variance and, specifically, from patients 

with UCIS. Analysis in the neutral position could be repeated relatively easily by 

refitting the current model to a new subject’s bone geometry. 

Finally, the clinical simulations in this study were only performed for the neutral 

forearm position. It is not known how the results will change as the bones rotate 

through the forearm ROM. In particular, the location of contact, while apparently 

physiological and non-problematic in the neutral position, may become problematic in 

other positions of forearm rotation. That analysis would be most meaningful if DRMU 

adaptations were included in the forearm rotation kinematics. 

It was not possible to explicitly segment the cartilage layer from the MR imaging data 

obtained in this study. As a result, the joint geometry used in this analysis does not 

include the joint cartilage. It was assumed that the geometry of the articular surfaces 

could be represented by the underlying bone geometry. This limitation could be 

overcome by collecting higher quality MR imaging data of the subject’s DRUJ, and 

updating the bone model geometry to include the cartilage layer. This should also place 

the articular surfaces in initial contact, eliminating the need to manually bring the bones 
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into initial contact. However, it should also be noted that previous research has shown 

considerable articular translation at the DRUJ with loading (Tay et al., 2007). The MR 

imaging data collected in this study and the resulting bone configurations represent an 

unloaded state. It would be beneficial to compare the current bone model to one 

created using imaging data collected with the arm in a loaded state. 

There are also limitations caused by the loading conditions and constraints included in 

this model. Ideally, the loads used in these simulations should be accurate, specific to 

the subject involved, and specific to the particular forearm posture and movement 

direction simulated.  As was shown in chapter 6, it was not possible to determine 

accurate, subject-specific muscle forces from the data available in this study. Instead, 

approximate muscle forces were used, estimated based on a literature-derived specific 

tension value of 40 N/cm2. Ultimately, the exact specific tension used will merely scale 

the final simulation results, as the same value was used for all muscles. Furthermore, 

the results of the contact simulations do not appear to be very sensitive to the specific 

loading conditions. The difference between the compression loading results, and those 

calculated for physiologically-based loading were relatively minor. There was also very 

little difference between the pronation and supination results. The joint contact data in 

the present simulations were more sensitive to the joint geometry and bone 

configurations. However, more accurate joint contact data can be expected with the use 

of more accurate loading conditions. This would also make it possible to consider the 

absolute contact pressure and force values estimated by the model. 

Cartilage was modelled as an isotropic, homogenous, hyperelastic material. In reality, 

the response of cartilage to loading is far more complex. Its behaviour is viscoelastic 

and multiphasic, with its response also dependent on its microstructure (Freutel, 

Schmidt, Dürselen, Ignatius, & Galbusera, 2014; Mow et al., 1980). Modelling cartilage 

material properties more accurately was beyond the scope of the present work. It is 

questionable whether a constitutive model exists that accurately describes the non-

linear deformation of human articular cartilage (Brown, Nguyen, Moody, Crawford, & 

Oloyede, 2009). However, the accuracy of this and all other joint contact modelling will 

be greatly improved if a more realistic model of cartilage constitutive properties is 

developed. 
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Finally, the present model does not include the extensive ligamentous constraints that 

exist at the DRUJ, nor does it account for the role of the interosseous membrane in 

forearm mechanics. These were beyond the scope of the present study but both could 

alter the loading conditions considerably. Ligaments provide additional constraints at 

the joint and apply additional loads. The load they apply depends on forearm posture 

and will change with distal radius orientation or ulnar osteotomy (DiTano et al., 2003; 

Ward, Ambrose, Masson, & Levaro, 2000). The interosseous membrane has been 

shown to transmit axial forces from the radius to the ulna, and can also pull the bones 

together when subject to separating forces (Pfaeffle et al., 2000). In the future, it will 

be important to include these additional structures in DRUJ contact simulations. 

However, doing so will not be trivial. The fibrous structures of the ligaments and 

interosseous membrane are complex and important to understanding their influence 

(Skahen et al., 1997). Their roles are made more complex when surgery or injury are 

considered, either of which may disrupt their function (Harrison, 2005). 

7.4 CONCLUSIONS 
To date, almost all the available data on DRUJ contact has been collected 

experimentally using cadaveric models. Relatively little data exists showing joint contact 

through the forearm ROM. Due to the nature of cadaveric experimentation, there has 

also been very little systematic study of forearm injuries and their effect on DRUJ 

contact, particularly for cases of DRMU. That is a significant benefit of the present 

modelling work. The radius and ulna bones can be altered systematically so as to 

evaluate the influence those changes have on DRUJ contact. 

Joint geometry and the bone configurations had the largest influence on joint contact. 

Very little difference was found between pronation and supination loading conditions. 

Joint contact force was generally found to exaggerate differences seen in joint contact 

pressure. Cartilage was shown to mitigate changes in contact force by adjusting the 

contact area. The result was attenuated changes in contact pressure, so that contact 

pressure remained relatively stable despite changes in joint contact force. Exceptions 
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exist where contact area was unable to increase sufficiently to accommodate the 

increase in contact force. 

Peak joint contact pressure was shown to occur in mid-supination, with a secondary 

peak in mid-pronation. The smallest joint contact pressure was calculated with the 

forearm at 75° pronation. Contact was restricted to the proximal portion of the sigmoid 

notch, located palmarly when the arm was in neutral position and shifting dorsally with 

pronation and supination. Contact on the ulnar head shifted from a slightly palmar 

location in pronation to a dorsal location in supination.  

The relationship between ulna length and DRUJ contact was only evaluated for the 

neutral position. Lengthening the ulna lead to a decreased contact force and contact 

area, but there was little change to the joint contact pressure. Contact shifted distally 

on the sigmoid notch, with little change to the location of ulnar head contact. 

Shortening the ulna lead to a slight increase in joint contact pressure, but a substantial 

increase in both contact force and contact area. The location of contact on the ulna 

remained relatively unchanged, but with 3 mm shortening contact shifted proximally 

on the sigmoid notch. With 4 mm shortening dislocation of the DRUJ would be likely. 

Rotation of the distal radius was performed about three orthogonal, anatomically-based 

axes. Based on the results of these simulations, it is recommended that a patient be 

returned to a distal radius orientation that is close to their normal orientation whenever 

possible. However, if this is not possible, the results showed DRUJ contact to be most 

sensitive to dorsal rotation of the distal radius. Although this analysis does not consider 

the consequences for wrist and hand function, the current model showed better DRUJ 

contact with the distal radius rotated slightly palmarly than rotated dorsally. Distal 

radioulnar joint contact was also sensitive to anteversion of the distal radius, so that 

slight retroversion would be preferable. Joint contact was not significantly affected by 

radial and ulnar rotation. It should be noted that changing the orientation of the distal 

radius will usually necessitate adaptation to maintain articular contact. The present 

analysis did not account for those adaptations. 

All of the present analysis was performed using bone geometry obtained from a single, 

healthy, male subject. It would be beneficial to expand the analysis so that it 
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incorporates joint geometry from a larger number of subjects, including patients with 

UCIS and DRMU. Nevertheless, this study is one of the most comprehensive DRUJ 

contact analyses to date, implementing the first true contact mechanics simulations for 

the DRUJ. The model allowed a systematic study of UCIS and DRMU that is difficult 

to achieve through traditional, cadaveric experimentation. This work represents an 

important first step in the development of accurate DRUJ contact modelling.
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8 CONCLUSIONS AND FUTURE RESEARCH 

 

 

The goal of this research was to develop a computational model of the human forearm 

with which to investigate DRUJ contact. To that end, detailed geometric models of the 

radius and ulna bones were constructed using high-resolution MR imaging data. The 

kinematics of forearm rotation were studied, and the bone models were transformed 

so as to be accurately placed in seven positons of forearm rotation. This allowed DRUJ 

contact to be analysed throughout the forearm ROM. An attempt was made to estimate 

the force produced by individual muscles during maximal pronation and supination. 

These muscle force estimates served as the Neumann boundary conditions for the joint 

contact simulations. This chapter provides a summary of the results obtained during 

the various stages of the research, and recommendations are made for future research 

into forearm biomechanics. 

8.1 FOREARM ROTATION KINEMATICS 
The kinematics of forearm rotation were studied using data segmented from MR 

images. That MR imaging data was collected with the subject’s arm in seven positions 

of forearm rotation. The goal of the work was to calculate the mechanical axis of 

forearm rotation – the specific axis about which forearm rotation occurred during 

8 Conclusions and 
future research 
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isometric torque measurements. The axis of rotation was extracted from 

transformation matrices using a quaternion-based method. Assuming accurate 

transformation matrices, the quaternion-based method was able to reliably calculate the 

orientation of the axis and the magnitude of rotation. However, its calculation of the 

position vector was confounded where translation was included in the transformation. 

The method was only able to place the axis of rotation accurately in cases of pure 

rotation. The sensitivity of the quaternion-based method to translation increased with 

smaller rotation magnitudes. As a result, it was not possible to accurately calculate the 

mechanical axis of forearm rotation. It was also not possible to accurately calculate 

anatomical axes of ulna motion, due to the relatively small magnitude of its movement. 

It was possible to replicate the anatomical axis of radius rotation, but this could only 

be achieved reliably if rotation was considered over a large ROM. Smaller, finite axes 

of rotation were subject to error. 

Despite these shortcomings, the data afforded by this analysis still contributed 

substantially to a qualitative understanding of forearm kinematics. The kinematic data 

demonstrated conclusively that the ulna moves during forearm rotation. This has 

significant implications for calculating meaningful forearm muscle moment arms, 

which in turn affects our ability to understand the roles that individual muscles have in 

forearm rotation. It is not possible to properly understand forearm rotation without 

including ulna motion in its analysis.  

The radius and ulna were found to rotate about independent axes – their movement is 

not coupled about a single axis of rotation. Analysis of the kinematic data available in 

this study demonstrated a more complex relationship. Arguably, the ultimate purpose 

of the upper limb is to place the hand in the position it needs to be to perform a given 

task. In terms of rotation, it is the movement of the radius in space that determines the 

orientation of the hand. If the task requires rotation that coincides exactly with the 

anatomical axis of the radius, it can be accomplished by rotation of the radius alone. 

However, the anatomical axis of the radius is fixed, making it task-independent. Ulna 

motion becomes critical when a task requires rotation of the radius about a different 

axis. The movement of the ulna is largely unconstrained. Its motion is likely task-

dependent, so that it mediates the motion of the radius to accomplish rotation about 
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an axis appropriate for the task. While radius rotation provides the large ROM possible 

in the forearm, it is the ulna that specifies the precise axis about which it rotates. Yet, 

the ulna can only moderate motion of the distal radius. Regardless of the movement of 

the ulna, the mechanical axis of the forearm will still pass through the radial head, 

proximally. For tasks that require movement of the hand about an axis that does not 

satisfy this constraint, additional movement at the shoulder or wrist will be necessary. 

It is, therefore, clear that forearm rotation is far more complex than the anatomical axis 

of the radius suggests. 

There were a number of limitations identified in the present kinematic analysis, and the 

current understanding of forearm rotation will be significantly improved if those are 

overcome. As has been discussed, the joint axis calculations were very sensitive to errors 

in the transformation matrices. Similar problems have been identified for the helical 

axis method (Woltring et al., 1985). It is suggested that the use of CT data, rather than 

MR imaging, would provide more consistent, accurate and complete segmentation. 

This in turn would provide more accurate transformation matrices. However, more 

detailed analysis is required to accurately determine the axis of rotation when translation 

is included in the transformation. 

Once it is possible to obtain more accurate axes of rotation, it will be necessary to 

expand the analysis to include a substantially larger sample size. It is difficult to draw 

many conclusions from the data of a single subject, since it is not possible to know how 

well the results generalise to other individuals. This process would also be made 

considerably easier with the use of CT data.  

Finally, the present analysis was quasi-static. Although satisfactory at this stage, it will 

eventually be necessary to perform dynamic analysis of forearm rotation and to study 

forearm kinematics under active load. This will be important for gaining a more 

complete understanding of radius and ulna motion during forearm rotation. Biplane 

fluoroscopy or videoradiography may provide a means to study dynamic forearm 

rotation at present. Alternatively, the availability of 4D CT scanning technologies may 

make this analysis less problematic in the future. 
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8.2 FOREARM MUSCLE FORCES 
One of the problems encountered when estimating individual muscle forces at a joint, 

is that there are usually more muscles (input) than there are system degrees of 

freedom (output). In the case of the forearm, there are 23 muscles but only one 

rotational degree of freedom. The problem is indeterminate. A muscle force model is 

used to estimate the contributions of each of the relevant muscles. Human biological 

systems are extremely complex. Models are inherently simplified representations of the 

relevant systems. The muscle force model used in the current study was designed to 

include key relationships known to influence muscle force, but for which it was believed 

reliable data could be obtained. It did not account for all known relationships.  

The model solved the indeterminacy problem by assuming a constant specific tension 

for all muscles included in the model. However, the specific tension estimates were very 

sensitive to the model’s input data, particularly the muscle moment arms, PCSAs, and 

activation levels. With 44 input variables and only one optimisable parameter (specific 

tension), it required an overly precise combination of input values to balance the 

system. As a consequence, it was not possible to calculate accurate muscle forces in the 

present study. It is unlikely that the model would give reliable muscle force estimates, 

even with completely accurate input data. With a system so overdefined, the model will 

need greater freedom to optimise muscle forces to balance the equations. Expanding 

the model to account for the relative length of the various muscles by including optimal 

fibre length may improve the estimates. It may also be necessary to account for tendon 

slack lengths. Elastographic techniques, such as supersonic shear imaging, show 

promise for determining some of these parameters in vivo and may prove useful in more 

accurately modelling muscle force in the future (Hug, Lacourpaille, Maïsetti, & Nordez, 

2013; Maïsetti, Hug, Bouillard, & Nordez, 2012). However, significantly more work is 

necessary before the various muscles’ contributions to forearm rotation are understood. 

As part of the muscle force calculations, the PCSA and moment arms of individual 

muscles were evaluated. A number of significant findings arose from those analyses. 

Physiological cross-sectional area is a measure of a muscles size and capacity to produce 

force. Most existing studies and models of forearm rotation employ cadaveric PCSAs. 
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In the present study, cadaveric data underestimated the subject’s muscle PCSAs by an 

average of 30%. However, the discrepancy was not systematic. Some muscle PCSAs 

were underestimated by just 3%, while others were underestimated by up to 57%. It is 

evident from these results that individual muscle forces estimated using cadaveric 

PCSAs are unlikely to be accurate. 

A previous study calculated in vivo muscle PCSAs and found very consistent muscle 

volume fractions between individuals (Holzbaur et al., 2007). It was reported that the 

PCSAs of individual subjects’ muscles could be predicted to a high degree of accuracy 

using those volume fractions. Discrepancies in that study were reported relative to the 

total upper limb muscle volume, of which the forearm muscles in this study constitute 

only 23%. In the present work, the subject’s muscle PCSAs were estimated using the 

published volume fractions. The errors, when described in a comparable way, ranged 

from 0.04 – 1.26%. However, those values do not accurately represent the errors of 

individual muscle PCSAs. The published volume fractions were shown to overestimate 

the PCSA of some muscles by almost 30% and underestimate others by over 40%. 

These inaccuracies would introduce substantial error into any subsequent muscle force 

calculations. The results of this study show that if accurate, subject-specific muscle 

forces are required, PCSAs need to be calculated on an individual basis. The use of 

cadaveric muscle fibre lengths in PCSA calculations was a limitation in the present 

work. In the future it would be useful to evaluate the benefit of determining muscle 

fibre lengths on an individual basis.  

Most existing moment arms for muscle of the forearm have been calculated relative to 

the anatomical axis of radius rotation, usually by way of the tendon excursion method. 

As was demonstrated during the kinematic study, that axis of rotation does not usually 

coincide with the mechanical axis of forearm rotation. As a result, those moment arms 

cannot relate individual muscle forces to a forearm rotation torque measured about the 

mechanical axis. Therefore, a geometric method was used to calculate subject- and axis-

specific moment arms in the present study. Individual muscle moment arms were 

calculated by the cross product of a position vector and a normalised force vector. This 

calculation provides precise, instantaneous moment arms. However, the results were 

found to be highly sensitive to the input data. The sensitivity of the calculations varied 
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between muscles and input variables. They were found to be most sensitive to the 

orientation of the axis of rotation, where a 1° change in its orientation caused errors of 

up to 330%. Based on this analysis, it will not be possible to use the present method to 

calculate muscle moment arms without highly accurate data. The data in the present 

study was not precise enough to allow accurate moment arms to be calculated using 

this method. 

Clearly, more work is needed to determine accurate and functionally meaningful 

moment arms for the muscles of the forearm. That information is crucial for 

understanding which muscles contribute to pronation and which contribute to 

supination throughout the forearm ROM. However, it should be noted that those 

moment arms are likely to be task-specific, since the axis of rotation will be task-

specific. 

8.3 DISTAL RADIOULNAR JOINT CONTACT 
Peak joint contact pressure was found to occur with the arm in mid-supination and a 

second peak was found in mid-pronation. The lowest contact pressure occurred at 75° 

pronation. Contact pressure was far less variable than contact force. This demonstrated 

effectively the way in which cartilage distributes contact force so as to maintain a 

relatively stable joint contact pressure. There were some cases where contact area could 

not increase sufficiently to accommodate the increase in contact force. In those 

instances, contact pressure also increased. 

For the current subject, contact occurred on the proximal portion of the sigmoid notch, 

being palmar in the neutral position and shifting dorsally with pronation and supination. 

Changing the length of the ulna moved contact outside of that area, and more than 

3 mm of shortening led to proximal dislocation of the DRUJ. Increasing the length of 

the ulna decreased the joint contact force, although contact pressure did not change. 

While lengthening the ulna did not appear to be detrimental to the DRUJ, it would 

likely increase ulnocarpal loading and may cause UCIS. A very large increase in joint 

contact force was observed with ulnar shortening. There was also a slight 

corresponding increase in contact pressure. Shortening the ulna can successfully reduce 
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ulnocarpal loading and alleviate pain due to UCIS. However, the results of this study 

demonstrate the importance of considering the effect of that shortening on the DRUJ. 

In terms of DRMU, DRUJ contact was most sensitive to dorsal rotation of the distal 

radius. There was reduced joint contact pressure with palmar rotation of the distal 

radius, although this study did not consider the implications of that rotation for wrist 

biomechanics. Joint contact pressure was also more sensitive to anteversion than to 

retroversion of the distal radius. It did not appear to be significantly affected by small 

amounts of radial and ulnar rotation. In most cases, optimal joint contact was achieved 

with the distal radius in its normal, healthy orientation. Restoring normal distal radius 

orientation should still be the primary goal of corrective surgery. 

Several limitations in the present study were identified and should be addressed in 

future research. Firstly, the current analysis was performed using the joint geometry of 

a single, healthy subject. It is not known how well these results can be generalised to 

other healthy individuals or to clinical patients. It would be beneficial to repeat this 

analysis using articular geometry obtained from a larger number of healthy subjects. It 

would also be useful to know how the articular geometry of a patient with UCIS 

compares to that of a normal subject. Without that knowledge it is impossible to know 

whether the trends observed in the current study are representative of UCIS conditions. 

Additionally, most cases of DRMU will require adaptation to maintain articular contact 

at the DRUJ. The present study did not consider the influence those adaptations have 

on joint contact. Those changes may be important for properly understanding DRMU 

and its influence on the DRUJ. It should also be noted that the clinical conditions were 

only simulated for the neutral forearm posture. It is important to analyse how those 

conditions affect DRUJ contact through the normal range of forearm rotation. A 

patient’s ability to rotate their arms normally is essential to the maintenance of normal 

upper limb function. 

It is recommended that the model be based on better quality MR imaging data, where 

the cartilage can be explicitly segmented and included in the articular geometry. The 

model would also be significantly improved if a more accurate cartilage constitutive 

model were used that adequately represents the complex response of cartilage to 

loading. It would be useful to know, from a physiological perspective, whether 
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prolonged exposure to very large joint contact forces will affect cartilage health. In the 

present model, peak joint contact pressure and the location of contact were considered 

to be the most crucial factors. 

Finally, a truly accurate model of DRUJ contact will not be possible without accurate, 

physiological loading. This necessitates further muscle force modelling work to 

improve the individual muscle force estimates. It will also be necessary to expand the 

model so that it considers the influence of the substantial ligamentous constraints at 

the joint, as well as the interosseous membrane. 

8.4 FINAL REMARKS 
Although there were many limitations in this research, a tremendous amount was still 

learnt. In particular, this work identified numerous problems involved with modelling 

the forearm, and demonstrated the remarkable complexity that exists in this seemingly 

simple joint. While this thesis did not provide a complete and accurate model of DRUJ 

contact, it represents an important step in that direction. It is hoped that as the various 

issues identified in this study are addressed, an accurate model of the DRUJ will 

eventually be developed and that its biomechanics will be more completely understood. 
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