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Abstract
The purpose of this thesis was to create a computational wrist model that predicts carpal bone
motion in order to investigate the complex kinematics of the human wrist. The tuning of this
model was primarily based on in vitro, kinematic measurements of the carpal bones obtained
from the same cadaver arm as the geometry for the model was generated.
A rigid body spring model of the wrist was built using the kinematic simulation software
RecurDynTM 6.1. Surface models of the eight carpal bones, the bases of the five metacarpal
bones, and the distal parts of the ulna and radius, all obtained from computed tomography (CT)
scans of a cadaver upper limb, were utilized as the geometry for this model. Elastic contact
conditions between the rigid bodies modeled the influence of the cartilage layers, and
ligamentous structures were constructed using nonlinear, tension-only spring elements. Motion of
the wrist was simulated by applying forces to the tendons of the five main wrist muscles modeled.
Three wrist motions were simulated: extension, ulnar deviation and radial deviation. The model
was mainly tuned by comparing the simulated displacement and orientation of the carpal bones
with previously obtained CT-scans of the same cadaver arm in deviated (45 deg ulnar and 15 deg
radial), and extended (57 deg) wrist positions. Simulation results for the scaphoid, lunate,
capitate, hamate and triquetrum are presented here and provide credible prediction of carpal bone
movement. The impact of certain model parameters on simulation results has been investigated
by performing sensitivity analyses, and their severity has been documented.
The results of the first simulations indicate that this model may assist in future wrist kinematics
investigations. However, further optimization and validation are required to define and guarantee
the reliability of this model. It is suggested that this rigid body spring model may be part of an
interacting framework between in vitro and in vivo investigations, as well as other computational
models, in order to improve and complement each biomechanical investigation method.
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Glossary
Arthritis: Inflammation of a joint, usually accompanied by pain, swelling, and sometimes change
in structure.
Arthroplasty: Surgery to improve joint function and relieve pain. It may involve the insertion of
metal alloy, high-density-plastic materials, or total joint replacement.
Arthrosis: Degenerative disorder of a joint. It can be related to both bone and soft tissue
degeneration.
Carpal Bone: One of eight bones of the wrist.
Carpectomy: Surgical removal of all or parts of the carpus.
Carpometacarpal Joint: Articulation between a distal carpal and a metacarpal bone.
Chondromalacia: Softening and fibrillation of the articular cartilage.
Circumduction: When considering the wrist, a circular motion of the hand which is a
combination of extension, flexion, ulnar and radial deviation.
Computed Tomography (CT): Method of acquiring sequential x-ray slices which, when in
series, define a 3-dimensional geometry.
Coronal Plane: Plane passing through the body from side to side, where one would see, in this
instance, the front or back profile of the wrist (all eight carpal bones recognizable).
Diagnostic: To identify or determine the presence of a disease or other condition.
Dissection: Usually referred to as the process of disassembling and observing the internal body
structure in order to investigate the function and relationships of its components.
Distal: When considering the wrist, referring to the direction towards the hand and fingers.
Dorsal: When considering the wrist, referring to the direction towards the back side of the hand.
Electrogoniometer: Electronic device used to measure joint angles.
Electromyography (EMG): Recording of the electrical activity in skeletal muscles.
Equilibrium: Stable, balanced, or unchanging state of a dynamic system. Regarding the present
wrist model, a state where the forces acting on the system result in no motion at all.
Extension: Within the sagital plane, movement of the hand in the dorsal direction relative to the
forearm.
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Extensor Carpi Radialis Brevis: Muscle and tendon contributing to extension and radial
deviation. The tendon attaches dorsally to the base of the third metacarpal bone.
Extensor Carpi Radialis Longus: Muscle and tendon contributing to extension and radial
deviation. The tendon attaches dorsally to the base of the second metacarpal bone.
Extensor Carpi Ulnaris: Muscle and tendon contributing to extension and ulnar deviation. The
tendon attaches dorsally to the base of the fifth metacarpal bone.
Extrinsic Carpal Ligaments: Ligaments that connect the carpal bones to either the metacarpal
bones or the radius and ulna.
Fibrocartilage: Cartilage that is largely composed of fibers, like those found in ordinary
connective tissue, such as in ligaments.
Finite Element Method (FEM): Numerical analysis technique used to obtain stress and strain
patterns in modeled bodies by dividing a continuous system into discrete elements.
Flextion: Within the sagital plane, movement of the hand in the palmar direction relative to the
forearm.
Flexor Carpi Radialis: Muscle and tendon contributing to flexion and radial deviation. The
tendon attaches palmarly to the base of the second metacarpal bone.
Flexor Carpi Ulnaris: Muscle and tendon contributing to flexion and ulnar deviation. The
tendon attaches to the proximal part of the pisiform.
Fluoroscopy: Study of moving internal body structures by the means of a continuous x-ray beam.
Fossa: Cavitiy in a bone which acts as an articulation surface.
Histology: Branch of anatomy that deals with the minute structure, composition, and function of
body tissues.
Hysteresis: Mechanical energy loss that occurs under cyclical loading and unloading of, in this
instance, a ligament, which is measured as the area between the loading and unloading loaddeflection curves.
Initial Ligament Length: Length of a ligament when it starts to exert tensile force. In this thesis
used to describe the length of the spring elements modeling the ligamentous influence.
Interfossal Prominence: Fibrocartilage ridge separating the scaphoid and lunate fossae of the
distal radius.
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Interpolation: Mathematical method of creating missing data.
Intrinsic Carpal Ligaments: Ligaments that interconnect the carpal bones within the carpus.
Invasive: Tests or procedures which penetrate the body or puncture the skin.
In Vitro: In an artificial environment outside the living organism (cadaveric).
In Vivo: Within a living organism.
Kinematics: Description of the motion of bodies, such as rotation and translation.
Lateral: When considering the wrist, referring to the direction towards the first metacarpal bone
(thumb).
Magnetic Resonance Imaging (MRI): Method of 3-dimensional imaging where the hydrogen
content in body parts is measured in order to visualize and differentiate between various tissues.
Medial: When considering the wrist, referring to the direction towards the fifth metacarpal bone.
Metacarpal Bone (MC): On the distal side of the wrist; one of the five bones of the hand.
Midcarpal Joint: Articulations between the proximal and distal carpal row.
Morphology: Form and structure of an organism.
Neutral Position/Posture: When considering the wrist, when the third metacarpal bone is
aligned with the axis of the forearm.
Palmar: When considering the wrist, referring to the direction towards the front side, or palm, of
the hand.
Physiology: Study of the physical and chemical processes involved in the functioning of the
human body.
Preconditioning: Referring to the ligaments, a process of repeated stretching and relaxing of a
ligament until the force-deflection relationship becomes repeatable.
Pronation: Rotation of the hand around the forearm axis where the thumb rotates towards the
centre.
Proximal: When considering the wrist, referring to the direction towards the forearm.
Quasi-Equilibrium (-Static): State of a system which is considered to be in equilibrium,
although small changes do occur.
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Radial Deviation: Within the coronal plane, movement of the hand in the lateral direction
relative to the forearm.
Radiocarpal Joint: Articulation between the proximal carpal row and the distal articulating
surface of the radius.
Radiograph: Photographic image produced by the action of x-rays.
Radioulnar Joint: Articulation composed of the head of the ulna, distal radius, and the TFCC.
Rapid Prototyping: 3-dimensional printing process that creates a model of an object directly
from a CAD-model by building it in layers.
Registration: Process of identifying the same segmented bone(s) in different positions and
orientations.
Rigid Body Spring Method (RBSM): Efficient method of calculating bone kinematics using
rigid bodies to represent the bones, and spring and elastic elements to represent soft tissue.
Sagital Plane: Plane passing through the body from front to back, where one would see, in this
instance, the side profile of the wrist.
Segmentation: Process of extracting bone geometry from CT-data.
Sesamoid Bone: Bone which prevents tendon wear by acting as an intermediate between the
tendon and the ultimate point of force transmission. Also, it increases the moment arm of a
tendon, permitting a muscle to apply a greater moment with less force.
Spline: Smooth curve generated with mathematical formulas that passes through two or more
points.
Stereophotogrammetry: Technique of calculating positions in space by identifying the same
points in x-rays taken from different angles.
Supination: Rotation of the hand around the forearm axis where the thumb rotates away from the
centre.
Thresholding: Process of excluding CT-data based on specified gray-scale limits; used for image
segmentation.
Triangular Fibrocartilage Complex (TFCC): Composed of a fibrocartilage disc interposed
between the head of the ulna and the proximal carpal row, and the radioulnar and ulnocarpal
ligaments.
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Ulnar Deviation: Within the coronal plane, a movement of the hand in the medial direction
relative to the forearm.
Viscoelastic: Characteristic mechanical behaviour of materials that is a combination with viscous
and elastic behaviours.
X-Ray: Radiation beams used to produce images and visualize the density of internal body
structures.

Acronyms
CAD: Computer Aided Design
CT: Computed Tomography
DCM: Direction Cosine Matrix
FEM: Finite Element Method
IGES: Initial Graphics Exchange Specification (Format)
MC: Metacarpal
MRI: Magnetic Resonance Imaging
RBSM: Rigid Body Spring Method
RMS: Root Mean Square
STL: Stereolithography Graphics (Format)
TFCC: Triangular Fibrocartilage Complex
STEP: Standard for the Exchange of Product (Format)
STT: Scaphotrapezio-trapezoidal (Joint)
ROM: Range of Motion

Units
kg: kilogram
g: gram
mm: millimeter
º or deg: degrees
Pa: Pascal
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Chapter 1: Introduction
1

Introduction

The human wrist joint contains eight carpal bones, and within this carpal structure, bone motion,
also referred to as kinematics, is a function of the complex ligamentous interactions and the
multi-planar geometry of the articulation surfaces. During wrist motion, the principle of “variable
geometry” applies, which causes multi-directional relative motion between the individual carpal
bones, thereby enabling the great range of motion of the wrist. A thorough understanding of
normal carpal kinematics is a fundamental requirement for the investigation of wrist mechanics.
This, in turn, is essential when considering surgical procedures and artificial implant designs, as
well as when analyzing various different pathologies of the wrist. However, describing the
kinematics of the eight carpal bones remains challenging because of the highly complex
mechanical structure of the wrist joint.
Current knowledge of carpal kinematics has mostly been derived through in vitro and in vivo
studies, which investigated both static and dynamic wrist postures in planar (in both sagital and
coronal planes) and non-planar motions. These studies have both positive and negative aspects.
The invasive methodologies of in vitro studies have limitations [3,23,37,42,57], including the
necessity to simulate injury, and the need to implement markers that may interfere with
physiological carpal motions. Planar x-ray films present a noninvasive technique to investigate
carpal kinematics, and these cause no damage to soft tissue; however, the results are highly
qualitative in nature and are limited to two dimensions [50]. Noninvasive studies using computed
tomography (CT) [14,29,30,34,50,51,58] or magnetic resonance imaging (MRI) [17] enable the
quantitative investigation of 3-dimensional carpal kinematics to be done; however, they are
restricted to (quasi-) static positions. Sophisticated computer analyses allow the visualization of
dynamic, 3-dimensional carpal kinematics; however, these are interpolations between (quasi-)
static states of the wrist. Both in vitro and in vivo studies have investigated the kinematics of
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specific wrist motions based on measurements. Though these studies use valid and useful
analytical methods, they do not allow the prediction of carpal kinematics in various other
motions.
Several cadaver studies have documented a wide range of anatomical variability within the wrist
[36,54,55], such as with ligament structure and mechanical properties, and bone and articular
geometry, and these reflect in the variability of wrist kinematics obtained from in vitro and in
vivo studies. This may suggest that a single functional model of the wrist cannot be determined.
However, investigations of this kind may reveal the relationships between morphologic factors
and carpal bone behaviour.
Wrist modeling, as an idealized mathematical representation, is increasingly important in the
investigation of complex wrist biomechanics involving the study of structural and functional
interactions. Computational models have the advantage of comparing the direct impact of
changes to the carpal structure without the complication of difficult changes to the
experimentation equipment, and performing changes to the same model geometry permits direct
comparison of the alterations. Furthermore, computational models can provide information that is
not directly accessible by experimentation, such as ligamentous influences on carpal kinematics,
and the data obtained can be helpful in explaining the results obtained from motion analyses.
However, the wrist joint is difficult to model due to the number of bones involved and its
complex soft tissue interactions.
Current techniques of modeling wrist biomechanics include rigid body spring methods and finite
element studies. In the rigid body spring models, the bone structure is represented as rigid bodies,
and soft tissues as compressive and tensile spring elements to model the articular cartilage and
ligaments, respectively [16,21,26,46]. Finite element modeling has been applied to estimate stress
distributions within bone and cartilage layers in the articulations under static loading conditions
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[10]. However, these 2- and 3-dimensional studies investigated kinematics and load transmissions
of the wrist solely in neutral or functional (grip maneuver) posture, by applying longitudinal
forces to the metacarpal bones. These studies did not accurately represent the kinematics of the
carpal bones and, therefore, analyses for the wrist in non-neutral positions are required in order to
investigate the wrist in its full range of motion.
The objectives of this study were to develop a computational model of the wrist based on the
rigid body spring method in order to examine all carpal bone kinematics in three dimensions,
while incorporating bone, cartilage and ligament tissues of the carpal structure, where the model
geometry is based on in vitro CT-images. Such a model is the first known of its kind, and it may
be able in the future to predict 3-dimensional carpal bone kinematics during normal, low-load
daily activities. Furthermore, by comparing the computed results with kinematic measurements of
the carpal bones obtained from the same cadaver arm as that from which the geometry was
generated, the model was tuned. This specimen-specific modeling and tuning process presents a
reliable method to compare simulation results quantitatively.

3

Chapter 2: Literature Review
2

Literature Review

2.1 Anatomy
2.1.1 Methods of Investigating Wrist Structures
The dissection of cadaver wrists not only offers information on the incidence and distribution of
certain anatomical and pathological variations, it also gives some insight into certain associations
between these variables, and sometimes even provides information on the natural history of
certain morphology and diseases. In a study with a large anatomic population [54], 393 wrists
were dissected to evaluate the incidence and distribution of anatomical features, arthrosis,
chondromalacia, and soft tissue lesions. A similar study demonstrated variations in ligamentous
connections [55]. Based on the findings from these studies, the authors suggested one be aware of
the variability of wrist anatomy, particularly as it relates to the lunate in the midcarpal joint and
the fourth metacarpal base in the carpometacarpal joint (Section 2.1.2).
The use of planar x-rays to investigate carpal structure provides basic information regarding the
bone structure and the numerous articulations within the entire wrist joint, in a noninvasive
manner. X-rays, or Röntgen rays, are a type of radiation beam capable of penetrating the body
parts. Images are produced by visualizing the density of internal body structures. Due to the 2dimensional nature of this imaging technique, however, the investigation of carpal structures with
planar x-rays is highly qualitative since measurements, such as joint or bone angles, show large
variability [50].
Computed tomography (CT) scanning is a valuable, noninvasive diagnostic tool that provides
physicians with views of internal body structures. During a CT scan, multiple x-rays are passed
through the body, producing cross-sectional images, or slices. As with x-rays, CT scanning
produces images by measuring the density of internal body structures as a function of the
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attenuation of the radiation beam. Because the computerized image is sharp, focused, and, in
particular, 3-dimensional, many structures can be better differentiated on CT scans than on
standard x-ray imaging. The dense structure of bones permits CT scans to provide high definition
3-dimensional imaging of the bony geometry. A vast amount of studies utilized CT-technology,
and its utility in extracting bone information of the wrist has been documented (Section 2.2).
The body’s soft tissues are more easily visualized using the noninvasive method of magnetic
resonance imaging (MRI). Using strong magnetic fields and radio waves, MRI collects and
correlates deflections caused by atoms and uses this information to form images. The images
produced are based on the hydrogen content within a tissue, specifically the water and fat content.
This method offers relatively sharp pictures and allows physicians to see internal body structures
with great detail. Several studies have shown that the intrinsic and extrinsic ligaments of the wrist
can be delineated reliably with MRI using high resolution techniques [11,44,52]. Although MRI
was thought to have the potential to replace diagnostic arthroscopy [44], a diagnostic performance
statistic review demonstrated that though it is a specific means of identifying tears of the intrinsic
carpal ligaments, its sensitivity remains low, even using high-resolution techniques [20].
Therefore, MRI is not a reliable means of excluding injury to these ligaments.

2.1.2 Wrist Joint Anatomy
The bones comprising the wrist include the distal radius, the distal ulna, the eight carpal bones
and the bases of the metacarpal bones (Figure 2.1). The eight carpal bones can be divided into
two anatomic rows, a proximal and a distal carpal row, which together are also referred to as the
carpus. Beginning radially, the proximal carpal row is composed of the scaphoid, lunate and
triquetrum, while the distal row consists of the trapezium, trapezoid, capitate and hamate. The
eighth carpal bone, the pisiform, has historically been included with the carpus as a member of
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the proximal carpal row; however, its role as a carpal bone versus that of a sesamoid bone at the
insertion of the tendon of the flexor carpi ulnaris has placed its inclusion in the carpus in question
[6].
The wrist joint is a composite articulation with overall motion (Figure 2.2) resulting from the
summation of many interactions. The individual carpal bones interact amongst themselves, as
well as distally with the bases of the metacarpals, and proximally with the distal articulating
surface of the radius and the triangular fibrocartilage complex (TFCC). Thereby, the wrist is
divided into three major joint regions, the distal radioulnar joint, the radiocarpal joint, and the
midcarpal joint.
The radiocarpal joint is formed by the articulation of the proximal carpal row, the distal
articulating surface of the radius, and the TFCC, where ¾ of this joint is formed by the radius and
¼ by the TFCC [45] (Figure 2.3). The TFCC is composed of a fibrocartilaginous disc interposed
between the head of the ulna and the proximal carpal row, the palmar and dorsal radioulnar
ligaments, the ulnocarpal ligaments, and the tendon sheath of the extensor carpi ulnaris [3]. It can
be thought of as a buffer between the triquetrum and the distal tip of the ulna during ulnar
deviation. In the midcarpal joint, articulation between the proximal and distal carpal rows is
found. Relative motion between the carpal bones within the carpal rows is also found; however,
due to dense ligamentous connections, the bones of the distal carpal row act as a functional unit in
which only minimal relative movement occurs. The distal radioulnar joint is composed of the
head of the ulna, the sigmoid notch region of the distal radius, and the TFCC. In addition to the
three major joint regions, the carpometacarpal joints present a further joint region which forms
the distal border of the wrist between the base of the metacarpal bones and the distal carpal row.
The motion of the wrist is controlled by five main muscles [27]. The extensor carpi radialis brevis
acts as an extensor muscle and contributes to radial deviation of the wrist. Its tendon inserts onto
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the dorsal surface of the base of the third metacarpal bone. Also acting as an extensor muscle,
with a contribution to radial deviation as well, is the extensor carpi radialis longus; however, its
tendon is inserted onto the dorsal surface of the base of the second metacarpal bone. The flexor
carpi radialis is the last of the three muscles acting on the radial side. It causes radial deviation
and flexion of the wrist, and its tendon inserts onto the palmar side of the base of the second
metacarpal. On the ulnar side, the extensor and flexor carpi ulnaris muscles extend and flex the
wrist, respectively, and by acting together cause ulnar deviation. The tendon of the extensor
muscle inserts at the base of the fifth metacarpal on the dorsal-ulnar side, and the tendon of the
flexor carpi ulnaris inserts onto the pisiform bone and then via ligaments onto the hamate bone
and fifth metacarpal bone.

A
MC4

MC3

B
MC2
MC1

MC5

Tz
Ha

Tm

Ca

Pi
Sc
Tq
Lu

Ulna

Radius

Figure 2.1 Palmar view of the right wrist
The palmar view of the right wrist [27]. A) Illustrated is the bone geometry of the eight carpals:
Sc = Scaphoid, Lu = Lunate, Tq = Triquetrum, Tm = Trapezium, Tz = Trapezoid, Ca = Capitate,
Ha = Hamate, Pi= Pisiform; proximal parts of the five metacarpals (MC 1-5); and distal parts of
the radius and ulna; as well as B) the complex ligamentous connections. The labeling of all the
ligaments, as well the histology, shape, overall organization and potential function is documented
in the literature [3,7,8,27,45].
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z

y

x

Figure 2.2 Anatomical regions of the wrist
The principal palmar view of the right wrist including denotation of anatomical regions [49].
Specific wrist motions occur about the indicated axes (the origin of the coordinate system is
arbitrary). The yz-plane is denoted as the sagital plane, and the xz-plane as the coronal plane.

Ulna

Radius

Figure 2.3 Radiocarpal joint from distal
The radiocarpal joint from distal [2]. Illustrated are the two fossae for the scaphoid and lunate,
and the TFCC with the articular disc interposed between ligamentous structures. Not illustrated is
the interfacet prominence which runs along the fossae separation depicted.
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2.1.3 Bone Structure
The distal articular surface of the radius is concave in both the sagital and coronal planes, and is
normally declined 10 - 15º palmarly and 15 - 25º ulnarly [6]. There are two fossae or facets that
articulate with the proximal surfaces of the scaphoid and lunate. The scaphoid fossa is triangular
pointing radially, and is larger than the more quadrangular lunate fossa, located on the ulnar side
of the radius (Figure 2.3). They are separated by a fibrocartilage ridge known as the interfacet
prominence.
The scaphoid, shaped like a kidney bean, is the second largest carpal bone, and is divided into
regions named the proximal pole, the distal pole and the waist. It has a large convex radial
articular area extending dorsally, a flat semilunar lunate surface medially, a large concave distal
capitate surface, and a single convex distal surface for articulation with the trapezium and
trapezoid [27]. The lunate, named after its crescent shape, is wedged between the scaphoid and
the triquetrum. Proximally, its convex facet articulates with the radius, and distally, its convex
surface articulates with the capitate. Medially, its square surface articulates with the triquetrum,
and laterally, its flat semilunar facet articulates with the scaphoid. The triquetrum is small and
irregularly shaped. It possesses an oval convex palmar facet for articulation with the pisiform, a
square radial surface for the lunate, and a distal concavo-convex surface for the hamate. The
pisiform is a sesamoid bone of the tendon of the flexor carpi ulnaris [6]. There is a single flat oval
articular facet on the dorsal surface of the pisiform for articulation with the triquetrum.
The trapezium is interposed between the scaphoid and the base of the first metacarpal bone. It has
a slightly concave proximal surface for articulation with the scaphoid, a flat facet medially for
articulation with the trapezoid, and a saddle shaped distal articular surface for articulation with
the first metacarpal. The trapezoid has a convex triangular distal surface for articulation with the
second metacarpal bone. From medial to lateral, the trapezoid has three facets for articulation
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with the capitate, scaphoid and trapezium. The capitate is the largest carpal bone. It possesses a
concavo-convex distal facet for articulation with the third metacarpal base, and a lateral concave
strip for contact with the second metacarpal. The convex surface of its proximal part articulates
with the lunate, while its lateral surface articulates with the trapezoid and scaphoid, and medial
surfaces with the hamate. The hamate possesses articular surfaces for the triquetrum and capitate
which are found on either side of this wedge shaped bone. The distal articular surface is divided
by a ridge into medial and lateral facets, for articulation with the fifth and fourth metacarpals. The
hook on the palmar side, giving the hamate its distinct shape, functions as an attachment point for
certain ligaments.

2.1.4 Ligament Structure
In addition to the multi-planar geometry of the carpal articulations and muscle tension of the
tendons, the static and functional stability of the wrist is essentially determined by the integrity of
the ligamentous structure [45] (Figure 2.1). The histology, shape and the overall organization of
the complex ligament structure of the wrist has been investigated, and detailed documentation of
this can be found in the literature [3,7,8,27,45]. The general nomenclature for identification of the
ligaments involves naming all ligaments by the bones they connect, following a proximal-todistal and radial-to-ulnar path. Furthermore, attempts have been made to summarize the ligaments
of the wrist with consideration of their potential biomechanical functions [7,27,45].
Based on several studies, the size and structure of the ligaments of the wrist can be described as
variable. One study found that for 12 investigated radiocapitate ligaments, the length was 10 mm,
with a standard deviation of 1 mm, and the cross-sectional area was 8 mm2, with a standard
deviation of 1.3 mm2 [36]. Another study investigated 90 cadaver wrists, and the investigators not
only found great ranges in ligament size (for instance, the dorsal radiocarpal ligament ranged in
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length between 13.8 - 29.4 mm and in width at the proximal end between 5.5 - 17.8 mm), but also
identified four distinct shape categories for the dorsal radiocarpal ligament and three distinct
shape categories for the dorsal intercarpal ligament [55]. Studies of this nature indicate that the
wrist joint may not be definable in terms of standardized kinematics with distinct, definable roles
for the individual ligamentous constraints.
In the literature it has been noted that early reports on ligaments and tendons revealed nonlinear
stress-strain behaviour, hysteresis, rate dependent stress-strain behaviour, and viscoelastic stress
relaxation during constant or cyclic loading [19]. These behaviours of soft tissue have been
investigated in several studies of the carpal ligaments [3,22,36,41,43,55], and were characterized
by material parameters. In these studies typical stress-strain (force-elongation) curves during
constant elongation-rate were obtained for various carpal ligaments, and these consisted of a “toe
region”, followed by a quasi-linear region, and then a failure region, according the principal
behaviour in Figure 2.4. The curves have been characterized on the basis of both ligament
stiffness in the quasi-linear region and ultimate strengths, and the dependencies of these
characterizing values on elongation rate have been shown. The load relaxation behaviour over the
course of time has also been recorded (Figure 2.5). However, the results presented for
characterizing ligaments were derived through various measurement techniques which make the
comparison of the carpal ligament properties problematic. For instance, one study determined the
slope of the quasi-linear region (related to ligament stiffness) of the scapholunate ligament with
an elongation rate of 50 mm/min [22], where another study determined the slope for various
ligaments at an elongation rate of 100 mm/min [36]. A further study even made the elongation
rate dependent on the ligament length which yielded a rate ranging from 5 - 25 mm/sec [41].
Due to the existence of an initial period of adjustment of mechanical ligament behaviour, as seen
in typical force registrations showing leveling off of the ligament force magnitude during cyclic
loading, many investigators have employed preconditioning of the ligaments in order to obtain
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consistent results from material tests [22,36,41]. It was reported that after about 10 load cycles,
ligament preparation reached preconditioned state, and that in subsequent cycles only negligible
changes in ligament forces were found [41]. One study deliberately avoided ligament
preconditioning and reported significant variability in their results [43].
A wide range of variability in carpal ligament properties has not only been documented among
different studies, but also among the different ligaments themselves, and among specimens within
a given study comparing the same ligament. However, despite these reported inconsistencies
among ligament properties, these values provide a basis for specifying ligament behaviour,
especially ligament stiffness, when modeling the wrist carpus.
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Figure 2.4 Principal viscoelastic load behaviour of ligaments
The principal load behaviour of ligaments with respect to their elongation during constant
elongation-rate. The non-linear “toe region” is followed by the quasi-linear region, and after
crossing the ultimate strength of the ligament, the failure region sets in.

Figure 2.5 Mechanical testing sequence for the scapholunate ligament
The mechanical testing sequence for the scapholunate ligament [22]. After preconditioning at low
loads, the specimens were elongated to 50 N at 50 mm/min. The specimens were held at a
specific elongation, and the relaxation behaviour of the ligament over a period of 100 seconds
was obtained. After that, the specimens were elongated at 100 mm/min until failure.
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2.1.5 Pathology
A study of a large anatomic population (393 cadaver wrists ranging from fetal to 99 years old,
with an average age of 67 years) examined the pathology of the wrist, and has given valuable
insight into several different features of diseases [54]. The comprehensive results included
arthrosis, chondromalacia and soft tissue damage, and a comparison of the paired wrists revealed
that the same patterns of disease were often present on both sides. Furthermore, many of the
wrists examined suffered from multiple pathologies.
Arthrosis was recorded if any portion of the articular cartilage was worn off giving exposed
subchondral bone, and it was found in 58% of the specimens. Twenty-one percent of the wrists
showed arthrosis in the radiocarpal joint, and in 46% of the wrists arthrosis was identified in the
midcarpal joint. Chondromalacia was identified in 24% of the wrists dissected, and it was
recognized as such if there was any degree of softening and fibrillation of the articular cartilage.
Four percent of the wrists had chondromalacia in the radiocarpal joint and 22% in the midcarpal
joint. Tears in the ligaments or triangular fibrocartilage (TFC), identified as disruptions in these
structures, were present in 56% of dissected wrists.
The high frequency of tissue damage found in this study indicates that many wrists are
overloaded or overworn during their lifetime. Furthermore, it has been reported that due to our
aging population, more and more people are affected by arthritis [4]. Options for the treatment of
wrist diseases are limited. They include carpectomy, limited fusion and complete fusion. It has
also been reported that wrist replacement is seldom performed due to the high failure rates of the
presently available prostheses. Kinematic and other biomechanical analyses are required in order
to design new treatment strategies and arthroplasties.
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2.2 Wrist Kinematics
2.2.1 Methods of Kinematic Measurement
A number of biomechanical studies have been performed in order to describe the kinematics of
the normal wrist. A reference database of normal carpal kinematics has been created through a
series of in vitro and in vivo studies. Investigations on normal carpal kinematics have been noted
to date back to the late 19th century [31,37]. Using planar x-ray films, these studies, which
investigated both cadaver specimens and living subjects, were highly qualitative in nature and
limited to two dimensions. The limitations of these planar studies were recognized and
investigators later switched to 3-dimensional techniques.
An early technique, the sonic digitizing system with sound sources, was used in studies to
perform a quantitative analysis of the relative motions between carpal bones [3]. As the hand
moved through a range of motions, the emitted sounds were detected by a linear microphone, and
this was used to quantify 3-dimensional positions of the bones. Another technique was stereophotogrammetry, and this was used in several cadaver studies [3,23,42]. Based on biplanar
radiographs, the 3-dimensional position of four or more Röntgen-opaque markers (tantalum
pellets) inserted into the carpal bones, could be reconstructed. However, these static or quasistatic methods only gave insight into carpal bone motion based on the sequential analysis of wrist
motion, and the kinematic results did not accurately describe a continuous action. Dynamic cyclic
wrist motion was investigated on cadaver wrists by using electromagnetic sensors [57]. Inserted
into the carpal bones, these sensors tracked the 3-dimensional motion of the carpal bones as they
moved through an electromagnetic field relative to the field source (for instance mounted on the
ulna). In another dynamic cadaver study [37], four black-and-white cameras were used to track
the reflective surfaces of pins rigidly attached to the carpal bones during a flexion-extension arc,
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creating 3-dimensional paths of the wrist motion. Carpal motion was then animated by combining
the path information and the bone geometry reconstructed from CT-scans.
Methods capable of tracking dynamic motion represented a substantial improvement over
stereophotogrammetric techniques. However, it was recognized by all the in vitro studies,
sequential and dynamic, that any exposure of the carpal bones and soft tissue, as well as the
implantation of markers, might interfere with physiological carpal kinematics. A more recent
method of kinematic analysis employs CT based imaging of the wrist to determine the bone
structure. Although this technique is not able to perform dynamic analysis, it provides
investigators with a 3-dimensional method to analyze in vivo subjects noninvasively.
The multiple planar images from a CT-scan define bone geometry in a sequential series of slices.
In order to extract bone geometry, these images need to be segmented, a process that renders bone
contour. The extraction of bone surfaces requires robust and reliable segmentation methods.
Because of the small and irregular shapes of the carpal bones, and the small joint spaces, the use
of fully automated segmentation algorithms is uncommon. To date, in vivo kinematic studies
mostly segmented the images manually which, however, is highly time intensive. Therefore, a
study implemented and evaluated several techniques for the segmentation of carpal bones with
the aim of minimizing operator involvement [47].
The segmentation of CT-scan sets of the same specimen in different postures generates slightly
different surfaces of the same bone geometry. Therefore, image registration is required which
involves identifying the same segmented bone in different sets of CT-scans in order to measure
joint kinematics. Different matching techniques are applied to resolve incongruities of the
segmented geometry and to link the bones in different postures. A study comparing three surface
registration techniques found that the carpal bone rotation error generally ranged from 1 to 2º and
that the bone translation error generally ranged from 0.7 to 1 mm [35]. Another matching
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technique described in another study was based on the complete 3-dimensional information of the
bones, and an accuracy analysis demonstrated the mean error in rotation to be less than 0.4º and
in translation to be less than 0.5 mm [50]. Studies utilizing the 3-dimensional matching technique
documented, therefore, that translation and rotation parameters could be measured more
accurately than with algorithms based on surface information [29,30,31].
Although MR based imaging has been reported to have possible unfavorable effects on the
accuracy of measurements, due to longer acquisition times than with CT, magnetic field
inhomogenity, or chemical shifts [50], and has been reported to be more difficult to identify
structures smaller than about 1 mm unless multiple scans and custom-sized coils are used [49], a
recent study presents a new attempt to use MR imaging to analyze 3-dimensional kinematics of
the wrist in vivo [17]. This study reconstructed 3-dimensional bone models by segmenting MR
images, and compared the accuracy between surface and volume based registration. For surface
based registration a mean rotation error of 1.67º and a mean translation error of 0.19 mm were
found, and for volume based registration a mean rotation error of 1.29º and a mean translation
error of 0.21 mm were found, revealing that volume based registration is more accurate in terms
of rotation error. Although smaller rotation errors have been achieved in CT studies utilizing the
3-dimensional matching technique, with this MRI method good accuracy can be achieved, and it
may very well be employed in future research. MRI is beneficial for in vivo kinematic studies
because it avoids radiation exposure. In the past, because of radiation safety concerns, it was
documented that a limited number of wrist postures, representing increments of motion, could be
studied [31].
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2.2.2 General Understanding of Wrist Kinematics
The bone motion occurring within the carpal structure is a function of the complex ligamentous
interactions and the multi-planar geometry of the articulation surfaces [45]. During wrist motion,
the principle of “variable geometry” applies, which causes multi-directional relative motion
between the individual carpal bones, therefore enabling the great range of motion of the wrist.
Kinematic studies have examined both static and dynamic postures through planar (in both sagital
and coronal planes) and non-planar motions.
Range of motion (ROM) studies provide information about the extreme poses of joint motions.
The results from a study with 40 subjects (20 male and 20 female; age within 20 to 60 years) have
revealed an average maximum range of wrist motion of 59º extension to 79º flexion (138º arc of
motion), and 21º radial deviation to 38º ulnar deviation (59º arc of motion) [3]. In comparison
with more recent studies, these results showed general agreement; however, slight variations
suggest that generalizing the range of wrist motion is difficult [40,45]. Using an
electrogoniometer, a study (21 subjects, mean age 27, range 21 to 39 years) revealed that the
ranges of motion were reduced by 17% for flexion-extension and by 11% for radial-ulnar
deviation when the maximum poses were achieved through wrist circumduction rather than
planar motion [40]. The minimal functional range of motion required for activities of daily living
for normal populations has been suggested to range from 40º extension to 40º flexion in the
sagital plane, and to be a combined 40º radioulnar deviation in the coronal plane [3].
The variability of carpal kinematics, concerning not only motion ranges, but also the nature and
direction of the carpal bones, and the relationships between them, indicates that a single
functional model of the wrist may not be determined [14,31]. However, a CT-study investigating
carpal kinematics (both wrists of five men, average age of 28 years, and five women, average age
of 22 years) was unable to detect any difference in carpal bone motion between male and female
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subjects [58]. Also, there did not appear to be a difference between right and left wrists or
between dominant and non-dominant wrists. Further studies investigating similar wrist
kinematics have confirmed no difference between genders [34,40].
It has been suggested that there may be a specific wrist motion during which there is minimal
scaphoid and lunate motion [57]. This is referred to as a wrist “dart throw motion” which is
defined as an arc of motion starting in wrist extension and radial deviation, and moving to wrist
flexion and ulnar deviation. This in vitro study (seven cadaver forearms; average age of 66 years)
investigated the carpal kinematics of the intact wrist. With scaphoid motion as little as 26% of the
wrist motion, and lunate motion as little as 22%, these findings suggest that clinically, each
subject might have a “dart throw motion” that has minimal scaphoid and lunate motion. This may
not only be valuable information for surgeries in which minimal scaphoid and lunate motion
might be desired (eg. carpal fusion, ligamentous repairs, and comminuted distal radius fractures),
but it may also be important when considering new implant designs.

2.2.3 Relative Carpal Bone Motion
Until now, there has been no unanimity about the interpretation of carpal functional anatomy,
leading to several theories on carpal kinematics [31]. The two classical concepts divide the carpus
into either proximal and distal carpal rows, or into three columns, with central (lunate, capitate,
hamate, trapezium, trapezoid), medial (triquetrum) and lateral columns (scaphoid) [45]. Another
concept looks at the wrist as a ring under pretension, where the two carpal rows are connected
through the scaphoid-trapezium-trapezoid articulations (“radial link”), and the triquetrum-hamate
articulations (“ulnar link”). From a functional standpoint, however, the motion of the carpus lends
itself to the grouping of the carpal bones into the proximal and distal rows (Section 2.1.2), with
the proximal carpal row representing an intercalated segment between the forearm and the distal
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row. Thereby, the variable geometry of the wrist results from a series of articulations not only
between but also within the carpal rows, particularly within the proximal row.
The proximal carpal row bones have a unique pattern of motion, which is responsible in large part
for the tremendous range of motion and stability enjoyed by the wrist. Overall, the carpal bones
within the proximal row move synergistically, although there is substantial inter-carpal motion
within this carpal row [29]. In general, during wrist flexion in the sagital plane relative motion
between the scaphoid and lunate occurs where the scaphoid runs ahead of the lunate, while during
extension they approximately extend synchronically. Motion patterns during coronal plane
motion of the wrist are more complicated because “out-of-plane” motion also occurs to a great
extent. The proximal carpal row bones have been documented to radially deviate and flex in
radial deviation of the wrist, and pronate, ulnarly deviate, and extend in ulnar deviation of the
wrist (Figure 2.6 and 2.7) [6,14,23,29,45]. It has been suggested that adaptive changes of the
proximal carpal row are dictated by both the geometry of the articular surfaces within the carpus
and the ligaments, and that these function in maintaining normal range of motion in the coronal
plane of the wrist [23,29].
The distal carpal row bones act as a functional unit, showing only little intercarpal motion. There
are, however, distinctive changes during wrist motion. It has been shown that the distal carpal
row bones radially deviate and supinate relative to the radius in radial deviation of the wrist, and
pronate, ulnarly deviate and flex in ulnar deviation of the wrist (Figure 2.6 and Figure 2.7)
[14,23,29,45]. With motion of the wrist in the sagital plane, carpal bone rotation occurs mainly
around the flexion-extension axis for both the distal, as well as the proximal, carpal rows. The
distal carpal row is considered to behave essentially like the second and third metacarpal bones,
which define the plane of motion of the hand [6]. This is due to the interlocking of articular
surfaces and the dense ligamentous connections between the bones of the distal row and the bases
of the metacarpals.
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A cadaver study using CT-scanning to visualize carpal kinematics found little motion in the distal
carpal row between the third metacarpal and the capitate (average difference of 1.1º ± 1.6º in
relative capitate-third metacarpal angles for extension/flexion), and therefore suggested that
global wrist motion can be measured using either the third metacarpal or the capitate’s angle with
respect to the radius [37]. The hypothesis to use the third metacarpal as an indicator of wrist
motion has been supported by a similar study which also found minimal relative motion between
the capitate and third metacarpal during in vivo wrist movement [34]. The relative motion of these
two bones has been concluded to not be significantly different from zero (mean difference of 0.7º
± 4.3º in relative capitate-third metacarpal rotation about the helical axes of motion for
extension/flexion, and -0.3 ± 4.3º for radial and ulnar deviation).
The contribution of the radiocarpal and midcarpal joints to the total arc of wrist motion has been
investigated in several studies. Extension of the wrist is nearly equally divided between the
radiocarpal and midcarpal joints (ratio between capitate-lunate and capitate-radius motion of 45 50%); flexion demonstrated a greater contribution by the midcarpal joint (ratio between capitatelunate and capitate-radius motion of 54 - 61%) [51]. For radial-ulnar deviation of the wrist, ulnar
deviation is equally divided in the radiolunate and lunocapitate joints, and radial deviation occurs
mainly in the lunocapitate joint, as far as primary rotation is concerned [23]. Both studies
documented agreement between their observations and other reports.
With respect to the mobility of the proximal carpal bones, the lunate shows the least range of
motion and the scaphoid the greatest [6,14,23,29]. An in vivo study (11 volunteers; mean age 32
years) investigated the 3-dimensional carpal kinematics [29], and the results appeared to largely
correspond with those of other investigators, as determined by a comprehensive review of the
literature [31]. This study found that the lunate contributed 31% to in-plane wrist flexion of 60º,
and 66% to in-plane wrist extension of 60º. For the same motions, the scaphoid was found to
contribute 62% to flexion and 87% to extension. Lunate movements have been found to
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contribute 57% to in-plane ulnar deviation of 20º, and 24% to in-plane radial deviation of 20º,
where the scaphoid contributes 50% to the same ulnar deviation and 26% to radial deviation. Outof-plane movements of the scaphoid during this ulnar-radial deviation of the wrist have been
recorded to be 20º of extension for ulnar deviation, and 15º of flexion for radial deviation.
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a)

b)

Figure 2.6 Schematical carpal bone motions during radial and ulnar deviation
Radial and ulnar deviation are illustrated schematically showing combined carpal bone motions in
the sagital and coronal planes [45]. During radial deviation a), the distal carpal row deviates
radially, while the proximal row simultaneously deviates ulnarly and flexes. During ulnar
deviation b), the distal carpal row deviates ulnarly, while the proximal row simultaneously
deviates radially and extends.

Figure 2.7 Reconstructed wrist motions during an in vivo study
Reconstructed wrist motions during an in vivo study [30], showing relative carpal bone motions.
3-dimensional surface models were generated from CT-scans. Illustrated are the palmar views of
the right wrist in radial deviated (A), neutral (C), and ulnar deviated (E) positions, as well in
extended (G), neutral (I), and flexed (K) positions.
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2.3 Current Trends in Biomechanical Modeling
2.3.1 Rigid Body Spring Method in Wrist Modeling
Several studies have attempted to simulate the forces in the articulations and constraints for the
complex structures throughout the wrist joint [16,21,26,46]. When analyzing multiple body
contact forces, as is the case with the wrist, the rigid body spring method (RBSM) is particularly
attractive because of its relative computational efficiency. With this technique, the structure of the
wrist is represented in a computer model as a collection of rigid bodies, representing the bones,
interconnected by compressive and tensile spring elements, representing cartilage and ligaments,
respectively. Force vectors applied to the model simulate physiological wrist loads, such as with a
grasp maneuver.
An early study employing the RBSM created models of the bone geometry by digitizing planar
radiographs of 120 normal wrists in neutral posture [46]. The cartilage stiffness was defined to be
15 MPa, which, when distributed to several spring elements along the articulating surface,
resulted in an overall compressive spring element stiffness of 200 N/mm in the articulations.
Twenty-eight ligaments were modeled as a band of distributed tensile spring elements, with
anatomical attachments and physiological properties obtained from the literature. By applying
specific axial loads along the axes of the five metacarpal bones, simulating a total grasp load of
10 N, joint contact force distributions, ligament tensions, and bone geometry displacements were
monitored. Results were obtained from the model by solving for an equilibrium based on a
minimal energy principle. This study found that the force transmission ratio was 55% for the
radio-scaphoid joint and 35% for the radio-lunate joint. Ten percent of the load was found to pass
through the TFCC.
This study, however, was restricted to two dimensions, and did not account for the 3-dimensional
joint geometry and loading conditions. Subsequent studies used similar RBSM-models in three
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dimensions using the bone geometry from CT-scans of either six in vivo [16] or ten in vitro [21]
specimens. These studies found similar results compared to the 2-dimensional study with respect
to force transmission in articulations. The advantage of 3-dimensional RBSM-models, however,
was that more accurate representation of rigid body kinematics could be obtained. It has been
reported that carpal bones translate and rotate with six degrees of freedom, and each motion
affects the stress transmission in the articulations.
A more recent study introduced the method of a sliding rigid body spring model [26]. Using
planar radiographs of four subjects, similar wrist models as in previously described models were
created; however, the sliding RBSM allowed the distal end of each compressive spring element in
the articulations to slide along the border of the distal bone contour. This method, believed to be
more robust, represents a more physiological approach. The same grasping maneuver as in the
previously described study [46] was simulated by performing dynamic analyses which
determined the relative bone displacements by integrating the reaction forces over a 20 second
period. Results were obtained after the oscillating models reached a quasi-equilibrium state. Force
transmission profiles were found to be similar to data for described normal wrist models
simulating the same grasping maneuver. However, this 2-dimensional study presents a greatly
simplified model of the wrist and, again, did not account for the complex 3-dimensional
interactions within the wrist structure.

2.3.2 Kinematic Wrist Modeling
The main aim in all previously described studies using RBSM-models was to investigate the force
distributions in the wrist under a specific loading condition, the grasp maneuver. Although the
bone displacements were also monitored, it is difficult to conclude whether these results describe
actual physiological bone motion or describe the process of the wrist model balancing into a state
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of equilibrium. More importantly, these studies only investigated the wrist in a functional or
neutral position, and they did not examine wrist kinematics in non-neutral positions, such as wrist
flexion, extension and deviation.
To date, only one group has aimed to develop a wrist model which simulates carpal bone
kinematics in non-neutral positions [49]. This study used a new concept, where the model does
not rely on ligamentous constraints, but is based solely on the shapes of the interacting joint
surfaces. It was assumed that wrist kinematics were dictated by the minimum energy principle.
This could be achieved by ensuring that the contact area between the articular surfaces is
maximal throughout wrist joint motion, thereby evenly distributing loading forces and
minimizing local peak loading. The model geometry was obtained from a CT-scan of a single
cadaver forearm, and the capitate was defined to represent the overall wrist angle. The capitate
was moved in 1º increments to achieve a range from 20º ulnar deviation to 10º radial deviation.
An optimization computer algorithm measured the contact area between neighboring articular
surfaces for each increment, and maximized them by adjusting the positions and orientations of
the other carpal bones.
Although this novel approach of simulating wrist kinematics yielded encouraging results
(scaphoid rotation and translation in the correct direction), this method appears to be sensitive to
shape errors of the surface models. The question remains whether or not maximizing the
articulating surfaces is a reliable method, and whether the interaction with ligamentous structures
is essential when modelling wrist kinematics. Furthermore, with this method it is not possible to
investigate ligamentous influences during wrist motion, which also provide valuable
biomechanical information.
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2.3.3 Finite Element Method in Wrist Modeling
The finite element method (FEM) is a numerical analysis technique used to obtain stress and
strain patterns in modeled bodies through computation. This method breaks the investigated body
into discrete elements, and therefore approximates a continuous system. FE-modeling can be
applied to estimate stress distributions within bone and tissue, such as in cartilage or ligaments,
and complex contact models with anatomical articular profiles can be built using this approach.
To date, only one model has been developed to examine 3-dimensional stress and contact
pressure distributions throughout the wrist joint [10]. In this study, it was reported that previous
FE studies are of 2-dimensional nature and do not provide accurate representation of the complex
wrist structure. Primarily used to investigate stress patterns and how they are affected by bone
fracture, bone union, or prosthetic implant, these 2-dimensional studies are limited to the coronal
plane, and neglect the out-of-plane behaviour of the carpal bones.
This 3-dimensional FE wrist model was based on an in vivo CT-scan of the wrist in neutral
posture. Surface models of the bony structure were generated by segmenting the images, and
these represented the bone geometry for the model which was specified to have linear elastic
material properties (Figure 2.8). Cartilage elements were modeled and given physiological
behaviour, and ligamentous constraint was provided using non-linear, tension-only spring
elements. By applying compressive load to the capitate, sensitivity analyses were performed to
investigate the impact of various factors on the computed results. It was concluded that cartilage
material modulus and carpal rotation have substantial impact on the articular contact patterns and
pressures.
However, nonphysiological constraints had to be implemented in the 3-dimensional FE-model in
order to obtain solution convergence. Since the developmental model does not provide static
stability under the compressive load applied, nodal movement constraints were employed, and, in

27

order to prevent the model from collapsing, each carpal bone was restricted to motion in the
direction of the applied load. These constraints are not physiological, and, for this reason, the
results should be considered critically. Based on this, the investigators of this study have
suggested that the process of creating a physiological FE-model of the carpus may ultimately be
an iterative process between FE-modeling and physical experimentation. With this iterative
process, physiological constraints and muscle activations which are desired for joint stability may
be identified.

Figure 2.8 Dorsal view of a 3-dimensional FE-model
The dorsal view of the 3-dimensional FE-model of a right carpus [10], including bone, cartilage,
and ligament structures.
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2.3.4 Rigid Body Spring Method in other Biomechanical Applications
Biomechanical modeling is used with increasing frequency to study structural and functional
interactions in the human body, and the study of the wrist presents only one area of its
application. Rigid body, multisegment models with multiple degrees of freedom, often referred to
as musculoskeletal models, have been widely used to study joint and segment motions, muscle
and ligament forces, and joint loading, in a range of activities. Thereby, the RBSM has proven to
be attractive because of its computational practicability for simulations of large motions, and the
assumption of segment rigidity has been considered to be reasonable in such biomechanical
models.
The lower limb, especially the knee joint, is one of the most frequently investigated body parts
using computational modeling. The RBSM has been applied in 2-dimensional [32] and 3dimensional [25,48] models in order to investigate motion patterns, knee joint stabilization, and
muscle, ligament and joint loading, during human activities such as walking, running, or jumping.
Results were obtained which provided information that had not been directly accessible by
experimentation on humans. Detailed rigid body spring models have also been presented for the
jaw [18,38]. Dynamic loading conditions, such as biting and chewing, were simulated, and
mandibular function and its muscle tensions were investigated. Parallel to human jaw models, the
rigid body modeling of the pig jaw was considered to offer improvement in the specificity of
input parameters in a living population [24].
In addition to further RBSM-model applications to investigate other human body parts, such as
the back, shoulder, and elbow [38], a detailed rigid body model of the entire human body has
been constructed and initial results are promising [33]. However, the optimization of the model
has only been conducted based on numerical accuracy and stability.
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Chapter 3: Methods
3

Methods

3.1 Model Geometry
3.1.1 Bone Geometry from CT Image
The geometry used for this wrist model was obtained from the CT-scan of a cadaver right upper
limb. The extraction of the bone geometry by segmenting the CT-images was, however, part of a
previous study conducted at Queen’s University which investigated carpal kinematics in vitro [4].
From this, surface models of the bone geometry were provided and were utilized in the design of
the present model. In this section, the segmentation process is briefly summarized in order to give
a complete understanding of the present wrist model; however, the reader is referred to the
literature for further referencing [4].
The fresh frozen right cadaver upper limb was CT-scanned in neutral position. CT-scans of the
same cadaver specimen were also taken in ulnar and radial deviated positions (45 deg and 15 deg
respectively), in two extended positions (34 deg and 57 deg), and in two flexed positions (30 deg
and 65 deg). Nylon cables were sutured to the tendons of the five main muscles (extensor carpi
radialis brevis and longus, flexor carpi radialis, extensor and flexor carpi ulnaris), and selective
traction was applied to these cables in order to maintain the appropriate wrist position during each
scanning. However, no information was recorded about how much force was applied to each
tendon for specific wrist positions. The scans incorporated complete representations of all carpal
bones, substantial proximal extensions of all metacarpal bones, and distal extensions of the radius
and ulna.
The carpal bone geometry was obtained by segmenting the images obtained using semi-automatic
image thresholding software (MESHER, School of Computing, Queen’s University). A threshold
value of 300 Hounsfield units represented a balance between resolving joint space and retaining
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bone volume. The software was then used to generate 3-dimensional triangular facet surface
meshes from the segmented slices of all bone geometries using the marching cubes algorithm.
The principal axes for all isolated bone geometries were estimated from the eigenvalue
decomposition of the covariance matrix of the coordinates of the surface model vertices, and then
the position data was improved by an iterative closest point (ICP) surface registration. Through
this process, the transformation matrices for each bone in specific wrist positions, with respect to
the bone positions and orientations in neutral position, were obtained.
The global coordinate system for all of these surface models was defined to have its origin in the
scaphoid fossa of the radiocarpal articulation near the interfossal prominence with the x-direction
pointing medially, the y-direction directed from dorsal to palmar, and the z-direction pointing
distally (Figure 3.1).

3.1.2 Assembly of Bone Structures as Volume Bodies
The surface models of the wrist in neutral position were exported from MESHER in a standard
stereolithography (STL) graphics format. An STL file is a triangular representation of a 3dimensional surface geometry, and is widely used in rapid prototyping, as well as in computeraided manufacturing. These files were provided by the study previously described (Section 3.1.1)
and were utilized in this wrist model. The surface models in STL format were then converted into
Initial Graphics Exchange Specification (IGES) surface format using the commercially available
software DA3DataExpertTM (DeskArtes Oy., Helsinki, Finland). IGES defines a neutral data
format that allows the digital exchange of information among computer-aided design (CAD)
systems in the form of circuit diagrams, wireframe, freeform surface or solid modeling
representations.
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The surface models in IGES format were then imported into SolidEdgeTM V17 software (UGS
Corp., Plano, USA), an engineering and design package, to create an assembly model of the wrist.
The intermediate step of converting the models first into IGES format was necessary since a
translator that could import the STL format into SolidEdge was not available. Each surface model
had to be imported separately and was recognized as a volume body by SolidEdge; however, the
triangulated surface was maintained. The position and orientation information of the surface
models was retained during the conversion process, and each volume body was then saved as a
separate part (*.prt; file format for parts in SolidEdge). Each part’s reference frame was located
and oriented with respect to the volume body as defined in Section 3.1.1. This allowed the
creation of an assembly model of the wrist in neutral position (*.asm; file format for assemblies
in SolidEdge) by mating all reference frames (Figure 3.1). Thereby, a single global model
coordinate system resulted in the origin and orientation of the unit vectors as defined in Section
3.1.1.
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Figure 3.1 Palmar view of the SolidEdge assembly model of the wrist
The palmar view of the SolidEdge assembly model of the right human wrist in neutral posture
including the distal parts of radius and ulna, the eight carpal bones, and the proximal parts of the
metacarpal bones using the global model coordinate system x,y,z (origin indicated in yellow).
The geometry consists of bone volume bodies with triangulated surfaces extracted from CT-scans
without any information about soft tissue.
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3.1.3 Creation of Cartilage Layers
Since the surface models extracted from the CT-scans only included information about the bone
geometry, no information whatsoever about cartilaginous structure was available from the data
set of surface models provided. In order to provide articulation between the bone geometry in the
kinematic wrist model, gliding surfaces functioning as cartilage layers were modeled.
The triangulated surfaces of the bone geometry is ineligible as a gliding surface; therefore, the
cartilage layers were modeled using “bounded surface” in order to smooth the triangulated
surfaces. This is a SolidEdge-specific program entity capable of modeling complex surfaces
which are defined by the shape of their boundaries (Figure 3.2). Four splines along the bone
geometry enclosed the defined areas of the cartilage layer, and provided the four boundaries
needed to create a complex surface. The cartilage layer covered both the contact areas between
articulating bones visually detected in the assembly model of the wrist, as well as the estimated
contact areas determined during carpal bone motion. The four-bounded surface was refined by
adding splines within the defined area, thereby dividing the area into several four-bounded
surfaces which were stitched together to yield a single surface (Figure 3.2). Refinining the
cartilage layer depended on its overall surface shape and its match to the underlying triangulated
bone contour.
Unlike the contact surfaces for the carpal joints, the splines used in creating the surfaces of the
radiocarpal articulation were not completely modeled along the triangulated bone surface.
Because of the distinct shape of the distal articular surface of the radius, this articulation was
modeled using two separate surfaces, one to provide for the scaphoid fossa and another to provide
for the lunate fossa (Figure 3.3). Thereby, the gliding surfaces in the area of the interfossal
prominence and TFCC, indicated in Figure 2.3, were reshaped by defining points in space
through which the splines passed such that the resulting complex surfaces formed raises in these
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two areas. No contact surfaces were generated for both the carpometacarpal joints and the distal
radioulnar joint since no articulation was simulated within these joints (Section 3.2.1).
All surfaces generated were then offset by the cartilage layer thickness, which was assumed to
correspond to half the minimum distance between the two smoothed surfaces of each articulation
in the assembly model in neutral position. A SolidEdge internal algorithm enables one to easily
attain the minimum distance between two surfaces. This technique was performed for all
articulations within the wrist carpus and for the radiocarpal articulation. The offset distances
ranged from 0.17 mm in the lunate-capitate articulation to 0.57 mm in the scaphoid-lunate
articulation (Appendix A).

Figure 3.2 Cartilage layers added to the scaphoid geometry
The triangulated bone surface of the
scaphoid geometry extracted from CTscans with a view of the gliding surface of
scaphoid-radius articulation. The surfaces
were smoothed with free surfaces in the
regions of the cartilage layer. Offsets of
these free surfaces allow for gliding
surfaces in the articulations of the wrist
model. The surface viewed here is refined
by two additional splines, and the four
splines enclosing the defined area of
cartilage layer are identifiable.

Reshaped areas

Figure 3.3 Reshaped articulation surfaces of the radiocarpal joint
The triangulated bone surface of the radius
geometry extracted from CT-scans with a
view of the palmar side of the distal part.
The surfaces were smoothed with free
surfaces in the radiocarpal joint region.
The area of the interfossal prominence and
TFCC were reshaped to provide for the
scaphoid and lunate fossae. Offsets of
these free surfaces allow for gliding
surfaces in the articulations of the wrist
model.
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3.2 Kinematic Wrist Model
A kinematic model of the wrist was built using the software RecurDynTM Version 6.1
(FunctionBay Inc., Seoul, Korea) for rigid multibody dynamic analysis. It is beyond of the scope
of the present study to give a detailed description of the methods and algorithms behind this
simulation software. It may be noted, however, that RecurDyn generates the equations of motion
which govern the multibody dynamic model behaviour on the basis of Lagrange’s principle. The
solver employs the relative coordinate system and uses a complete recursive algorithm. The
implicit integrators implemented in RecurDyn allow for solving both stiff systems, with only a
small amount of numerical error, and contact problems effectively. Therefore, the use of
RecurDyn in the present biomechanical investigation of a multiple contact system, such as the
wrist, is feasible. For detailed information the reader is referred to the RecurDyn manual.
Parameters for the dynamic simulations of different wrist motions, each one second long (Section
4.1.2), were defined with the aims of computational efficiency and reproducibility of results. For
the IMGALPHA-integrator (Implicit generalized alpha method) employed, a maximum time
interval of 0.04 seconds was chosen, with an initial time interval of 5e-4 seconds, an error
tolerance of 5e-3 and a numerical damping of one. This set of simulation parameters was derived
through a series of test simulations, and appeared to yield the most efficient simulation results. A
verification simulation with a maximum time interval of 0.02 seconds was performed and showed
no numerical changes in results when doubling the simulation steps (According to Section 4.2.1,
no change in RMS-error was obtained from the verification simulation).
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3.2.1 Rigid Body Model
The SolidEdge geometry of each bone including the smoothed cartilage gliding surfaces was
exported in Standard for the Exchange of Product (STEP) format. This was required in order to
be able to import the geometry into RecurDyn.
The bone geometries were incorporated in RecurDyn as rigid body volumes. All cartilage layers
were recognized as simple surfaces, and had no contribution to the mass or moment of inertia of
the body volumes. A rigid body model of the overall geometry of the wrist in neutral posture was
then completed where the position and orientation of the global model coordinate system in
RecurDyn was retained unchanged as defined in the SolidEdge assembly model (Figure 3.4). A
default gravitational field vector of 9.806 kg·m/s2 acted distally to proximally (in the negative zdirection of the global model coordinate system). All rigid body elements were specified to have
a uniform density of 1.9 kg/dm3 which presents the density of compact bone documented in the
literature [9]. The resulting masses of the carpal bones range from 1.17 to 4.74 grams (Appendix
A). Variations in density of compact and trabecular bone, as well as local variations of bone
density, were not considered; however, the model is insensitive to bone density as inertial and
gravitational forces are negligible in the slow movements simulated. This was shown by
investigating the gravitational force vector (Section 4.3.1); its direction was shown to have no
effect on the model, and thus, it was deduced that its magnitude had no effect on the model.
The rigid body of the radius was fixed in space and represents the reference bone of the wrist
model. The rigid body of the ulna was also fixed in space since only a minor part of the distal
ulna was present and reasonable constraints between the ulna and radius were impossible to
define. This allowed no relative motion between the two bodies; therefore, no articular motion in
the distal radioulnar joint was simulated. However, it is known that distal radioulnar joint motion
is separate from unit joint (carpus) motion, and that relevant motion in the distal radioulnar
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articulation occurs during supination and pronation [6,39,45]. Therefore, the simplification of the
ulna body being fixed in space is justified, especially since only extension, ulnar and radial
deviation were simulated in the present study (Section 3.3), and the scope of this investigation is
of the relative motions of the carpal bones.
Further simplifications of the model were implemented by fusing the metacarpal bones to the
underlying carpal bones. This meant that fused bodies behaved as a single rigid body in the wrist
model. Thereby, the first metacarpal was fused to the trapezium, the second to the trapezoid, the
third to the capitate, and both the fourth and fifth to the hamate. This simplification was
conducted because of the poor geometry quality of the metacarpal bone surface models provided,
especially in the areas of articulation (Figure 3.1). Accordingly, it was not possible to create
reasonable cartilage layers; therefore no articulation in the carpometacarpal joints could be
modeled. Likewise, the pisiform was fused to the triquetrum. Consequently, failure to simulate
articular motion in these joints reduced the amount of relative motion between the rigid bodies,
which in turn simplified the tuning of the wrist model and improved computational efficiency.
These simplifications and their impact on the model will be discussed (Section 5.1).
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Figure 3.4 Palmar view of the RBSM wrist model in RecurDyn
The palmar view of the RBSM-model in RecurDyn of a right human wrist including distal parts
of radius and ulna, the carpal bones and the proximal parts of the metacarpal bones. The
ligaments (red; only palmar force vectors indicated) and tendons (black; dashed lines indicate
tendons on the dorsal side) are simulated through vector forces. The contact constraints between
free surfaces (dark blue) allow for articulation within the model. The origin of the global
coordinate system x,y,z is as defined in the SolidEdge assembly model (Section 3.1.1).
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3.2.2 Modeling of Cartilage
The cartilage layer properties in the articulations between the rigid bodies were modeled using
surface contact constraints. For each articulation, a contact constraint between the two gliding
surfaces was defined which governed the interaction between the surfaces and therefore,
governed the cartilaginous behaviour.
The constraints approximate contact surfaces as multi-triangular patches (Figure 3.5). The
patches-net and its triangle sizes were automatically generated by RecurDyn. However, the
patches-net could be refined, and the fineness was chosen so that good computational efficiency
was achieved by maintaining reasonable approximation of the gliding surfaces. The contact
constraints generate a normal force when two approximated contact surfaces interpenetrate. This
normal force results from the superposition of contact stiffness and damping:
•

Fn = kδ m1 + c δ δ m2

(3.1)

•

with δ and δ being the penetration and penetration rate of the contact surfaces, respectively, k
being the contact stiffness coefficient, and c being the contact damping coefficient. In order to
soften the transition from no force to the start of generated contact force, the force characteristic
due to stiffness follows a power function, with m1 being the stiffness exponent. The dependency
of the damping force on penetration eliminates the jump in force that would otherwise be
generated due to the initial penetration rate (Figure 3.6). With an indentation exponent, m2, larger
than one, the damping force generated starts at zero and increases nonlinearly with increasing
penetration regardless of the penetration rate. Therefore, the damping force is also softened.
Equation 3.1 is the default contact equation utilized by RecurDyn, and softening the sudden
transition into contact force for both stiffness and damping force makes the equation stable for
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numerical integration. Although Equation 3.1 is not based on actual cartilage behaviour it
presents a mechanical behaviour that is physiologically reasonable.
For the cartilage properties modeled in the present model, the stiffness coefficient and stiffness
exponent were defined to be 200 N/mm and 1.3, respectively; the damping coefficient and
indentation exponent were defined to be 2 Ns/mm and 2, respectively. These values provided
good numerical performance and resulted in minimal cartilage compression in the lightly loaded
cases simulated (Section 4.1). The specified contact stiffness of 200 N/mm follows the stiffness
defined in previous studies which modeled cartilaginous behaviour [10,26,46]; however, the other
values were arbitrarily chosen and are not based on any physiological properties of cartilage.
Intra-articular shear forces were neglected because of the low friction coefficient between
cartilage surfaces [21], which is in agreement with other wrist models [16,21,26]; therefore, no
friction forces orthogonal to the normal forces act on these contact constraints.

Figure 3.5 Cartilage layer properties modeled in articulations
The cartilage layer properties in the
articulations between the rigid bodies
modeled using surface contact constraint
between two gliding surfaces which
approximates contact surfaces (dark blue)
as multi-triangular patches (red). Illustrated
is the palmar view of the articulation
between the hamate and triquetrum.
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Figure 3.6 Principle behaviour of the damping force in the contact constraints
The principle behaviour of the damping force in the contact constraint equation. With m2 = 0, a
jump in the damping force occurs when penetration of the contact surfaces starts because of the
initial penetration rate. An indentation exponent larger than one (m2>1) softens the damping force
in the transition to the contact force because it is also dependent on penetration.
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3.2.3 Modeling of Ligamentous Structure
Ligamentous constraints in the model were provided using nonlinear, tension-only spring
elements to model each ligament (Figure 3.4). Each ligament was modeled with a single spring
element, and the locations for the spring connections were specified by indicating areas on the
rigid body surfaces for each end of the spring element with the aid of anatomic visualization
software [27]. Certain ligaments were not incorporated in the model because it was not possible
to model the wrapping of ligaments with the spring elements employed. The influence of the
neglected ligaments on simulation results will be investigated later on (Section 4.2.3). As noted
previously (Section 3.2.1), the metacarpal bones were fused to the carpal bones; therefore, no
spring elements were modeled between fused carpal and metacarpal bones and between the
metacarpal bones. However, ligamentous constraints were provided between non-fused
connections (eg. the palmar carpometacarpal ligament between the capitate and fourth
metacarpal). A summary of the modeled, as well as neglected, ligaments, with an explanation,
can be found in Appendix B.
The load-deflection behaviour, and therefore the ligament property, for each ligament modeled is
governed by the superposition of a linear and an exponential function:

⎛ ε ⎞
f (ε ) = k ⋅ l0 ⋅ (ε − 0.03) + 0.03 ⋅ k ⋅ l0 ⋅ exp⎜ −
⎟
⎝ 0.03 ⎠

ε=

l − l0
l0

(3.2)

(3.3)

with k being the linear ligament stiffness, l being the momentary spring element length defined by
the distance between the two element connections, and l0 being the specified initial length of each
ligament. Each spring element starts to exert nonlinear tensile force after crossing the specified
initial ligament length l0. The initial length represents a variable model parameter and was
specified for each ligament individually (Section 3.3.2). In the example of the long radiolunate
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ligament, the resulting superposition of the straight line and exponential curve, and therefore its
modeled mechanical behaviour, is shown in Figure 3.7.
The function in Equation 3.2 provides a nonlinear region, denoted as the “toe region”, and
approaches linearity according to the principal mechanical behaviour of ligaments described
(Section 2.1.4). This novel function was developed with the aim to describe the nonlinear
ligamentous behaviour with a continuous function, rather than, for instance, a spline function.
This achieves good numerical performance, and characteristics for each modeled ligament
described by parameters listed are convenient to change. Different functions used in other studies
to model ligament behaviour were decided to be impractical for the present model (Section 5.2.2).
Linear stiffness parameters, k, were taken from the literature where available. A summary of
assigned ligament stiffness parameters and accompanying references can be found in Appendix
B. For ligaments whose values were not documented, a value was assumed based on their carpal
connections and their similarity with other, documented ligaments. In Equation 3.2, the factor
0.03 defines the strain between the initial length, l0, and the point where the straight line crosses
zero (Figure 3.7). Since no general theory about the “toe region” has been documented in the
literature, three percent was determined to be a reasonable strain value to describe the nonlinear
region, and this value is similar to that used in another study that modeled the “toe region” [10].
The exponential curve was defined to have the same negative-slope as the straight line at a
ligament strain of zero percent; therefore, the “toe region” of the resulting load-deflection curve
starts with a slope of zero at a ligament strain of zero percent.
In order to provide for damping of the model, all spring elements were minimally dampened with
a linear damping constant of 0.05 Ns/mm. Thereby, a force negative-proportional to the rate of
spring element deflection is superimposed on the spring force generated by Equation 3.2. A
damped model is reasonable since the physiological wrist is damped by surrounding tissue.
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Figure 3.7 Modeled load-deflection behaviour for long radiolunate ligament
The modeled load-deflection behaviour (blue) for the long radiolunate ligament (spring element
between the radius and lunate) composed of the superposition of a linear and an exponential
function. The resulting superposition curve is defined by the straight line, with a stiffness of k =
30N/mm, crossing zero force at three percent ligament strain; and defined by an exponential
curve with the same negative slope at ligament strain of zero percent as a straight line, which
results a load-deflection curve with zero slope. The initial length l0 for the modeled long
radiolunate ligament was found at 11.5 mm (Section 4.1.1).
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3.2.4 Modeling of Muscle Tendons as Model Stimulation
The muscle tendons of the extensor carpi radialis brevis and longus, the flexor carpi radialis, and
the extensor and flexor carpi ulnaris were incorporated in the model and allowed for its
stimulation. Each tendon was modeled with an axial force vector (Figure 3.4), and applying
selective forces to these vectors resulted in various wrist motions. The magnitudes of the applied
forces represent variable model parameters and were individually defined for specific wrist
motions (Section 3.3.2).
The axial force vectors were defined by two connecting points, where one point was fixed at the
insertion of the tendons. Thereby, the tendons of extensor carpi radialis brevis and longus insert at
the dorsal aspect of the proximal part of the third and second metacarpal bones, respectively, the
flexor carpi radialis at the palmar aspect of the proximal part of the second metacarpal bone, the
extensor carpi ulnaris at the dorsal aspect of the fifth metacarpal bone, and the flexor carpi ulnaris
at the proximal aspect of the pisiform (Figure 3.4). Since wrapping of the tendons was not
simulated, the second point of the axial force vectors was fixed in model space and positioned so
that the line of action of the force vector corresponded to the tendon in a normal anatomical
orientation. The locations for these points were chosen to be in the area of wrapping around the
distal radius or ulna heads for the extensor tendons, near the distal ulna head for the flexor carpi
ulnaris, and in the wrapping area near the scaphoid head for the flexor carpi radialis. The
insertions of tendons, the line of action of force vectors and the location of the second connecting
points were visually determined according to anatomic visualization software [27].
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3.2.5 Comparison Models
As previously noted (Section 3.1.1), position and orientation information for all carpal bones was
extracted from CT-scans of a cadaver limb in both radial and ulnar deviated, as well as in
extended and flexed positions. This information built the basis on which to compare the results of
the kinematics simulations (Section 4.1.1). Therefore, comparison models in RecurDyn were
created in order to visualize the extracted carpal bone positions and orientations.
The data from the extracted information on position and orientation for each carpal bone in
deviated, extended or flexed wrist positions was provided in the form of the following
transformation matrix:

⎡
⎢ R
CT
T =⎢
⎢
⎢
0
⎣0

t x,CT ⎤
t y,CT ⎥⎥
t z,CT ⎥
⎥
0
1 ⎦

(3.4)

where RCT is the three by three rotation matrix and tCT is the translation vector for the center of
mass with respect to the global coordinate system defined in Section 3.1.1. After importing the
bone geometries of the wrist in neutral posture into RecurDyn, which represent the geometry of
the present wrist model (Section 3.2.1), every rigid body was assigned a centre marker with the
origin in its centre of mass and with the same unit vectors at the centre marker as the global
model coordinate system (Figure 3.8). The position of each body’s centre of mass was found by
an internal algorithm in RecurDyn. Multiplying the unit vectors at the body’s centre marker by
the rotation matrix, and translating them by the translation vector, positions the body in the
transformed state. Therefore, applying a particular transformation matrix to the particular carpal
bone in neutral position transformed the body into deviated, extended or flexed positions as
obtained from CT-scans.
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Figure 3.8 Principal transformation of a rigid body
After applying the transformation matrix T, the body in normal position with the unit vectors i,j,k
at the centre marker, (the same unit vectors as the global model coordinate system) is moved into
the “transformed body” with the unit vectors i’,j’,k’ at the centre marker. Thereby, the body is
r
rotated about the origin of the global model coordinate system x,y,z and translated by tCT .

In order to be able to apply the transformation matrices to the particular carpal bone bodies in
RecurDyn, the rotation matrices RCT had to be converted into Euler angles. The translation vector
could be applied directly. The idea behind Euler angles is to split the complete rotation of the
coordinate system into three simpler rotation angles about the coordinate system axes.
Unfortunately, the definition of Euler angles is not unique, and different conventions are used
which depend both on the coordinate system axes about which the rotations are carried out and
their sequence. The convention required for building the comparison models is the 3-1-3
sequence which means that the body is being rotated first about the z-axis of the global model
coordinate system, then about the x-axis, and finally again about the z-axis.
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The conversion process below, described using the example of the capitate being transformed into
ulnar deviated posture, was applied to the rotation matrix of each carpal bone for ulnar and radial
deviated, extended and flexed posture. All the rotation matrices were converted using MatlabTM
(Mathworks Inc., Michigan, US), a technical computing language for data analysis and numeric
computation.
First, the unit vectors at the centre marker i, j and k were rotated by multiplying each unit vector
with the rotation matrix, in this case, for the capitate in ulnar deviated position according to
Equation 3.5:

i' , j' , k' = R CT ⋅ i, j, k

(3.5)

with the same unit vectors as the global model coordinate system:
⎡1 ⎤
i = ⎢⎢0⎥⎥ ;
⎢⎣0⎥⎦

⎡0 ⎤
⎡0 ⎤
⎢
⎥
j = ⎢1⎥ ; k = ⎢0⎥
⎢ ⎥
⎢⎣0⎥⎦
⎢⎣1⎥⎦

(3.6)

A direction cosine matrix (DCM) consisting of scalar products in the following form was then
computed:
⎡ i ⋅ i'
DCM = ⎢⎢ i ⋅ j'
⎢⎣i ⋅ k'

j ⋅ i'

k ⋅ i' ⎤
j ⋅ j' k ⋅ j' ⎥⎥
j ⋅ k' k ⋅ k'⎥⎦

(3.7)

The DCM appeared to be the transposed matrix of RCT (DCM=RCTT). The three rotations of the 31-3 Euler sequence can be expressed in the following axis rotation matrices:
0
0 ⎤
⎡cos(ψ ) − sin (ψ ) 0⎤
⎡1
⎡cos(φ ) − sin (φ ) 0⎤
⎢
⎥
⎥
⎢
;
;
R 3 (ψ ) = ⎢ sin (ψ ) cos(ψ ) 0⎥ R 1 (θ ) = ⎢0 cos(θ ) − sin (θ )⎥ R 3 (φ ) = ⎢ sin (φ ) cos(φ ) 0⎥ (3.8)
⎥
⎢
0
1⎥⎦
0
1⎥⎦
⎣⎢ 0
⎣⎢ 0
⎣⎢0 sin (θ ) cos(θ ) ⎦⎥

with psi, ψ, being the angle of the first rotation about the z-axis, theta, θ, being the angle of the
second rotation about the x-axis and phi, φ , being the angle of the third rotation again about the
z-axis.
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The total rotation matrix for a 3-dimensional rotation of a body according the 3-1-3 Euler
sequence, denoted as the Euler matrix, is derived by multiplying the single rotation matrices
which yields:
c(ψ )s (φ ) + s (ψ )c(θ )c(φ ) s (ψ )s (θ )⎤
⎡ c(ψ )c(φ ) − s (ψ )s (φ )c(θ )
⎢
R 3 (ψ )R 1 (θ )R 3 (φ ) = ⎢− s (ψ )c(φ ) − c(ψ )s (φ )c(θ ) − s (ψ )s (φ ) + c(ψ )c (θ )c(φ ) c(ψ )s (θ )⎥⎥
⎢⎣
− s (θ )c(φ )
s (θ )s (φ )
c(θ ) ⎥⎦

(3.9)

Finally, the DCM and the Euler matrix describe the same 3-dimensional rotation, only they are
derived differently. Therefore, these matrices can be set equal and the Euler angles of the 3-1-3
sequence can be calculated as follows:

⎛ DCM 13 ⎞
⎛ DCM 31 ⎞
⎟⎟ ; θ = cos −1 (DCM 33 ) ; φ = tan −1 ⎜⎜
⎟⎟
⎝ DCM 23 ⎠
⎝ − DCM 32 ⎠

ψ = tan −1 ⎜⎜

(3.10)

The three Euler angles of the 3-1-3 sequence were computed for all carpal bones in different wrist
positions from the provided transformation matrices. A summary of the three angles, along with
the accompanying translation vectors for all the carpal bones in ulnar and radial deviated
positions, 45 deg and 15 deg, respectively, in two extended positions, 34 deg and 57 deg, and in
two flexed positions, 30 deg and 65 deg, can be found in Appendix C.
Six comparison models of the wrist in ulnar and radial deviation, extension, and flexion were
created in RecurDyn by applying the transformation matrices to all the carpal bones. Comparing
the transformed carpal geometry of these models with the carpal geometry obtained from the
kinematic simulations by overlaying the two geometries represented the tuning process of the
wrist model (Section 4.2.2). Figure 3.9 shows the wrist model in neutral position with the unit
vectors at the rigid body centre markers having the same direction as the global coordinate
system. In the example of ulnar deviated posture, the comparison model of the wrist is also
illustrated. The rigid bodies of all eight carpal bones were transformed by applying the Euler
angles and the translation vectors for ulnar deviation to the individual carpal bones.
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A

B

Figure 3.9 Palmar view of validation models in neutral and ulnar deviated posture
The palmar view of the rigid body model in neutral position (A) and the rigid body comparison
model of the wrist in ulnar deviated position (B) in RecurDyn, including the distal part of radius
and the eight carpal bones. In neutral position, the unit vectors at all rigid body centre markers
have the same direction as the global model coordinate system. For the comparison model, the
bodies were transformed with respect to the global model coordinate system.
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3.3 Simulations of the Model
Dynamic rigid body simulations were performed for ulnar deviation, radial deviation and for
extension by applying muscle forces to the modeled tendon force vectors to stimulate the system.
Thereby, ulnar deviation was simulated by applying forces to the tendons of extensor and flexor
carpi ulnaris, radial deviation was simulated by applying forces to the tendons of extensor carpi
radialis brevis, extensor carpi radialis longus and flexor carpi radialis, and extension was
simulated by applying forces to the tendons of extensor carpi ulnaris and extensor carpi radialis
brevis.
These wrist motions were simulated in order to be able to tune the wrist model by comparing
them with the kinematics data provided from the CT-scans. The feasibility of these simulations
was based on simplifications implemented in the model, including the fact that the wrapping of
ligaments and passive muscle forces were not modeled. As such, the simplified model does not
provide the necessary kinematic constraints to simulate flexion, and simulations of this movement
would produce erroneous results.

3.3.1 Simplification of the Model
Since the mass of the bone geometry appears to have a negligible influence on the kinematic
simulation (Section 4.3.1), the rigid bodies of all metacarpal bones, as well the ulna, were
removed from the wrist model (Figure 3.10). This allowed excluding their geometry information
from the integrated equations of motion, and therefore better computational efficiency was
achieved.
However, the spring elements modeled in the carpometacarpal joints, and between the wrist
carpus and ulna, were retained in order to ensure the ligamentous interactions remained valid. The
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reaction forces of the spring elements modeled in the metacarpal joints act directly on the carpal
bone to which the particular metacarpal bone is fused. Thereby, the locations of the spring
connections which were defined according the metacarpal geometry (Section 3.2.3) were
retained. For example, with the palmar carpometacarpal ligament (Figure 3.10) between the
hamate and the third metacarpal bone, the reaction force acts directly on the capitate although the
position of the distal connection of the spring element appears to be fixed in space. Thus, the
same force transmission of the spring element is achieved as if the force acts on the metacarpal
bone and then is transmitted to the capitate by fused connection. The same principle applies to the
spring elements connecting the wrist carpus and the ulna, as well as to the tendon force vectors.
Since the ulna is fixed in space, the reaction body for these spring forces is the model space.
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The spring element for palmar carpometacarpal ligament
between the hamate and MC3

Figure 3.10 Palmar view of the simplified wrist model
The palmar view of the simplified wrist model in RecurDyn. The rigid bodies of the metacarpal
bones and the ulna were removed for improved computational efficiency. In the carpometacarpal
joint the applied tendon forces (black) and the reaction forces of the ligament spring elements
(bold red) act directly on the rigid bodies of carpal bones. In the example of the palmar
carpometacarpal ligament, the force of the spring element acts between the hamate and capitate
with illustrated locations as connecting points. The spring elements between the carpus and ulna
(bold green) are fixed in model space.
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3.3.2

Finding Model Parameters

The initial lengths of the ligaments l0 (Section 3.2.3) and magnitudes of the tendon force vectors
(Section 3.2.4) were defined to be variable model parameters. By changing and adjusting these
variable parameters, the wrist model was tuned. The initial lengths were defined to be variable
parameters because they are believed to have one of the greatest impacts on the simulated wrist
kinematics, making the model very sensitive to this ligament property. This assumption is
supported by the sensitivity analysis conducted and described later in Section 4.3.2. No
information was recorded about the magnitudes of the applied tendon forces while CT-scanning
the cadaver wrist in deviated positions (Section 3.1.1). Therefore, the tendon forces used to
stimulate the model and simulate particular wrist motions were also considered as variable model
parameters since applied magnitudes had to be defined.
All other model parameters, such as ligament stiffness, cartilage properties, bone density etc.,
were kept constant as defined for the tuning process of the wrist model. Keeping these parameters
constant reduced the amount of unknowns and simplified the tuning of the model despite
uncertain and incomplete literature information for certain parameter values. However, the impact
of these uncertain parameters on simulation results was investigated and the sensitivity of the
model to such constant parameters is described in Section 4.3.
The process of finding values for all the variable parameters of the ligaments started with every
spring element being pretensioned; therefore, it started with a stable model under pretension. The
pretension for all ligaments was chosen to be three percent which means that each initial length l0
was defined to be three percent shorter than the distance between the two connecting points of the
spring elements with the wrist in neutral position. The stimulation of the model started by
applying 10 N of force to each tendon force vector which defined the particular wrist motion (to
extensor and flexor carpi ulnaris for ulnar deviation; to extensor carpi radialis brevis, extensor
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carpi radialis longus and flexor carpi radialis for radial deviation; to extensor carpi ulnaris,
extensor carpi radialis brevis and longus for extension). With this initial set of variable
parameters, wrist motions were simulated and the model was tuned by changing these parameters
with the aim of position and orientation congruence between the simulated bone geometry and the
geometry of the comparison models. Congruence between the simulated results and the
comparison models was visually investigated by overlying the two geometries (Section 4.2.2).
Starting with the computation of ulnar deviation, and then radial deviation, initial lengths of the
ligaments were adjusted proximally to distally. This meant that for each different wrist motion,
the ligaments for the radiocarpal joint, as well as collateral ligaments, were adjusted first, then for
the midcarpal joints, and finally for the ligaments in the carpometacarpal joints. The process of
finding the initial lengths for all the ligaments was accompanied by adjusting the magnitudes of
the tendon forces.
The entire tuning process was conducted on the basis of a trial-and-error approach. Thereby,
simulations were computed, the simulation results investigated, and this information was used to
conduct further changes to the parameters (l0 and magnitude of tendon forces). This was repeated
until satisfactory congruence between the simulated bone geometry and the comparison model
geometry for ulnar and radial deviation was achieved. Considering the 36 initial lengths of all the
ligaments and the five tendon force vectors being investigated, and the great computational time
required at each step, this iterative process was rather inefficient but necessary in order to tune the
wrist model. Extension was then simulated in order to test and verify the established parameter
set, and this presented a partial validation of the wrist model.
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Chapter 4: Results
4

Results

4.1 Simulations
4.1.1 Model Parameters
A final set of parameters for the initial lengths of the ligaments l0 and the tendon forces for the
present kinematic wrist model was established. This established set of parameters was defined as
the one that yielded the most reasonable simulation results. It has to be understood, however, that
this set does not necessarily produce the best possible results. A great number of parameters were
defined by a trial-and-error approach, and this time-consuming process was eventually restricted
by long simulation computation times. However, satisfactory results with good accuracy were
obtained.
For the initial lengths of the ligaments, the established set was determined and the initial lengths
of the ligaments are presented as a percentage of their shortening or lengthening as compared to
their spring element lengths in neutral wrist position (Appendix B). The percentages for the
present model range from 5.9% shorter for the long radiolunate ligament (on the palmar side
between the radius and lunate) and 42.1% longer for the ulnar collateral carpal ligament (between
the ulna and pisiform). The pisohamate ligament (between the pisiform and the hamate) and the
pisometacarpal ligament (between the pisiform and the fifth metacarpal) were treated differently
because they act as extensions of the tendon of the flexor carpi ulnaris muscle (Section 2.1.2).
Since the pisiform was fused to the triquetrum, the initial lengths for these ligaments were
different for the various simulated wrist motions in order to provide for the function of the
pisiform as a sesamoid.
The established set of magnitudes for all simulated tendon forces was determined. For ulnar
deviation, a force of 9 N was applied to both the extensor and flexor carpi ulnaris. Radial
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deviation was simulated by applying 5 N, 9 N and 8 N to the extensor carpi radialis brevis,
extensor carpi radialis longus and flexor carpi radialis, respectively; and extension was simulated
by applying 6 N and 14 N to the extensor carpi ulnaris and extensor carpi radialis brevis,
respectively. These forces, in combination with the determined initial length of all the ligaments,
produced deviated and extended wrist positions which minimized the variation between the
geometry of the comparison models and the carpal bone geometry after kinematic simulations
(Section 4.2.1).
Pretension of the muscles was simulated by applying 0.5 N to those tendon vectors which were
not activated during each particular simulated wrist motion. This pretension stabilized the wrist
during carpal movement but did not contribute to wrist motion.

4.1.2 Simulated Wrist Kinematics
With the muscle vector forces chosen above, ulnar deviation, radial deviation and extension of the
wrist model were obtained. The stimulation of the model caused motion of the carpal bone bodies
which was restrained by the spring elements and contact constraints. Figure 4.1 shows the rigid
bodies of the carpal bones (except for the pisiform) of the wrist model in different postures,
illustrating the simulated range of motion and relative motions between the carpal bones.
The dynamic wrist motions described solely based on the capitate movement. Figure 4.2, 4.3 and
4.4 show the translational motions of the capitate during ulnar deviation, radial deviation and
extension, over a simulation time of one second. This was based on the three components of its
centre of mass position with respect to the global model coordinate system over time, which
presents a simple way to describe the dynamic behaviour of the entire model during specific
simulations. The rotation of the capitate over time would describe the same dynamic model
behaviour; however, presenting these motions with Euler angles is difficult to comprehend.
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Ulnar deviation

Neutral

Extension

Radial deviation

Figure 4.1 Rigid body model in simulated positions
Shown are the rigid bodies of the carpal bones (except for the pisiform) of the wrist model from
palmar in ulnar deviated, radial deviated and extended positions. This serves to illustrate the
range of the simulated wrist motions, as well as relative motions between the carpal bones.
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In Figure 4.2, which illustrates the simulated ulnar deviation, it can be seen that capitate motion
jumps right at the beginning which indicates the initialization of the model. The model is not at
equilibrium at the beginning of the simulation because of pretension in certain spring elements;
therefore, all constraint forces needed to balance out during the initialization. The entire
initialization process lasts until a steady translation of the capitate has attained, which takes about
0.03 seconds. Until about 0.2 seconds, ulnar deviation of the wrist is shown. Unsteady areas of
the component curves during deviation are due to the freely shaped contact surfaces and their
approximation by triangular patches (Sections 3.1.3 and 3.2.2). Especially for the capitate, noncontinuous influences of the surface contact constraints in a series of articulations accumulate and
affect the capitate motion (Section 5.3). Between 0.2 and 0.3 seconds, the wrist motion converts
from ulnar deviation into flexion. Viewing the model from the palmar side (Figure 3.4), the
capitate motion in the positive x-direction ends and motion in positive y-direction sets in,
indicating the beginning of flexion in the ulnar-deviated position. After about 0.3 seconds and
until 0.6 seconds, only flexion in the ulnar-deviated position takes place, which is also indicated
by the decreasing z-component. This motion is relatively small, with an average speed of the
capitate of 18.2 mm/s, and, therefore, the model is observed as being in quasi-equilibrium for
ulnar deviation in this time interval. Right after 0.6 seconds the x-component curve bends which
illustrates that incongruence in certain articulating surfaces exist with sudden changes in motion.
This presents critical results due to the incongruence of articulation surfaces. However, the results
after 0.6 seconds are not relevant for further investigations, as explained later (Section 4.2.1).
After about 0.9 seconds, the simulated translational motion of the capitate comes to an almost
complete stop suggesting that the wrist model reached equilibrium. This is, however, not the case
since translational motion of other carpal bones still takes place (Section 4.2.1).
The simulated capitate motion during radial deviation (Figure 4.3) also shows a jump right at the
beginning of the simulation, which is due to the previously noted initialization of the model. After
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about 0.03 seconds a steady motion is attained. Until about 0.1 seconds radial deviation of the
wrist takes place which changes into extension in the radial-deviated position between 0.1 and 0.2
seconds, as indicated by the capitate motion being primarily in the minus y-direction. Contrary to
ulnar deviation, the motion of simulated radial deviation changes into extension which is due to
chosen tendon vector forces (Section 4.1.1). Since the wrist carpus rotates to a lesser degree
during radial deviation than during ulnar deviation, it takes less time until a fully deviated
position is achieved. The quasi-equilibrium state for radial deviation is observed after 0.2 seconds
with the capitate moving at an average speed of 4.2 mm/s. Figure 4.3 shows that the capitate
motion during simulated radial deviation is relatively smooth. This indicates that the shapes of all
articulation surfaces have less of an influence on the unsteadiness of the capitate motion during
radial deviation than during ulnar deviation.
Figure 4.4 illustrates that the capitate moves smoothly during extension. The initialization period
of the model for this simulation is not as pronounced. Until about 0.3 seconds, extension of the
wrist takes place. This is indicated by decreasing y and z-components, which mean that the
capitate, and therefore the wrist, rotates in the dorsal direction. Slight lateral motion of the
capitate during simulated extension occurs, as indicated by a minimally changing x-component.
The motion is slowed between 0.2 and 0.3 seconds, and almost comes to a complete stop after
being in a fully extended position. During the time between 0.3 and 0.7 seconds, observed as the
quasi-equilibrium state for extension, negligible translational motion of the capitate takes place.
After 0.7 seconds, no motion whatsoever occurs and the wrist model is in equilibrium.
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Ulnar Deviation

Figure 4.2 Simulated translational capitate motion during ulnar deviation
The three components of the centre marker position for capitate motion during simulated ulnar
deviation are shown. After an initialization period of about 0.03 seconds, a change in capitate
motion at about 0.2 seconds indicates that ulnar deviation of the wrist is followed by flexion in
the ulnar deviated position. The wrist model is observed as being in a quasi-equilibrium state
between 0.3 and 0.6 seconds. The unsteady area of the y-component between 0.1 and 0.2 seconds
is due to the non-continuous influence of the cartilage layer. After 0.6 seconds, the results are
critical due to the incongruence of articulating surfaces.
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Radial Deviation

Figure 4.3 Simulated translational capitate motion during radial deviation
The three components of the centre marker position for capitate motion during simulated radial
deviation are shown. After an initialization period of 0.03 seconds, a change in capitate motion
between 0.1 and 0.2 seconds indicates that radial deviation of the wrist is followed by extension
in the radial deviated posture. The wrist model is observed as being in quasi-equilibrium state
after 0.2 seconds.
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Extension

Figure 4.4 Simulated translational capitate motion during extension
The three components of the centre marker position for capitate motion during simulated
extension are shown. After a less pronounced initialization period, capitate motion slows down
between 0.2 and 0.3 seconds indicating that extension comes to an almost complete stop. The
wrist model is observed as being in a quasi-equilibrium state between 0.3 and 0.7 seconds, and
after 0.7 seconds, the model is at equilibrium.
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4.2 Quasi-Equilibrium Positions
In order to be able to compare the dynamic simulated results with the comparison models it was
necessary to define a single position for each particular simulated wrist motion in the quasiequilibrium states obtained. The goal was to find the position with the minimal model error with
respect to the comparison models. The error obtained was then used to describe the accuracy of
the model.
In the present study, the tuning of the wrist model was conducted on the basis of the scaphoid,
lunate, capitate, hamate and triquetrum. Therefore, the minimal model error was defined by
variations of these five carpal bones as compared to the comparison models. Not included in the
tuning process were the trapezium, trapezoid, and the pisiform, for reasons discussed later
(Section 5.3).

4.2.1 Determination of Quasi-Equilibrium Position
For the entire simulation time the total position root mean square (RMS) error at each time point
of the simulation was calculated according to Equation 4.1:

ErrorRMS ,Total =

1 n
2
⋅ ∑ (VAR) i
n i =1

(4.1)

with VAR being the variation of each simulated position coordinate component for each carpal
bone with respect to the position of that particular carpal bone in the comparison model. Since the
model was tuned on the basis of 5 carpal bones with 3 position coordinate components each, the
number of variations n becomes 15.
Figure 4.5 illustrates the total position RMS-error over the course of one second for simulated
ulnar deviation. A minimal total RMS-error of 0.531 mm was found at 0.36 seconds. This
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position with minimal error occurs in the area of quasi-equilibrium for ulnar deviation (Section
4.1.2), and was chosen to describe the accuracy of the model in comparison with the CTmeasurements for ulnar deviation. The plateau between 0.1 and 0.2 seconds on the total RMSerror curve indicates that a change in motion of the carpus from ulnar deviation into flexion in the
ulnar deviated position occurs, and the slightly unsteady curve behaviour between 0.6 and 0.7
seconds indicates incongruencies of certain articulating surfaces, as described in Section 4.1.2.
Also, the rate of change in the total RMS-error after 0.9 seconds indicates that the model is not
yet at complete equilibrium. However, it must be understood that the RMS-error represents an
average of the individual carpal bone errors, and the interpretation of this curve is of a qualitative
nature only.

3.5

Position
Total RMS Error (mm)

3

2.5

2

1.5

1

0.5

0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Time (S)

Figure 4.5 Total position RMS-error during simulated ulnar deviation
The total position RMS-error over the course of one second for simulated ulnar deviation is
illustrated. A minimal total RMS-error of 0.531 mm was found at 0.36 seconds. A plateau
between 0.1 and 0.2 seconds indicates a change in motion of the carpus, and the rate of change in
the total RMS-error after 0.9 seconds indicates that the model did not reach equilibrium by the
end of simulation period.
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For simulated radial deviation, the position with a minimal total RMS-error of 0.560 mm was
found at 0.71 seconds (Appendix D), which occurs in the area of defined quasi-equilibrium for
radial deviation (Section 4.1.2), and was chosen to describe the accuracy of the model in
comparison to the CT-measurements for radial deviation.
The position used to describe the accuracy of the model for extension was defined differently. As
Figure 4.4 indicates, there is negligible motion between 0.3 and 0.7 seconds, and no motion after
0.7 seconds. Consequently, a reasonable position where the model reaches minimal total RMSerror as shown in Figure 4.5 could not be detected. The RMS-error over the course of time for
extension (Appendix D) shows plateau behaviour after about 0.3 seconds. Although the total
RMS-error increases slightly (by 0.07mm) between 0.3 and 0.7 seconds, the position used to
describe the accuracy was chosen to be the equilibrium of the model after 0.7 seconds. Minimal
fluctuation of the total RMS-error takes place in the area of equilibrium, with a range of 0.0049
mm due to numerical error in the simulation. The position chosen was where the lower boundary
of this range occurred, and was found at a simulation time of 0.94 seconds with a total RMS-error
of 0.760 mm.
The figure showing both the simulated range of wrist motion and the relative motions between
the carpal bones (Figure 4.1) illustrates the minimum total RMS-error positions of the rigid
bodies of the carpal bones (except the pisiform) in radial and ulnar deviation, and extention.
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4.2.2 Comparison of Simulated Carpal Bone Positions with CT-Data
The accuracy of the wrist model in comparison to the measurements from the CT-scans is
described on the basis of the variation of carpal bone positions and orientations. Table 4.1
presents the different position errors of the scaphoid, lunate, capitate, hamate and triquetrum on
the basis of the 3-dimensional distance between the centre markers of the geometry in the
simulated wrist positions obtained and the comparison models (Section 3.2.5).
To present the variations in orientation of the five carpal bones, the three angles between the unit
vectors at the centre markers of the simulated and comparison model geometry were calculated.
This representation gives a better understanding of the comparison in orientation than calculating
the difference in the Euler angles. However, the simulation results of the carpal bone orientations
were provided by RecurDyn in Euler angles; therefore, a reverse conversion process as described
in Section 3.2.5 was applied to compute the unit vectors using Matlab. The Euler matrix was
derived with known Euler angles according to Equation 3.9. This matrix contained all the
numerical values of all the elements in the DCM according to Equation 3.7. Since the DCM
(consisting of the scalar products of the unit vectors and transformed unit vectors) equals the
Euler matrix, a system of nine equations was present from which the three components of the
three unknown rotated unit vectors could be calculated. The three components of the three unit
vectors for all five carpal bones in simulated wrist position were generated (Appendix E). The
three angles between these unit vectors and the unit vectors of the comparison models generated
in Section 3.2.5 were then calculated by applying the scalar product (Table 4.1).
In Table 4.1, the total orientation RMS-errors for ulnar and radial deviation, and for extension are
listed. As for the total position RMS-error, the total orientation error was calculated according to
Equation 4.1, with VAR being the angle variation between the unit vectors and n being 15 for the
three angle variations of the five carpal bones.
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It can be noted that the simulated ulnar deviation shows the smallest total position RMS-error,
and extension shows the greatest. On the other hand, for the orientation error extension shows the
smallest total RMS-error, and ulnar deviation shows the greatest. For both ulnar and radial
deviation, the position errors for the lunate, hamate and triquetrum bones appear to have the
strongest influences on the total position RMS-error and are similar in magnitude, where the
triquetrum has the strongest influence on the total orientation RMS-error. For extension, the
position error of the triquetrum appears to have the strongest influence on the total position RMSerror. The capitate has the strongest influence on the total orientation RMS-error; however, the
orientation errors of all the carpal bones influence the total orientation RMS-error similarly. The
errors, and therefore the accuracy of the model, are illustrated based on the rigid body geometries
of the obtained wrist positions with minimal RMS-error overlaid by the geometry of the
comparison models for ulnar and radial deviation in Figure 4.6 and for extension in Figure 4.7.

Capitate

Hamate

Triquetrum

Total RMS

0.568 mm

1.290 mm

0.150 mm

1.285 mm

0.750 mm

0.531 mm

i

5.521 deg

3.029 deg

4.693 deg

5.236 deg
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j

3.693 deg

9.070 deg
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8.865 deg
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k

5.143 deg

8.562 deg

4.443 deg

10.159 deg

14.937 deg

0.352 mm

1.167 mm

0.619 mm

1.141 mm

1.238 mm
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6.615 deg

4.584 deg

4.435 deg

11.933 deg

j

6.580 deg

4.452 deg

6.663 deg

5.624 deg

10.683 deg

k

2.912 deg

6.985 deg

5.166 deg

6.441 deg

6.440 deg

0.232 mm

0.391 mm

1.320 mm

1.066 mm

2.363 mm

i

3.723 deg

2.222 deg

6.884 deg

3.316 deg

9.798 deg

j

3.611 deg

6.889 deg

9.675 deg

7.365 deg

8.646 deg

k

4.897 deg

7.148 deg

7.875 deg

6.651 deg

4.877 deg

Position

Position
Orientation

Orientation

Ulnar deviation
45 deg

Lunate

Radial deviation
15 deg

Scaphoid

Orientation

Extension
57 deg

Position

8.202 deg

0.560 mm

6.815 deg

0.760 mm

6.640 deg

Table 4.1 Variations of carpal geometry between simulated results and CT-data
The position (distance between the two center marker positions) and orientation (angle between
the unit vectors of the centre markers) variations between the simulated wrist position and the
comparison model in ulnar deviated, radial deviated and extended positions for the scaphoid,
lunate, capitate, hamate and triquetrum are illustrated. Calculated total position and orientation
RMS-error are listed to describe the model accuracy.
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1.A

1.B

2.A

2.B

Figure 4.6 Simulation results overlaid by CT-data for ulnar and radial deviation
For ulnar (1) and radial (2) deviation, simulated geometry of the scaphoid, capitate, hamate and
triquetrum (red) is overlaid by comparison model geometry (gray), visually illustrating the
accuracy of the wrist model. Shown are palmar-dorsal (A) and lateral-medial (B) views.
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A

B

Figure 4.7 Simulation results overlaid by CT-data for extension
For extension, simulated geometry of the scaphoid, capitate, hamate and triquetrum (red) is
overlaid by comparison model geometry (gray), visually illustrating the accuracy of the wrist
model. Shown are palmar-dorsal (A) and isometric (B) views.

4.2.3 Ligament Loads
In simulated wrist positions for extension, ulnar deviation and radial deviation, the ligament
forces resulting from spring element elongation were obtained. The simulated carpal ligament
forces are listed in Table 4.2. The ligaments in the carpometacarpal joints and the ligaments
which attach to the pisiform are not included in this table in order to simplify the overview;
however, Appendix F presents a complete set of the simulated ligament forces. The basic
potential function of each ligament according to the literature [7,27,45] serves as a qualitative
comparison source of the wrist model.
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Ligament forces up to 27.6 N were obtained, and showed general agreement with the potential
ligament functions. However, this upper boundary value applies to the long radiolunate ligament
during extension, and presents almost one and a half times the total load applied for the extension
simulation (20 N). This high value resulted primarily because the radioscaphocapitate ligament
(Figure 2.1, between the radius and capitate), which stabilizes the radiocarpal joint, was omitted
in the present model (Appendix B), forcing other ligament spring elements to bear more load.
Furthermore, the reconstructed surface in the area of the TFCC (Section 3.1.3) did not provide
any buffer function for the triquetrum in the wrist model during ulnar deviation, causing higher
loads in certain ligaments in order to restrain ulnar deviation. Therefore, the ligament loads
computed with the present wrist model may have the tendency to be smaller in physiological
conditions, especially for extension and ulnar deviation. Despite the redistribution of the ligament
forces, good kinematic results were achieved.
Ligament forces smaller than about 1 N are simply due to the damping component assigned to the
spring elements (Section 3.2.3), and these ligaments may be considered to not contribute actively
to the specific wrist kinematics simulated. Certain palmar and dorsal intercarpal ligaments appear
to have no active contribution to the three wrist motions simulated, suggesting that their potential
function occurs in different wrist motions to those investigated in the present study. It has to be
noted that a minor amount of all ligament forces listed is due to the damping influence, especially
for ulnar and radial deviation. This results because the model positions giving minimal error are
in a quasi-equilibrium state and small relative motions still take place.
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Ligament

Connections

Ligament forces [N]
Ext.

Ulnar
Dev.

Rad.
Dev.

Potential function

Radial
Collateral
Volar
Scapholunate
Volar
Lunotriquetral

Radius

Scaphoid

0.1

13.3

0.0

Acts as a collateral ligament;
Stabilizer of radiocarpal joint

Scaphoid

Lunate

16.8

11.4

0.1

Stabilizes the proximal carpal row

Lunate

Triquetrum

3.4

17.3

0.1

Stabilizes the proximal carpal row

Radial Arcuate

Capitate

Scaphoid

16.2

12.6

14.1

Stabilizes the midcarpal joint

Ulnar Arcuate

Capitate

Triquetrum

3.4

5.2

5.1

Stabilizes the midcarpal joint

Capitate

Hamate

0.0

0.1

0.1

Contributes to transverse stability
of distal carpal row

Capitate

Trapezium

1.8

3.3

2.8

Stabilizes the distal carpal row

Scaphoid

Trapezium

1.6

4.7

5.8

Scaphoid

Lunate

15.2

3.4

9.6

Lunate

Triquetrum

18.7

1.6

3.4

Stabilizes the proximal carpal row

Triquetrum

Hamate

0.1

0.1

5.5

Stabilizes the midcarpal joint

Lunate

Hamate

0.0

0.2

0.0

Stabilizes the midcarpal joint

Lunate

Capitate

0.1

0.1

0.1

Stabilizes the midcarpal joint

Scaphoid

Capitate

0.0

16.1

0.1

Stabilizes the midcarpal joint

Hamate

Capitate

0.0

7.2

4.1

Contributes to transverse stability
of distal carpal row

Capitate

Trapezoid

0.6

0.6

1.4

Stabilizes the distal carpal row

Trapezoid

Trapezium

0.9

2.6

0.8

Stabilizes the distal carpal row

Radius

Lunate

15.8

0.2

11.2

Lunate

Triquetrum

27.6

0.3

10.9

Radius

Lunate

8.8

0.1

0.9

Ulnolunate

Ulna

Lunate

9.1

1.7

0.0

Stabilizes lunate

Ulnar
Collateral

Ulna

Triquetrum

0.0

0.5

8.8

Stabilizes ulnocarpal
compartment

Palmar
Intercarpal
Palmar
Intercarpal
Palmar
Intercarpal
Dorsal
Scapholunate
Dorsal
Lunotriquetral
Dorsal
Intercarpal
Dorsal
Intercarpal
Dorsal
Intercarpal
Dorsal
Intercarpal
Dorsal
Intercarpal
Dorsal
Intercarpal
Dorsal
Intercarpal
Long
Radiolunate
Long
Radiolunate
Short
Radiolunate

Stabilizes the distal pole of
scaphoid and trapezium
Most important stabilizer for the
proximal carpal row

Stabilizes lunate; most tense in
flexion and radial deviation
Stabilizes lunate; most tense in
flexion and radial deviation
Plays major role in preventing
segment instability with lunate

Table 4.2 Simulated carpal ligament forces
The carpal ligament forces in the simulated model positions for extension, ulnar deviation and
radial deviation. The basic potential functions of each ligament according to the literature
[7,27,45] are listed as a qualitative comparison of the model. Force values smaller than about 1 N
are simply due to damping and indicate no active contribution of the ligament to specific wrist
motions.
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4.3 Sensitivity Analysis
Since the present kinematic wrist model is influenced by many factors, it was necessary to
ascertain the effect that certain parameters could have on the computed results, and to insure that
specified parameters produced results which were verifiable and reasonable. In order to analyze
the sensitivity of the model results to these parameters, a series of test cases were computed to
assess how significantly certain parameters impacted the computed results.
The sensitivity analysis consisted of characterizing the impact of both the bone density assigned
to the rigid bodies and the properties of the ligaments. No analysis of the influence of the
cartilage layer was conducted, although the cartilaginous impact on the simulation results is
believed to be quite significant (Section 5.2.1). This analysis was not done since it was not
possible to properly numerically assess the impact of the changes in shape of the complex
cartilage layers. Furthermore, the cartilage layer thickness was defined to remain constant for the
present model and therefore a more detailed analysis of cartilage properties was omitted.

4.3.1 Gravitational Influence
The analysis of gravitational influence was conducted in order to investigate the influence of the
bone masses on simulation results. All rigid bodies were assigned a uniform density which
represents the average density of compact bone (Section 3.2.1). However, this assumption
simplifies the highly non-uniform carpal bone mass distribution consisting of compact and
trabecular bone. Therefore, an analysis of the carpal bone density was necessary in order to asses
the sensitivity of the model results to the uncertainty around mass distributions.
This analysis was performed by simply rotating the gravitational force vector of the model
defined in Section 3.2.1 by 180 degrees (pointing in the positive z-direction), and finding the
minimal position RMS-error for simulated ulnar deviation according to Equation 4.1. The RMS-
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error found was 0.532 mm and differed from the error found in Section 4.2.1 (0.531 mm) by
0.19%. With this minimal variation in total error, it was concluded that the model is insensitive to
bone density; therefore, the impact of the uncertain bone density distribution on simulation results
can be considered to be negligible.

4.3.2 Sensitivity to Changes of Ligament Properties
When considering the wrist ligaments and their complex interactions which ensure both the
stabilization and the great mobility of the carpus, the ligament properties have a great impact on
the calculated wrist kinematics. The ligaments were modeled as nonlinear, tension-only spring
elements, and each element was assigned a stiffness and an initial length l0 as parameters to
describe the ligament properties (Section 3.2.3). However, ligament stiffness specifications taken
from the literature represented average values of various investigated wrists, and, at times,
literature values were incomplete. Initial ligament lengths were even more critical to define.
Because the particular model geometry dictates the lengths of the spring elements, literature
values could not be incorporated since these values again represent average values of various
specimens (Section 2.1.4). The trial-and-error approach used in this study to find the established
set of initial lengths for this model is not verifiable. Therefore, an analysis of the parameters
specified to describe the ligaments was necessary in order to investigate the sensitivity of the
model results to the uncertainty about ligament properties.
Investigating the sensitivity of the model to initial ligament lengths was performed by changing
the initial lengths of the spring elements and monitoring the minimal total position RMS-error.
Thereby, the initial lengths of all the ligaments in the model were changed simultaneously by
multiplying the established set of initial lengths found (Section 4.1.1) by a factor Lambda. For
example, this meant that applying a Lambda of 0.95 shortens the initial length of all ligaments by
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5% (Lambda value of one denotes the established set of initial lengths). The minimal position
RMS-errors for the simulation results with changed lengths were then recorded according to
Equation 4.1. Sensitivity analyses were performed for both ulnar and radial deviation with
Lambda values ranging from 0.85 to 1.15 for ulnar deviation and from 0.9 to 1.1 for radial
deviation. Figure 4.8 and 4.9 illustrate the course of the minimal total position RMS-error over
Lambda for ulnar and radial deviation, respectively. It can be seen that for radial deviation the
RMS-error increases faster than for ulnar deviation, indicating that simulated radial deviation is
more sensitive to changes of initial ligament lengths. Furthermore, the smallest total position
RMS-error can be detected for a Lambda of around 0.98 in both analyses.
Contrary to what is suggested by this sensitivity result (smallest RMS-error for Lambda 0.98), the
initial lengths of the final model were not shortened by 2%. Since the RMS-error represents an
average of all the carpal bone errors, it presents insufficient information to conclude that its
lowest value represents a better set of initial lengths. Also, a change in the minimal total position
RMS-error to the lowest value (from lambda 1 to 0.98) of 0.06 mm for ulnar and 0.01 mm for
radial deviation does not provide a significant improvement of the model; however, it suggests
that the model is relatively insensitive to small changes (+/- 2%) of initial lengths of the
originally established set.
To investigate the sensitivity of the model to ligament stiffnesses, simulations with various
ligament stiffnesses were performed, and the minimal total position RMS-errors were recorded.
The model is believed to be less sensitive to changes in ligament stiffnesses than initial ligament
lengths. This is because ligament stiffness simply defines the model behaviour to be more or less
stiff. A stiffer model needs only to be stimulated by higher tendon forces to reach approximately
the same wrist positions. Especially for the present stiff model (stiffness up to 250 N/mm;
Appendix B) with low muscle force activation, changes in ligament stiffnesses have little impact
on simulation results, where initial lengths of the ligaments directly define the wrist kinematics.

76

Therefore, only two simulations for investigating the stiffness sensitivity for ulnar deviation were
performed by multiplying the stiffnesses of all ligaments simultaneously by a Lambda value of
0.9, then by a Lambda value of 1.1. This meant that all ligament stiffnesses were decreased by
10% then increased by the same amount. Figure 4.8 illustrates the minimal total position RMSerror for the wrist model with altered ligament stiffnesses. It was proven, as expected, that the
model is less sensitive to changes in ligament stiffness than to initial ligament lengths. In fact,
with a RMS-error range of 0.049 mm, the model with low activating forces is not sensitive to
ligament stiffness.
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Figure 4.8 Position RMS-error over changing ligament lengths for ulnar deviation
The course of the total position RMS-error over the changing factor of the initial ligament length
(Lambda) for simulated ulnar deviation is illustrated. The minimal total position RMS-error for
ulnar deviation was found for the wrist model with all initial ligament lengths of the established
set shortened by 2% (Lambda=0.98). The total position RMS-errors for all specified ligament
stiffnesses adjusted by +/-10% are also shown. The wrist model appears to not be sensitive to
changes in ligament stiffnesses.
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Figure 4.9 Position RMS-error over changing ligament lengths for radial deviation
The course of the total position RMS-error over the changing factor of the initial ligament length
(Lambda) for simulated radial deviation is illustrated. The minimal total position RMS-error for
radial deviation was found for the wrist model with all initial ligament lengths of the established
set shortened by 2% (Lambda=0.98).
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Chapter 5: Discussion
5

Discussion

5.1 Model Geometry
The current model is based on an in vitro CT scan of a cadaver wrist. The image slices from the
CT scan were converted into a CT surface mesh using proprietary image thresholding software.
Principle axes for each bone surface mesh were determined, and a global coordinate system was
defined. This was conducted during a previous study, and the surface models generated were
provided and utilized in the present model. With this information, a rigid body model of the wrist
was built using the commercially available software RecurDyn 6.1 for rigid multibody dynamic
analysis. The CT surface meshes were imported into the kinematics software, and these describe
the geometry of the rigid bodies of all eight carpal bones, the proximal parts of each of the five
metacarpal bones and the distal parts of the radius and ulna.
In the construction of this model, each metacarpal bone was rigidly fused to the underlying carpal
bone in order to overcome the problem of defining cartilage layer surfaces in the carpometacarpal
joints due to uncertain metacarpal surface geometry. Surgical input suggested that the second and
third metacarpal bones may be treated as one unit together with the capitate [39], which would
justify the above simplification; however, relatively significant motion does occur in the
carpometacarpal joints of the forth and fifth metacarpal bones (Section 2.2.3). Furthermore, the
second through fifth carpometacarpal joints are in communication with the midcarpal joint via
articulations between the bones of the distal carpal row [6]. On the other hand, in support of the
fusion of the metacarpals to their respective carpals, the first carpometacarpal joint, forming the
base of the thumb, is normally isolated from the remainder of the carpus. Therefore, the question
remains to what extent these simplifications affect the present model, especially since tendon
forces act on the fifth metacarpal.
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An additional simplification of this wrist model is that it assumes no relative motion occurs in
both the distal radioulnar and pisotriquetral joints. Where distal radioulnar joint fusion can be
justified in that motion in this joint is separate from unit joint (carpus) motion [6,45],
considerable motion has been documented between the pisiform and triquetrum under normal
circumstances [30], which is in contrast with their previously believed rigid anatomic
relationship. Multiple forces act on the pisiform, and the fusion of the pisotriquetral joint causes
these forces to be transmitted to the carpus differently to the way they would be transmitted
under physiologic conditions (the fused joint also transmits torque and shear force). This
simplification, having similar impact on simulation results as the fusion of the carpometacarpal
joints, needs to be further investigated in future modeling.

5.2 Model Properties
5.2.1 Cartilaginous Structures
Cartilage layers, constructed by offsetting smoothed free surfaces in SolidEdge, were added to the
bone geometry. The offset distance, presenting the modeled cartilage layer thickness,
corresponded to half the minimal distance of articulating bones measured in the assembly model.
Without any further information about cartilaginous geometry, this estimation method seems
reasonable and is similar to that used in other studies which modeled cartilage layers [10,16,21].
However, it is believed that the modeled surfaces of the cartilage layers have a significant impact
on the simulation results since the carpal kinematics are dependent on the multi-planar geometry
of the articulation surfaces. So far, quantification of the sensitivity of the present wrist model to
articulation surfaces is of qualitative nature and has yet to be numerically assessed. The definition
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of cartilage layers by free surfaces is a simplification and a first estimation which will eventually
require more accurate depiction. This might be achieved by incorporating MR-imaging in order to
visualize and extract geometry information about the cartilage in wrist articulations. Another
interesting method to approach the problem of cartilage surface description was presented in a
study which conducted a 3-dimensional finite element analysis of the human temporomandibular
joint disc [5]. The geometry of the articular cartilage was reconstructed using a magnetic tracking
device, and by fitting polynomial functions through the scattered measurements.
In order to provide for the properties of cartilage, contact constraints between offset surfaces
composed of contact stiffness and damping were defined. While the linear stiffness parameter
was specified based on previous studies employing the rigid body spring method [10,26,46], the
nonlinear contact stiffness behaviour and damping characteristics, presenting reasonable
physiological behaviour, were chosen arbitrarily with the aim of good numerical performance.
With the specified cartilage stiffness, the model considered both maintaining the articulation gap
and avoiding stiff differential equations which would lead to unstable simulation results. Studies
investigating stress distribution in cartilage layers during joint load transmissions [10,16,21]
indicate that the contact constraints for describing cartilage properties in rigid body models
require more complex definitions due to tension-compression nonlinearity, viscoelasticity and
anisotropy. The present wrist model does not aim to investigate the stress distributions in the
articulations; however, results of studies implementing the complex behaviour of cartilage, such
as a more accurate definition of cartilage stiffness, may be incorporated in future kinematic
models.
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5.2.2 Ligamentous Structures
Ligaments, constructed using tension-only springs, were specified to have a nonlinear forcedeflection curve by including the “toe region”, which was found to be typical in mechanical
ligament behaviour. Stiffness parameters were specified based in part on previous RBSM-models
and in part on cadaveric studies. The initial ligament length, i.e. the spring element length where
tension starts, was defined by experimentation.
Although studies investigating wrist ligament properties specified initial lengths and stiffnesses
found through in vitro measurements [3,22,36,41,43,55], these values represent an average of
quite significantly varying results between individuals, and are based on different measuring
methods. This might suggest that single values characterizing ligament properties cannot be
found, which has to be taken into consideration when modeling the wrist. Nevertheless, these
values provide a basis for specifying ligament behaviour, especially ligament stiffnesses, and give
information about the tendencies of the magnitudes of these properties. Furthermore, the novel,
continuous equation used in this model to describe the nonlinear, mechanical behaviour of the
ligaments is simple to adjust, and allows for customizing the linear stiffness and “toe region”.
Other studies have modeled the nonlinear behaviour of ligaments either through quadratic
functions [28], with which it is difficult to define a linear region and not possible to adjust the
“toe region” independently, or through spline curves [10], which are computationally less
efficient than continuous functions and make it difficult to apply changes.
It has been shown that when using the present model for simulations with relatively small
stimulation forces, the model is significantly affected by the initial lengths of the spring elements,
and that ligament stiffnesses have no significant influence. It could be concluded, therefore, that it
is less critical to implement the ligament stiffness, documented in the literature, in the wrist
model. However, the initial ligament lengths had to be defined by a trial-and-error approach.
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Eventually, the accuracy of the model depended on this time consuming process, and slightly
better results may have been achieved with an extended tuning process. Furthermore, it has been
concluded that starting this process with the model under ligament pretension is both plausible
and relatively efficient. The sensitivity analysis has suggested, however, that future modeling of
similar wrist models would be more reasonable if the tuning process was started with the
ligaments being under 5% pretension.
Modeling ligamentous influences through a single force vector not only neglects different fiber
loading within ligaments during joint motion [28], it also yields uncertainties in the location of
each spring element’s connecting points. Although the ligaments in the present wrist model were
divided into a palmar and dorsal aspect (e.g. volar and dorsal scapholunate ligaments, Appendix
B) this does not model the multiple fibers of the wrist ligaments. In other computational wrist
models [10,16,21,26,46], similar approaches for modeling ligaments were chosen since this
simplification appears to be the most efficient. However, each ligament in these studies was
modeled through multiple force vectors, providing a more accurate modeling of the bundles of
fibers, which, on the other hand, multiplies the amount of parameters to be tuned. Because these
models did not account for variable initial ligament lengths, implementing multiple force vectors
did not affect their validation effort. Another simplification is that the viscoelastic ligament
behaviour was omitted in the present model. Investigators have applied the quasi-linear
viscoelastic (QLV) theory or a nonlinear viscoelastic approach in order to model the time- and
strain-dependent behaviours of ligaments [1,19]. Models like these should be included in future
wrist models, especially in models which simulate dynamic wrist kinematics, in order to mimic
the physiological behaviour of the ligaments as closely as possible.
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5.3 Comparison of the Wrist Model
Tendon forces were simulated as vector forces and act as stimulation for this model. Forces were
applied to the five main muscles simulated in order to simulate extension, as well as ulnar and
radial deviation. Since such force information was not recorded during the CT-scanning of the
cadaver wrist in extended and deviated positions, the particular magnitudes of the forces were
defined experimentally in order to attain deviated wrist positions in simulations to match the CTscans. The tendons were defined to have an insertion point of the vector force fixed to the
metacarpal bone and the other point fixed in space near the wrapping areas at the radius or ulna.
This simplification was implemented to avoid having to simulate the wrapping of tendons. The
influence on the simulation was considered negligible since only very small lateral motion of the
tendons occurs in the wrapping area which, however, needs to be quantified. Furthermore, it was
not possible to simulate wrist flexion because the necessary kinematic constraints were not
provided due to simplifications implemented in this model
Good agreement between simulation results, and carpal bone positions and orientations extracted
from CT-scans was achieved. With regards to carpal bone orientation, the overall results for the
radial deviation simulation appear to be more accurate than for the ulnar deviation simulation.
With regards to carpal bone position, however, ulnar deviation was slightly more accurate than
radial deviation. Extension simulation appeared to be the most accurate in carpal bone
orientation; however, it had the biggest position error. The in vitro study which provided the
kinematics information for the carpal bones reported a registration mean error for position of 0.4
mm and for orientation ranging between 1.6º (for scaphoid) and 10.6º (for pisiform) [4], and this
shows a similar range of errors as obtained in Section 4.2.2. Comparing the RMS-errors with
errors reported in the literature for surface based registration techniques (Section 2.2.1) shows
that for the present wrist model smaller position and greater orientation errors were obtained.
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As noted previously, next to initial ligament length, the modeled surfaces of the cartilage layers
have a significant impact on the simulation results and are the main source of simulation errors.
This can be best illustrated using the example of the hamate in simulated ulnar deviation (Figure
4.6). Because of its distinct wedge shape, this carpal bone is sensitive to position error in the
longitudinal direction (z-direction), and it depends strongly on an accurate cartilage layer
description, as well as the ligamentous influences modeled. Furthermore, it must be recognized
that for a multibody system, such as the wrist, errors accumulate. This means that for the present
model, the position and orientation accuracy of the distal carpal row is dependent on errors of the
proximal row. Therefore, especially the reshaped surfaces of the distal radius articulations require
being described more accurately in future work on this wrist model in order to minimize
simulation errors of the distal carpal row.
The quantitative comparison of the results with measurements from in vitro and in vivo studies of
the wrist (Section 2.2.3) was difficult because it was based on carpal bone positions of the
“normal” wrist which represents the mean value of measurements taken from various cadavers.
The relatively large standard deviations obtained in these studies indicate that carpal bone
positions in each specimen differ substantially. Also, the present model could not be compared to
previously published results as no other wrist model which investigates 3-dimensional carpal
kinematics under muscle load for the range of wrist motion simulated in this model has become
available. However, a qualitative comparison between carpal bone positions and orientations
obtained from simulation results (Figure 4.1) and those obtained from reconstructed wrist
motions during an in vivo study (Figure 2.7), shows reasonable agreement in relative carpal bone
motions. Furthermore, a qualitative comparison between simulated ligament forces and their
potential physiological function (Table 4.2) indicates that the wrist model behaves in a reasonable
manner. Although good kinematic results were achieved, one should be critical of the values of
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these ligament forces because the simplifications employed in this model lead to the
redistribution of the forces in the spring elements modeled.
Therefore, the main focus in the tuning process of the present wrist model was to compare it to
the carpal bone positions obtained from the same cadaver arm used to create this model.
Comparison models of the wrist in extended, as well as ulnar and radial deviated positions were
created in RecurDyn. These are based on transformation information provided by a previous
study. While acknowledging that the registration process applied to obtain the transformation
information comprises an error source, that of the actual carpal bone positions and orientations,
the tuning of the wrist model has been conducted solely with the aim of congruency between the
simulation results and comparison models.
Future work also requires the comparison of the trapezium and trapezoid motions since they were
not investigated in the present model. The gap obtained between the trapezium and scaphoid
during simulated radial deviation (Figure 4.1) indicates that further improvement is necessary,
especially since it is documented that the trapezium-trapezoid-unit interacts with the distal pole of
the scaphoid [6,45], contributing to extension and flexion motions of the scaphoid during wrist
deviations as described in Section 2.2.3. Therefore, the influence of the scaphotrapeziotrapezoidal (STT) joint and its ligamentous structure on the global wrist kinematics has yet to be
assessed. Despite this, good kinematic results for the remaining carpal bones have been obtained,
suggesting that the optimization of the STT-joint, in particular the trapezium, may significantly
affect the force transmission and the load pattern in the ligamentous structure of the wrist model,
with little impact on carpal bone kinematics.
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Chapter 6: Conclusion
6

Conclusion

A computational model of the wrist has been developed for the purpose of examining the carpal
bone kinematics in three dimensions, while incorporating the bone, cartilage and ligament tissues
of the carpal structure. This model was built on the basis of the rigid body spring method, and
was activated with forces applied to the tendons of the five main wrist muscles. The results for
simulated wrist ulnar deviation, radial deviation, and extension have been primarily tuned based
on in vitro kinematics measurements of the same cadaver specimen from which the model
geometry was obtained.
The final state of the present model is that it is the first known 3-dimensional kinematic rigid
body spring model that provides a credible prediction of carpal bone movement. Such a model
may not only contribute to a better understanding of carpal kinematics under normal and
restrained conditions (e.g. with fused carpals), but may also assist in artificial implant design and
may be used to guide patient-specific treatment to minimize invasiveness. Contrary to other
computational approaches that simulated 3-dimensional wrist kinematics in non-neutral positions
(Section 2.3.2), the applied method in this model provides information about constraint forces
acting during wrist motions.
Sensitivity analyses of some of the specified model parameters indicate that the initial lengths of
the ligaments have a great impact on the calculated wrist kinematics, whereas the model is not
sensitive to either ligament stiffness or bone density. This is valuable information for developing
a model of this kind as it suggests focusing on tuning only one unknown model parameter, initial
ligament lengths. However, considering the number of initial lengths of all the ligaments modeled
and the trial-and-error approach with which they were tuned, as well as the significant
computational time necessary, this iterative process was time consuming and inefficient. This
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tuning approach leaves room for improvement, and to achieve more accurate results, it would
need to be more efficient, for instance, by using an automatic optimizing algorithm.
Although good initial outcomes were achieved, future work must include the investigation and
improvement of the simplifications made in the present model in order to reliably simulate further
wrist motions. In particular, articular movements in fused joints, such as the carpometacarpal and
pisotriquetral joints, will have to be modeled in order to provide for more accurate physiologic
conditions during normal wrist motion, and to investigate the impact of certain relative motions
on the global carpal kinematics. Furthermore, more accurate definitions of bone and cartilage
layer geometry will require more attention since these, although not further investigated in this
model, are believed to also have a great impact on simulation results. In addition, the physiologic
behaviour of ligaments under dynamic conditions will have to be incorporated into future
kinematic rigid body spring models. Also, flexion, which was omitted in present simulations, has
yet to be investigated, and this is important for it would complete the modeling of the four basic
wrist motions.
Improving the present kinematics wrist model may also be an alternating iterative process
between FE-models, such as in Section 2.3.3, and kinematic rigid body models. Carpal stability in
(quasi-)static wrist positions obtained from kinematic analyses is a valuable input for FE-models,
which in turn could estimate the stress distribution in cartilage layers for kinematic rigid body
models. However, the process of comparing and tuning a computational model based on results
from another computational model is not sufficient, and additional comparison sources are
required. A recent review article has documented an alternating process which links rigid body
models for lower limb investigation with FE-models [15]. A framework has been proposed in the
review which integrates musculoskeletal computer models and accurate in vivo and in vitro data
collection, such as from CT-scans, MR imaging, electromyography (EMG), ground reaction
forces (in gait analysis), fluoroscopy, and motion capturing. Data like this presents the basis for
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model geometries, for constraint information for computer models, as well as for external
validation sources. It is integral to the development of future work on the present wrist model.
Furthermore, the specimen specific modeling and comparison approach, as it was applied in the
present wrist model, presents a more accurate and reliable method than a model that aims to
predict kinematics for the average wrist, since the wide range of anatomical variability does not
need to be taken into account.
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Appendix A Joint Articulations & Bone Mass

Articulation

Min.distance
between bones

Defined offset for
cartilage layer

Bone 1

Bone 2

[mm]

[mm]

Radius
Radius
Ulna
Scaphoid
Scaphoid
Scaphoid
Scaphoid
Lunate
Lunate
Capitate
Capitate
Triquetrum
Triquetrum
Trapezium

Scaphoid
Lunate
Lunate
Capitate
Lunate
Trapezium
Trapezoid
Capitate
Triquetrum
Trapezoid
Hamate
Hamate
Pisiform
Trapezoid

0.86
1.05
3.09
0.57
1.13
0.74
0.87
0.33
0.69
0.5
0.41
0.67
0.54
0.45

0.43
0.53
0.29
0.57
0.37
0.44
0.17
0.35
0.25
0.21
0.34
0.23

Measured in SolidEdge on the assembly of the wrist model in neutral posture

Bone
Scaphoid
Lunate
Capitate
Hamate
Triquetrum
Trapezoid
Trapezium
Pisiform

Mass [g]
3.35
2.57
4.74
3.61
2.30
1.66
4.20
1.17

Radius
Ulna

9.43
2.13

Meta1
Meta2
Meta3
Meta4
Meta5

12.22
10.74
9.16
4.34
4.23

Density 1.9 kg/dm3 (JR Cameron et al. 1999)
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Appendix B Ligamentous Connections Modeled

Ligaments in Model based on Interactive Hand 2000 [27] geometry.
Not documented ligament stiffness have been adapted to similar, documented ligaments.

ID#

Ligament

Connection Connection Specified
1
2
lig.stiffness
[N/mm]

[N/mm]

[mm]

[%]

10

13.5

32.3

230
66
350

3.3

-3.3

250

Schuind,Cooney et al 1995
Johnston, Small et al 2004
Schuind,Cooney et al 1995

4.3

-2.7

40

Schuind,Cooney et al 1995

40

7.2

-3.0

Savelberg,Kooloos et al 1992
An, Berger et al 1991
Schuind,Cooney et al 1995
An, Berger et al 1991
Schuind,Cooney et al 1995
An, Berger et al 1991
Schuind,Cooney et al 1995

36
40
325
217
300
75
150

13.3

-1.0

7.6

-2.0

12.1

-3.4

4

5.9

Radial Collateral Carpal

Radius

Scaphoid

10

2

Volar Scapholunate

Scaphoid

Lunate

35

Volar Lunotriquetral

Lunate

Triquetrum

4

Radial Arcuate

Capitate

Scaphoid

Ratio
L0 / Spring element
length in neutral Pos.

Savelberg,Kooloos et al 1992

1

3

defined initial
length L0

Reference

1)

2)

3)

120

5

Ulnar Arcuate

Capitate

Triquetrum

6

Palmar Intercarpal

Capitate

Hamate

210

7

Palmar Intercarpal

Capitate

Trapezium

80

8_1 Palmar Intercarpal

Scaphoid

Trapezium

50

4)

8_2 Palmar Intercarpal

Scaphoid

Trapezium

50

4)

Schuind,Cooney et al 1995

150

5.1

5.2

50

4)

Schuind,Cooney et al 1995

150

5.6

5.9

8_3 Palmar Intercarpal

Scaphoid

Trapezium

9

Palmar Carpometacarpal Capitate

MC2

50

7.6

-3.2

10

Palmar Carpometacarpal Capitate

MC4

50

11.1

-2.9

11

Dorsal Scapholunate

Lunate

35

5.1

-3.2

5.7

-0.6

Scaphoid

1)

2)

250

Schuind,Cooney et al 1995
Johnston, Small et al 2004
Schuind,Cooney et al 1995

230
66
350

12

Dorsal Lunotriquetral

Lunate

Triquetrum

13

Dorsal Intercarpal

Triquetrum

Hamate

200

5.1

0.8

14

Dorsal Intercarpal

Lunate

Hamate

110

10.1

1.2

15

Dorsal Intercarpal

Lunate

Capitate

110

10

16.3

16

Dorsal Intercarpal

Scaphoid

Capitate

110

8.8

11.8

17

Dorsal Intercarpal

Hamate

Capitate

110

4.3

3.6

18

Dorsal Intercarpal

Capitate

Trapezoid

110

3.8

-1.6

19

Dorsal Intercarpal

Trapezoid

Trapezium

110

7.5

-2.5

20

Dorsal Metacarpal

Capitate

MC4

50

8.1

-3.3

21

Dorsal Metacarpal

Trapezoid

MC3

50

6.6

-2.7

22

Dorsal Metacarpal

Trapezium

MC2

50

7.3

-2.6

Schuind,Cooney et al 1995
An, Berger et al 1991
Schuind,Cooney et al 1995
An, Berger et al 1991

Bettinger,Smutz et al 2000

1)

325
114
300
108

48

Divided by 2 for volar/dorsal part
Literature value comes from other computational model and appears to be very high / critical value
Literature value times three: required to be stiffer because wide insertion area of ligament
4)
In wrist model 3 spring elements: 50 each
2)
3)
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ID#

Ligament

Connection Connection Specified
1
2
lig.stiffness

defined initial
length L0

Reference

[N/mm]

Ratio
L0 / Spring element
length in neutral Pos.

[N/mm]

[mm]

[%]

27
75

11.8

-5.9

7.3

-3.0

23

Long Radiolunate

Radius

Lunate

30

24

Long Radiolunate

Lunate

Triquetrum

30

25

Short Radiolunate

Radius

Lunate

35

Ulna (TFCC) Lunate

40

33
75
40

0.4

Ulnolunate

Savelberg,Kooloos et al 1992
Schuind,Cooney et al 1995
Schuind,Cooney et al 1995

6.5

26

6.8

30.8

27

Ulnotriquetral

Ulna (TFCC) Triquetrum

40

Schuind,Cooney et al 1995

40

14

32.9

28

Ulnar Collateral Carpal

Ulna

5)

22.7

42.1

5)

15.2

14.1

100

Pisiform

Ulna

Savelberg,Kooloos et al 1992
Schuind,Cooney et al 1995

Triquetrum

100

29

Ulnar Collateral Carpal

30

Palmar Carpometacarpal Trapezium

MC2

60

Bettinger,Smutz et al 2000

57

4.1

-2.8

31

Palmar Carpometacarpal Trapezium

MC3

90

Bettinger,Smutz et al 2000

88

14.2

-3.0

32

Palmar Carpometacarpal Hamate

MC3

90

33

Pisohamate

Pisiform

Hamate

34

Pisometacarpal

Pisiform

MC5

5)
6)

9.5

-3.1

4.7 / 8.7

40
5)

200

6)

15.1 / 20.6

6)

-3.0 / 79.6

6)

-2.2 / 33.4

6)

Assumed value / not based on documented value nor similarity to other ligament
First value for ulnar deviation / second value for radial deviation and extension Æ provides for function of pisiform as
sesamoid

Neglected Ligaments
Bone connections

Ligament

Radioscapholunate

Potential function
RA Berger 1997; R Schmitt 2006;
Interactive Hand 2000
Most elastic ligament and appears not to
provide any mechanical contribution /
Theoretically, may be important to the
functional integrity of wrist
Stabilizes radiocarpal joint and
contributes to limitation of ulnar
deviation.

Comment

Radius

Scaphoid

Lunate

Radioscaphocapitate Radius

Scaphoid

Capitate

Dorsal radiocarpal

Radius

Triquetrum

Dorsal intercarpal

Triquetrum Scaphoid

Carpometacarpal
ligaments for fused
joints
Medial pisotriquetral

Distal
Metacarpal row carpals

-

Stabilize carpometacarpal joints

Triquetrum Pisiform

-

Prevents lateral deviation of the pisiform Pisiform fused to triquetrum

-

Stabilize metacarpal joints

Metacarpal

Between
metacarpals

-

Neglected because believed not to
have mechanical contribution

Wrapping of this ligament around
bone structure not possible to model

-

Stabilizes radiocarpal joint and constrains Ulnocarpal supination not included in
ulnocarpal supination`
simulated wrist motions / Wrapping of
this ligament around bone structure
not possible to model
Trapezoid Contributes to midcarpal joint stability
Wrapping of this ligament around
bone structure not possible to model
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Fused carpometacarpal joints

Fused carpometacarpal joints

Appendix C Converted Carpal Bone Position and Orientation
Provided transformation matrices, generated during previous study, were converted into
displacement and Euler angles of the 3-1-3 series.

Ulnar Deviation
45deg

x [mm]
y [mm]
z [mm]
psi [º]
theta [º]
phi [º]

Scaphoid
-6.9118
-1.3732
4.9871
108.45
29.228
-112.91

Lunate
-6.8708
-0.10104
6.1373
85.299
24.8
-88.503

Capitate
-7.9307
-3.3143
8.7131
125.28
37.114
-136.29

Hamate
-7.5223
-3.16
9.3939
124.1
37.23
-132.44

Trapezium
-6.2287
-2.9906
8.3996
130.09
35.076
-139.87

Radial
Deviation
15deg

x [mm]
y [mm]
z [mm]
psi [º]
theta [º]
phi [º]

1.3202
-0.37332
-0.013566
-96.752
7.0693
97.282

1.4531
-1.2216
-0.3267
-127.89
9.9334
128.4

4.7255
1.9402
-0.91537
-60.03
19.078
66.494

3.7292
1.9639
-0.34463
-53.124
17.197
61.982

4.3257
2.5028
-0.29676
-55.464
19.578
63.345

-2.1173
-0.1214
-3.3376
25.234
4.5554
-14.773

0.74275
-0.98967
-0.57006
-94.382
8.5733
95.658

2.0365
-2.2201
1.1416
-66.861
8.8925
77.407

Extension
34deg

x [mm]
y [mm]
z [mm]
psi [º]
theta [º]
phi [º]

-1.1309
4.7063
-1.0149
13.631
28.152
-6.7422

-0.71754
2.3428
-0.80734
25.808
17.154
-20.714

0.23399
5.6984
-1.1548
5.3172
32.934
2.393

-0.3257
5.2447
-0.96252
9.6133
32.506
0.79453

0.54708
4.7085
-0.69546
4.6361
31.443
4.56

1.794
3.9076
-0.28086
-1.2368
29.999
11.394

-0.65046
2.8027
-1.8027
10.421
23.628
-4.0184

3.7712
0.43227
-1.8927
-16.415
18.509
23.805

Extension
57deg

x [mm]
y [mm]
z [mm]
psi [º]
theta [º]
phi [º]

-3.0503
7.4536
0.23799
16.455
48.747
-2.8475

-1.8567
3.0311
-0.87545
20.256
24.084
-14.302

-1.0408
9.1929
0.65149
8.0288
55.839
8.8685

-1.8494
8.672
0.8003
11.332
55.583
5.6739

-0.63152
8.8563
0.93557
7.0076
56.167
8.5887

-0.70918
7.483
0.90797
6.8398
53.747
7.7207

-1.1337
4.4497
-2.8855
7.6718
37.285
2.8598

4.4592
3.2547
-2.8061
-1.7503
40.549
18.664

Flextion 30deg

x [mm]
y [mm]
z [mm]
psi [º]
theta [º]
phi [º]

-1.1309
-2.989
2.8711
179.29
25.37
173.88

-0.93045
-1.9678
1.4588
-170.5
16.19
165.47

-1.5929
-3.7487
3.7788
179.47
31.103
170.54

-1.4944
-3.2311
3.5231
179.79
29.581
170.4

-2.0434
-2.609
2.405
177.35
27.674
171.95

-2.2969
-3.3823
3.9855
177.31
29.975
172.96

-1.9933
-1.4662
3.1257
174.43
21.661
179.11

0.15008
-5.1254
5.3333
-178.38
30.313
175.94

Flextion 65deg

Results describe the transformation of each carpal bone from neutral position for specific wrist
postures.

x [mm]
y [mm]
z [mm]
psi [º]
theta [º]
phi [º]

-4.2147
-3.5672
6.5293
161.25
47.323
-172.49

-4.1643
-2.2523
6.0126
163.88
34.599
-171.16

-5.3851
-3.7748
10.48
164.18
58.602
178.21

-3.4129
-3.4032
6.8427
169.78
53.024
171.71

-4.0434
-2.8713
7.0462
169.59
49.515
173.68

-6.3282
-3.4654
10.11
160.99
58.638
-177.47

-4.5108
-0.48711
5.6457
161.83
41.199
-175.57

0.59191
-7.2969
10.491
172.02
55.509
-171.85
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Trapezoid Triquetrum
-3.9623
-6.4567
-3.9339
0.3597
9.6117
6.7872
140.43
101.93
33.29
27.959
-148.47
-105.99

Pisiform
0.37505
-5.2973
-0.78519
160.84
17.794
-159.98

Appendix D Model Positions with Minimal RMS-Error
1.8

1.6

1.4

Position
Total RMS Error (mm)

Radial Deviation
1.2

1

0.8

0.6

0.4

0.2

0
0

0.2

0.4

0.6

0.8

1

1.2

Time (S)

The total position RMS-error over the course of time for simulated radial deviation yields a
minimal error of 0.560 mm at 0.71 seconds.

5
4.5

Position
Total RMS Error (mm)

4

Extension

3.5
3
2.5
2
1.5
1
0.5
0
0

0.2

0.4

0.6

0.8

1

1.2

Time (S)

The total position RMS-error over the course of time for simulated extension is illustrated. The
position chosen to describe accuracy of the model for extension is at a simulation time of 0.94
seconds with a total RMS-error of 0.760 mm. Note: chosen position is not the position with
minimal error.
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Appendix E Simulation Results and Model Comparison
Absolute position (position of centre marker with respect to global coordinate system) and
orientation (components of unit vectors with respect to global coordinate system) for the
scaphoid, lunate, capitate, hamate and triquetrum in comparison models, and simulated positions
are listed.
For position deviation, the distance between the two centre marker positions, and for orientation
variation, angle between the unit vectors at centre markers was calculated.
Total position and orientation RMS-errors describe the model accuracy for ulnar deviation, radial
deviation, and extension.

Part 1:

Orientation
Orientation
Orientation

Extension 57deg

Position

Radial Deviation 15deg

Position

Ulnar Deviation 45deg

Position

Measured
Position
x

Scaphoid
Simulated
Position

Deviation

Measured
Position

Lunate
Simulated
Position

Deviation

Measured
Position

Capitate
Simulated
Position

[mm]

[mm]

[mm]

[mm]

[mm]

[mm]

-5.3475

-5.3795

6.2621

6.7123

5.3989

5.4594

y

5.9283

5.9036

z
ix

13.6012

14.1674

0.8857

0.9181

iy

-0.1149

-0.1510

iz

-0.4498

-0.3665

jx

0.0307

0.0612

jy

0.9813

0.9675

jz

-0.1901

-0.2452

kx

0.4632

0.3916

ky

0.1545

0.2027

kz

0.8727

0.8975

x

-3.1738

-2.8446

y

5.3032

5.4067

z
ix

8.7922

8.7218

0.9925

0.9800

iy

0.0101

-0.1019

iz

0.1221

0.1710

jx

-0.0083

0.1063

jy

0.9998

0.9942

jz

-0.0156

-0.0168

kx

-0.1222

-0.1683

ky

0.0145

0.0347

kz

0.9924

0.9851

x

-5.0476

-4.9718

y

3.4607

3.5321

z
ix

10.7274

10.9347

0.9671

0.9756

iy

0.2515

0.2187

iz

-0.0373

0.0181

jx

-0.1389

-0.1483

jy

0.6457

0.5963

jz

0.7509

0.7889

kx

0.2130

0.1618

ky

-0.7210

-0.7724

kz

0.6594

0.6142

0.5677 mm

5.5212 deg

3.6931 deg

5.1433 deg

0.3522 mm

7.0466 deg

6.5799 deg

2.9118 deg

0.2320 mm

3.7226 deg

3.6108 deg

4.8968 deg

5.3243

4.1986

7.0655

6.6252

0.9066

0.9065

-0.0483

-0.1004

-0.4193

-0.4102

0.0583

0.0433

0.9982

0.9883

0.0110

-0.1462

0.4180

0.4200

-0.0344

0.1147

0.9078

0.9002

11.7562

11.7532

5.7668

4.6044

6.5854

6.6941

0.9907

0.9983

0.0161

-0.0453

0.1352

0.0378

-0.0016

0.0509

0.9942

0.9852

-0.1072

-0.1638

-0.1361

-0.0298

0.1059

0.1654

0.9850

0.9858

9.6600

9.6170

7.7406

7.3551

6.0495

6.1009

0.9872

0.9827

0.1239

0.1224

-0.1008

-0.1393

-0.0745

-0.0790

0.9155

0.9560

0.3954

0.2824

0.1413

0.1677

-0.3828

-0.2665

0.9129

0.9491

99

1.2899 mm

3.0294 deg

9.0698 deg

8.5615 deg

1.1674 mm

6.6145 deg

4.4524 deg

6.9850 deg

0.3913 mm

2.2218 deg

6.8888 deg

7.1475 deg

5.8618

5.7693

22.9649

23.0661

0.8673

0.8331

-0.2718

-0.3445

-0.4170

-0.4328

0.0715

0.1534

0.8970

0.8956

-0.4362

-0.4176

0.4926

0.5314

0.3485

0.2815

0.7974

0.7990

1.3208

1.4784

1.6795

2.1871

20.3762

20.0588

0.9500

0.9518

0.0874

0.0078

0.2997

0.3067

-0.1316

-0.0837

0.9827

0.9683

0.1304

0.2353

-0.2832

-0.2951

-0.1633

-0.2496

0.9451

0.9223

3.7373

3.5638

-5.8537

-4.7058

15.3404

15.9680

0.9663

0.9772

0.2237

0.2120

0.1276

0.0086

-0.2301

-0.1039

0.5278

0.4430

0.8176

0.8905

0.1156

0.1850

-0.8194

-0.8711

0.5615

0.4549

Deviation

0.1498 mm

4.6926 deg

4.8188 deg

4.4427 deg

0.6191 mm

4.5836 deg

6.6634 deg

5.1658 deg

1.3197 mm

6.8840 deg

9.6752 deg

7.8750 deg

Part 2 (Continuous):
Measured
Position

Hamate
Simulated
Position

Deviation

Triquetrum
Measured Simulated
Position
Position

[mm]

[mm]

[mm]

[mm]

18.1010

17.6220

18.9688

19.5285

7.1949

6.9172

22.4300

21.2707

0.8649

0.8157

-0.2294

-0.2718

-0.4465

-0.5107

0.0312

0.1307

0.9123

0.9465

-0.4083

-0.2951

0.5010

0.5636

0.3392

0.1739

0.7962

0.8076

9.9251

10.0044

3.8442

3.0895

29.5183

28.6666

0.9565

0.9453

0.1303

0.0778

0.2610

0.3167

-0.1708

-0.1575

0.9755

0.9592

0.1389

0.2347

-0.2365

0.2855

-0.1774

-0.2718

0.9553

0.9190

14.9350

14.8537

-6.8325

-6.2297

21.0885

20.2126

0.9647

0.9721

0.2503

0.2329

0.0816

0.0269

-0.2075

-0.1320

0.5321

0.4491

0.8209

0.8837

0.1621

0.1937

-0.8089

-0.8626

0.5652

0.4674

1.2847 mm

5.2363 deg

8.8649 deg

10.1593 deg

1.1407 mm

4.4351 deg

5.6237 deg

6.4413 deg

1.0664 mm

3.3161 deg

7.3650 deg

6.6506 deg

4.5625

4.1720

11.4737

11.1615

0.8877

0.8285

-0.0940

-0.2043

-0.4507

-0.5215

0.0393

-0.0032

0.9908

0.9294

-0.1292

-0.3691

0.4587

0.5600

0.0969

0.3074

0.8833

0.7693

18.0727

18.9854

4.2167

4.8861

18.3680

17.8672

0.9887

0.9781

0.0231

0.2034

0.1483

0.0453

-0.0212

-0.2041

0.9997

0.9789

-0.0147

0.0128

-0.1486

-0.0418

0.0114

-0.0217

0.9888

0.9989

19.2207

19.2326

1.7427

3.6299

13.3765

14.7979

0.9845

0.9403

0.1727

0.3356

0.0302

0.0560

-0.1555

-0.2974

0.7809

0.7308

0.6050

0.6144

0.0809

0.1653

-0.6004

-0.5944

0.7956

0.7870

Total RMS
Deviation

0.7504 mm

0.5305 mm

8.2469 deg

14.4386 deg

8.2021 deg

14.9371 deg

1.2377 mm

0.5599 mm

11.9331 deg

10.6825 deg

6.8150 deg

6.4402 deg

2.3627 mm

0.7602 mm

9.7975 deg

8.6460 deg

4.8770 deg

100

6.6401 deg

Appendix F Simulated Forces of all Ligaments Modeled
ID34
ID33
ID32
ID31
ID30
ID29
ID28
ID27
ID26
ID25
ID24
ID23
ID22
ID21
ID20
Radial Deviation
Ulnar Deviation
Extension

ID19
ID18
ID17
ID16
ID15
ID14
ID13
ID12
ID11
ID10
ID9
ID8_3
ID8_2
ID8_1
ID7
ID6
ID5
ID4
ID3
ID2
ID1
0.0

5.0

10.0

15.0

20.0

25.0

Lig.Force [N]

101

30.0

