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Abstract
A rigid body spring model was used to simulate wrist motions. The carpal bones were constructed
based on a computed tomography of a cadaver wrist. Bony structures were assembled as a wrist model in
the simulation software, RecurDyn. Articulations between wrist joint bones were modeled using gliding
surfaces, each was attached to its bone surface and this articulation was controlled by contact forces in the
simulation software. Wrist ligaments were modeled by either one or two spring elements for each
ligament or major component. Muscles of the wrist were represented by axial force elements. The force
exerted by each tendon in each wrist movement was computed using either exponential function or
sigmoid function in two different models. Each of these force functions were proportional to the distance
between the simulation capitate and the capitate in the desired position. Capitate was chosen as tracking
marker because the common center of rotation of wrist is within the capitate head.
Each of these approaches were simulated alone or with addition of a time factor. Eight wrist
models were created. Each model simulated 34° extension, 57° extension, 30° flexion, 65° flexion, radial
deviation and ulnar deviation. The root mean square error was calculated for linear and angular position
for each carpal bone, each wrist movement, and for each model. The combined overall RMS errors for
each model were calculated. The double spring ligament model with sigmoid force function considering
time factor showed the least overall RMS error and most joint stability. The single spring ligament model
with exponential force function without the time factor showed the highest RMS error and joint instability
in some wrist motion simulations. The different modeling approaches used in this study helped in
understanding the kinematics of the wrist joint and the wrist ligaments and tendons.
The results of this work encourage using these models for further kinematic studies in tandem
with in vivo or in vitro studies for further validation. These models can be helpful in simulating nonphysiological conditions of the wrist. Further work related to result validation using data from multiple
wrists, further enhancements of ligaments and muscles modeling will improve the accuracy of these wrist
models.
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Chapter 1
Introduction
The wrist is a complex joint. It consists of the articulation between distal radius and ulna
and the carpal bones, the inter-carpal articulations as well as the carpo-metacarpal (CMC)
articulations. These articulations in total work together to produce the normal wrist range of motion.
To investigate the wrist mechanics, the understanding of the normal carpal kinematics is a principal
prerequisite. This understanding is important when considering surgical procedures, artificial
prosthetic design, and when investigating different various pathologies of the wrist. It is difficult
to characterize the kinematics of the 8 carpal bones due to the complex mechanical structure of the
wrist joint.
Previous in vitro and in vivo experiments studied the static and dynamic wrist positions
and provided knowledge of carpal kinematics. The invasive nature of in vitro experiments has
various limitations [1-5], including the need of simulation of injury, and requires implementation
of the markers which may hinder physiological motion of the carpal bone. Planar radiography is a
noninvasive technique and provides data to analyze carpal kinematics with no soft tissue damage
but the results are limited to 2-dimensional and extremely qualitative in nature [6]. Computed
tomography (CT) and magnetic resonance imaging (MRI) can produce a noninvasive quantitative
analysis of 3-dimensional carpal kinematics but both are limited to (semi) static positions.
Advanced computer analysis techniques that combines (semi) static conditions of the wrist could
result in reasonable data about the 3-dimensional carpal kinematics of the wrist. Several in vitro
and in vivo studies have explored the kinematics of particular wrist movements based on specific
assessments [2-4, 6-21]. These studies used substantial and valuable logical techniques but they did
not yield the expected results in other movements.

1

Previous cadaveric studies reported a wide range of anatomical variations in the wrist joint
[22-24]. These variations in structure and mechanical properties of ligaments, bones, and articular
geometries resulted in variations of the wrist kinematics seen both in vitro and in vivo studies.
Therefore, it is suggested that a single functional model of the wrist cannot be generalized.
However, analysis of this type of model may uncover the association between morphologic
variables and carpal bone characteristics.
Computational wrist modeling is a mathematical representation of the joint. It is
increasingly vital in the analysis of complex wrist mechanics including the examination of
structural and functional interactions. Computational models have the benefits of examining the
direct effect of changes to the carpal structure without the difficulty of changing the investigating
apparatus. Performing changes to the same model geometry allows direct examination of the
modifications. This model can give significant information that is difficult to achieve directly from
other experiments. An example would be studying the role of certain ligaments in the carpal
kinematics. The development of computational models of wrist joint can be difficult because of the
number of bones involved and its complex soft tissue connections.
The rigid body spring model (RBSM) and the finite element method are popular techniques
used to analyze various body contact forces and also to perform kinematic analysis. The RBSM
uses a series of springs with known stiffness to measure the force transmission and displacement
between multiple non-deformable bodies [25-28]. The finite element method is used to calculate
stress and strain distribution of bone and cartilage layers under static loading condition [29]. These
studies were limited to the analysis of wrist kinematics and load distribution in neutral or functional
position, by transmitting longitudinal forces through the metacarpal bones. These studies failed to
represent the accurate kinematics of carpal bones. The investigation of the wrist in non-neutral
position is recommended to analyze the wrist in full degree of motion.
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Recently, Fischli et al. [30] investigated the three-dimensional carpal bone kinematics
using RBSM during the low-load daily activities. In addition, Foumani et al. [10] compared the
differences of carpal kinematics between the dynamic and static wrist position. Their results did
not find any significant differences of carpal kinematics between the dynamic and static wrist
position. Kaufmann et al. [11] investigated and successfully determined the mid-carpal and
radiocarpal joint motions during radial and ulnar deviation of the wrist using a 3-dimensional
dynamic cadaveric model imaging. Shi et al. [31] developed a model to describe a relationship
between wrist angle and muscle thickness and investigated the prediction ability of the model. They
concluded that this model can be used to evaluate the association between wrist angle and muscle
thickness and helpful for developing prosthetic hands and functional electrical stimulation systems.

1.1 Scope and Context
A rigid body spring model of the wrist joint was created in an older version of RecurDyn
(Version 6.1, FunctionBay Inc., Seoul, Korea) as part of a previous study conducted at Queen’s
University [9]. Three simple wrist motions were credibly simulated, demonstrating the potential
of this approach. Limitations included:


wrist flexion was not successfully simulated due to instabilities in the model



some important wrist ligaments were not included



each ligament was modelled by a single, one-dimensional spring, resulting in joint
instabilities that might be relieved by a more detailed model geometry



tendon forces were defined as fixed forces for each tendon, driving each wrist motion
based on a trial and error approach



the sizes and shapes of articulating surfaces were created based on an ad hoc visual
assessment of the contact areas and did not provide adequate coverage for the full range
of motion
3

The main objective of the current study is to address these limitations with a new rigid body
spring model of the wrist to simulate basic wrist motions with improved accuracy and maintained
joint stability. The scope of the current work includes:


Create a new model in the latest release of RecurDyn (Version 8, release 2) using the
same three-dimensional bone geometries from the previous study



Include all wrist ligaments except for those related to the fused articulations and justify
insertion geometries from the literature



Model wrist ligaments using both the previous single spring model and a new double
spring model to capture more information on ligament geometry and compare models for
accuracy and mechanical joint stability



Model force/displacement relationships for individual ligament elements using the same
approach that proved stable in the previous model



Model tendon forces with a new approach incorporating a mechanism that is similar to
normal biology, incorporating elements of feedback control. Compare different feedback
models for joint stability and accuracy



Revise the previous ad hoc models for the shape and size of the smoothed articular
surfaces to be consistent with the data available from the literature and provide adequate
coverage for the full range of motion



Simulate a full range of motion through six wrist movements and assess the results
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Chapter 2
Literature Review
2.1 Anatomy
2.1.1 Approaches to the Investigation of the Wrist Joint
There are various methods available to investigate the wrist structures. These include the
plain X-ray, Computed tomography (CT) scanning, and Magnetic resonance imaging (MRI). In
addition, the study of cadaver wrist dissections provides information regarding the incidence and
distribution of various anatomical and pathological conditions. It also provides further information
on the natural process of various morphology and disorders. In a previous study, Viegas et al. [23]
dissected 393 wrists to investigate the incidence and distribution of arthrosis, chondromalacia, and
soft tissue injuries. In another study, Viegas et al. [24] demonstrated variations in ligamentous
connection around wrist joint. Based on the results of these studies, the authors reported the
variations of wrist anatomy, particularly, the fourth metacarpal base in the carpometacarpal joint
and the lunate in the mid-carpal joint.
Plain radiography is a non-invasive method to investigate the wrist structures. It provides
simple information regarding the bone structures and the various articulations within the wrist joint.
Despite the advancements in the imaging techniques, plain radiography remains the most frequently
used imaging modality for wrist and hand [32, 33]. It produces a two dimensional image of a three
dimensional anatomic data on a photographic film. However, the use of two views projected
perpendicular to one another provides the necessary information to achieve the three dimensional
perspectives of the wrist and hand structures. [33, 34].
Computed tomography (CT) scanning plays a significant role in the investigation of the
wrist and hand. It is helpful in assessing bone and joint anatomy to a greater extent, and also is
helpful in assessing soft tissue abnormalities but to a lesser extent [35]. The role of CT in assessing
5

trauma and post-traumatic complications, for example, malunion, non-union, or avascular necrosis
is evident [35].
The use of magnetic resonance imaging (MRI) for assessing wrist and hand is well
established [36-38]. MRI is an effective and accurate imaging tool for the diagnosis and grading of
osseous and extracapsular soft tissue lesions of the wrist [38-41]. MRI is also useful for diagnosing
and grading post traumatic complications such as non-union and avascular necrosis [42, 43]. MRI
can aid in evaluating many other hand and wrist disorders including, carpal instability, and
disorders of the triangular fibrocartilage, ulnar impaction syndrome, distal radioulnar joint (DRUJ)
instability, fractures, tendinopathies, nerve entrapment syndromes, synovial abnormalities, and soft
tissue masses [44]. Several factors limit the wide-spread use of MRI of the wrist. The MRI of the
wrist has high cost, prolonged study time, involves keeping the wrist rigidly stable during the
imaging time, involves getting the patient into a tight space which is difficult for claustrophobic or
obese candidates as well as young children, and unsuitable for candidates with ferromagnetic
devices or implants[45].

2.1.2 Wrist Joint Anatomy
The wrist is a complex joint consisting of several joints that articulate and work together
to produce normal range of motion at the wrist. The distal end of radius and ulna, 8 carpal bones,
and the proximal bases of the 5 metacarpal bones constitute the wrist joint [Figure 2-1].
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Figure 2-1 Volar view of wrist and hand [46]
2.1.3 Anatomy of Wrist Bones
The radius and ulna are the most proximal bones contributing to the formation of the wrist
joint. The distal ends of these two bones articulate with the proximal carpal bones. There are two
separate articular facets present at the distal end of radius, known as, the scaphoid fossa and lunate
fossa. These fossae are separated by a sagittal ridge, known as, the interfacet prominence [Figure
2-2]. The scaphoid fossa is either a triangular or oval shaped and has a smaller radius of curvature
as compared to lunate fossa [46]. The lunate fossa is rectangular in shape, and the articular cartilage
covers the entire surface of the distal radius. The lateral side of distal radius contains a prominence
7

known as the radial styloid process, which extends beyond the rest of the distal radius [Figure 2-2].
It is a pyramid shaped and provides site for the attachments of various ligaments restraining the
carpus. The medial side of radius has a fossa, known as sigmoid fossa or ulnar notch of the radius,
that provides articulation of ulna with the radius. In addition to the articulation with the convex
surface of the ulna, it provides attachment points for the distal radioulnar ligaments, distal
radioulnar joint capsule, and articular disc of the triangular fibrocartilage complex (TFCC). The
dorsal surface of the distal radius is marked by the Lister tubercle, which separates the second and
third extensor compartment tendons.

Figure 2-2 Distal view of radiocarpal joint [46]

The distal end of ulna comprises circular ulnar head that articulates with the ulnar notch of
the radius. It is has a conical shape and the articular cartilage covers about 75% of the total surface
area. The distal ulna does not articulate directly with the carpus. The distal ulna has three parts
including, a lateral surface for articulation with the articular disc of the TFCC, a central depression
for the attachment of the apex of the disc, and a medial prominence known as ulnar styloid [Figure

8

2-2]. The ulnar styloid is the site for the attachment of the ulnocarpal ligaments as well as
components of the TFCC [47].
The eight carpal bones of wrist are divided into proximal and distal rows consisting of 4
bones in each row. Starting from the radial side, the proximal row consists of the scaphoid, lunate,
triquetrum, and pisiform. The distal row consists of the trapezium, trapezoid, capitate, and hamate.
The distal carpal row is considered less mobile or more constrained group of bones in kinematic
and load studies as compared to the proximal carpal row [48, 49].
In the lateral side of the proximal row, the scaphoid is the second largest bone among all
the carpal bones. It is divided into three separate regions, namely the proximal pole, the distal pole
and the waist. The scaphoid has a concavity on medial and distal side which provides vital
stabilizing connection between the proximal and distal carpal bones [33, 46, 50]. It has four
significant articular surfaces which cover most of the scaphoid surface. It has a proximal, large
convex radial articular surface articulates with the scaphoid fossa of the distal radius. Directly
medial to the convex surface is a flat semilunar surface that articulates with the lateral aspect of the
lunate. On the distal and medial aspect of the scaphoid, there is a concave oval shaped facet which
articulates with the lateral portion of the head of the capitate. In addition, there is a single convex
distal surface which articulates with the trapezium and trapezoid.
The crescent shape of lunate gives it this name, is wedged between the triquetrum and the
scaphoid. Similar to scaphoid, the lunate also has four articular surfaces which are the proximal,
distal, lateral and medial articular surfaces. The proximal radial 2/3rd surface of the convex facet
articulates with the lunate fossa of the radius, while proximal ulnar 1/3rd surface articulates with
the articular disc of the TFCC. The biconcave distal articular surface of the lunate articulates with
the capitate on the large lateral facet and the hamate on the smaller medial facet. In the medial side,
the square surface of the lunate articulates with the triquetrum, and laterally, it articulates with the
scaphoid through flat and semilunar surfaces.
9

The triquetrum is small and has uneven shape. It has various ligamentous insertion points
and four articular surfaces including the distal, radial, proximal, and anterior surfaces. The distal
concavo-convex surface articulates with the hamate. The square radial surface articulates with the
lunate. The small triangular and convex proximal surface articulates with the articular disc of the
TFCC. The anterior articular surface provides site for the ligamentous attachments on lateral
surface and for the pisiform on the distal surface.
The pisiform is considered as a sesamoid bone into which the tendon of flexor carpi ulnaris
inserts [51]. The pisiform has a single flat oval articular facet on the dorsal surface which articulates
with the triquetrum. Thus, the pisiform is the only carpal bone that has only one articulation and is
the only carpal bone on which a forearm muscle inserts.
In the lateral side of the distal row, the trapezium is tightly bound with the trapezoid and
has four articular surfaces, yet it is the most mobile bone [52]. The concave proximal surface
articulates with the scaphoid, and on medial side, a flat facet articulates with the trapezoid. On
distal side, a saddle shaped surface articulates with the first metacarpal, and a small triangular
surface articulates with the second metacarpal.
The trapezoid is the smallest carpal bone in the distal row. It has four articulating surfaces.
These include the proximal, distal, lateral, and medial surfaces. The triangular convex distal surface
articulates with the second metacarpal bone. The concave proximal surface articulates with the
distal pole of the scaphoid. The flat lateral and medial surfaces articulate with the trapezium and
capitate, respectively.
The capitate is the largest carpal bone and is considered as a keystone for the transverse
carpal arch [52]. The capitate has the maximum number of articulation surfaces among the carpal
bones. The proximal 1/3rd is known as the head of the capitate, which is covered by cartilage. It has
three articular facets including the lateral facet for the scaphoid, the proximal facet for the lunate,
and the medial facet for the hamate. The distal part of the bone is known as the body of the capitate.
10

The distal concavo-convex facet articulates with the third metacarpal base, and the lateral concave
surface articulates with the styloid process of the second metacarpal.
The most medial carpal bone of the distal row is the hamate. On the distal part of the
hamate, the saddle shaped surface is covered with cartilage and articulates with the bases of fourth
and fifth metacarpal bones. The lateral and proximal surface of the hamate articulates with the
triquetrum and the capitate. On the volar surface of the hamate, there is a prominent rounded
projection known as the hook of the hamate [Figure 2-1]. This hook provides attachment sites for
several ligaments.

2.1.4 Anatomy of the Wrist Ligaments
The joint stability and function of the wrist is basically controlled by the integrity of various
ligamentous structures [51]. In the literature, the carpal ligaments have been divided into two
categories, based on their location of origin, named extrinsic and intrinsic [53]. Extrinsic ligaments
attach proximally to the distal radius and ulna and distally to the carpal bones, while the attachments
of the intrinsic ligaments are confined between the carpal bones [54].
Extrinsic ligaments can be considered capsular ligaments and they cross the radiocarpal joint, midcarpal joint or both [46].
Extrinsic ligaments: These ligaments participate in the joint stability of the wrist as well as its
functional mobility. These are described below.
Dorsal ligament: The dorsal radiocarpal ligament (DRC) is the only dorsal extrinsic ligament of
the wrist. [55][Figure 2-3]. It provides secondary stabilization to the scapholunate joint. It arises
from the ulnar and dorsal part of the distal radius near the Lister’s tubercle. This ligament inserts
distally to the dorsal and proximal tubercle of the lunate and the triquetrum. The floor of the fourth,
fifth and sixth extensor tendon compartments is formed by this ligament.
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Figure 2-3 Volar and dorsal aspects of extrinsic and mid-carpal intrinsic wrist ligaments [46]

Volar Ligaments: The volar ligaments provide primary stabilization to the wrist [54]. These
ligaments provide major restraining force against joint instability [56]. There are three strong volar
radiocarpal ligaments which provide major joint stability to the wrist.
Radioscaphocapitate ligament (RSC): It arises from the radial styloid and the volar lip of the
radius at the level of the scaphoid fossa [Figure 2-3]. It courses distally to the radial side and inserts
on the waist of the scaphoid, proximal to the distal pole of the scaphoid.
Long radiolunate ligament (LRL): This ligament arises from the volar edge of the scaphoid fossa
of the distal radius. The proximal attachment of the LRL ligament overlaps with the most
superficial fibers of the RSC ligament, which forms a continuous capsule. The LRL ligament inserts
distally on the radial and distal horn of the lunate, and volarly and ulnarly on the attachment of
volar segment of the scapholunate interosseous ligament [Figure 2-3]. The ventral portion of the
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scapholunate interosseous ligament completely overlaps with the LRL ligament. It provides a
constraint against ulnar or distal translocation of the lunate.
Short radiolunate ligament (SRL): This is the third volar extrinsic ligament and is located on the
radial side of the wrist. It arises from the ulnar and volar edge of the lunate fossa of the distal radius
[Figure 2-3]. It courses distally and ulnarly and attaches into the volar edge of the lunate. It is
located proximally to the ulnolunate ligament and it blends with the TFCC fibers. This ligament
provides the main stabilization to the lunate against dislocation [1].
Radioscapholunate ligament (RSH): This ligament lies between the LRLL and SRLL. It attaches
to the volar edge of the distal radius proximally and is situated between the scaphoid fossa and
lunate fossa at the inter-fossal ridge. Although listed as a ligament, it is not considered as a
substantial mechanical structure.
Ulnolunate ligament (UL): This ligament arises from the proximal radioulnar ligament. It inserts
distally to the attachment of the SRLL, on the ulnar side of the volar edge of the lunate [Figure
2-3]. The ULL and the ulnotriquetral ligament have common insertion and both participate in the
formation of the TFCC [57].
Ulnocapitate ligament (UC): This ligament arises from the fovea of the ulnar head, the proximal
radioulnar ligament and the base of the radial styloid process [Figure 2-3]. It also covers the
ulnotriquetral and ulnolunate ligaments and inserts distally on the proximal and volar side of the
capitate.
Intrinsic ligaments: The intrinsic ligaments play a vital role in the joint stability, mobility, and
mechanical integrity of the wrist [Figure 2-4]. The intrinsic and interosseous ligaments are
classified into dorsal, proximal, and volar parts. The strongest and thickest part of the lunotriquetral
ligament is situated volarly [58].
Dorsal intercarpal ligament (DIC): This is the only ligament on the dorsum of the wrist which
crosses the mid carpal joint [Figure 2-4]. It arises from the distal and radial part of the dorsal
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tubercle of the triquetrum. Major parts of the ligament insert on the dorsal ridge of the waist of the
scaphoid, while small parts insert on the proximal trapezoid and the dorsal trapezium [59]. Viegas
et al. reported that the dorsal intercarpal and dorsal radiocarpal ligaments form a ‘V’ shaped
configuration which provide indirect dorsal joint stability to the scapholunate complex during wrist
motion [24]. The dorsal intercarpal and dorsal radiocarpal ligaments play a vital role in preventing
the occurrence of the dorsal intercalated segment instability (DISI) and volar intercalated segment
instability deformities (VISI).
Dorsal trapeziotrapezoid ligament (DTT): This ligament arises from the ulnar edge of the
trapezium. It courses ulnarly and inserts into the radial edge of the trapezoid.
Dorsal capitotrapezoid ligament (DCT): This ligament arises from the ulnar edge of the
trapezoid. It courses ulnarly and inserts on the distal and radial edge of the capitate.
Dorsal capitohamate ligament (DCH): This ligament consists of the distal capitohamate ligament
and the proximal capitohamate ligament. The distal capitohamate ligament arises from the distal
side of the ulnar edge of the capitate and inserts on the distal side of the radial edge of the hamate.
The proximal capitohamate ligament arises from the proximal part of the ulnar edge of the capitate
and inserts on the proximal part of the radial edge of the hamate.
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Figure 2-4 Volar (top) and dorsal (bottom) aspects of intrinsic wrist ligaments [46]

Dorsal triquetrohamate ligament (DTH): this ligament arises from the distal and radial edge of
the triquetrum. It inserts distally on the proximal and volar edge of the hamate.
Lunotriquetral ligament (LT): Recently, Nagao et al. have reported the LTL as an independent
structure, which was recognized independently from the lunotriquetral interosseous ligament [57].
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It arises from the ulnar and distal part of the lunate and inserts on the radial side of the volar
lunotriquetral interosseous ligament and distal attachment of the ulnolunate ligament. Nagao et al.
described the lunotriquetral ligament to be part of the radiotriquetral ligament reported by Mayfield
et al. [60].
Volar trapeziotrapezoid ligament (VTT): This ligament arises from the ulnar edge of the
trapezium. It courses ulnarly and inserts on the radial edge of the trapezoid.
Scaphotrapezial ligament (ST): It consists of two branches that arise from the radial and volar
parts of the scaphoid tuberosity. The ulnar and radial branches of this ligament form a ‘V’ shape
structure distally and insert on the proximal and radial side of the trapezium, respectively.
Scaphotrapezoidal ligament: This ligament provides support to the scaphotrapezio-trapezoidal
joint alongside the scaphotrapezial ligaments. This ligament arises from the volar and distal part of
the scaphoid tuberosity and inserts distally to the proximal edge of the trapezoid.
Scaphocapitate ligament: It arises laterally to the ulnar and volar side of the distal edge of the
scaphoid and inserts medially to the radial and volar side of the head of the capitate near the
attachment of the capitotrapzoid ligament. The interfacet ridge of the distal scaphoid is almost
perpendicular to the line connecting the origin of the scaphotrapezial ligament and the
scaphocapitate ligament [61].
Volar capitotrapezoid ligament: It arises from the volar and ulnar side of the trapezium and it
inserts on the volar and radial side of the capitate with no attachment to the trapezoid.
Volar capitohamate ligament: It arises from the ulnar edge of the capitate and courses ulnarly and
inserts on the radial edge of the hamate.
Triquetrocapitate ligament (TC): it arises from the proximal to the volar and radial part of the
triquetrum and inserts distally on the ulnar and volar side of the capitate.
Volar triquetrohamate ligament (VTH): it arises from the proximal to the distal parts of the radial
side of the triquetrum and inserts on the distal and proximal parts of the posterior side of the hamate.
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A previous study reported that the anatomic relationship of the TCL and VTHL is depending on
the type of lunate. In type I, there is absence of medial hamate facet, whereas in type II, the medial
hamate facet is present [62]. Accordingly, 3 types of relationship between the TCL and VTHL are
described. In type A, the TCL is not attached with the VTHL; in type B, TCL covers the VTHL;
and in type C, the TCL has an extra ligament from the triquetrum to the proximal part of the hamate.
Eighty-two and 96% of type I and type II lunates were associated with type A and type B
relationship between the TCL and VTHL, respectively.
Scapholunate interosseous ligament: this ligament connects the scaphoid and lunate along the
proximal part of the joint surface and is depicted as 3-part structure with a volar, proximal, and a
dorsal part. The proximal scapholunate interosseous ligament is a significantly more slender
ligament that provides vital role to the rotational joint stability of the scapholunate joint. The dorsal
scapholunate interosseous ligament is considered as the thickest, strongest, and the most vital. It is
the primary stabilizer for the scapholunate articulation [63, 64].
Lunotriquetral interosseous ligament: this ligament connects the lunate and triquetrum along the
proximal part of the joint surface. It is also depicted as 3-part structure with a volar, proximal, and
a dorsal part.
Trapeziotrapezoid interosseous ligament: this ligament is found completely inside the
trapeziotrapezoid joint. It is connected to the volar side of the ulnar part of the trapezium and
courses ulnar to the distal part of the radial surface of the trapezoid.
Capitotrapezoid interosseous ligament: this ligament is found completely inside the
capitotrapezoid joint [Figure 2-5]. It courses from the center of the ulnar part of the trapezoid and
inserts on the distal radial surface of the capitate.
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Figure 2-5 Wrist cross-section through the distal carpal [46]

Capitohamate interosseous ligament: this ligament is found completely inside the capitohamate
joint [Figure 2-5]. It courses from the center of the ulnar part of the capitate and inserts on the distal
radial surface of the hamate.
The Triangular Fibrocartilage Complex (TFCC): The TFCC is a ligamentous and cartilaginous
structures that join the distal radius to the distal ulna and provide articulation of the ulnar side of
lunate and the triquetrum [Figure 2-6]. The TFCC consists of the articular fibrocartilage disc, dorsal
and volar radioulnar ligaments, ulnotriquetral ligament, ulnolunate ligament, meniscal homologue,
and the extensor carpi ulnaris tendon sheath [65, 66]. TFCC provides joint stability to the distal
radioulnar joint, distribute and dissipate forces from the wrist to ulna, and provides joint stability
to the lunate inside the radiolunate fossa [67]. There are two layers of TFCC including deep and
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superficial layers which attach to the base of ulnar styloid separately [68]. The superficial layer
inserts on the base of the styloid process and the deep layer inserts on the fovea close to the axis of
the forearm rotation. The TFCC is thickest (5 mm) where it attaches to the fovea, whereas it is only
1 – 2 mm thick at its center. TFCC has poor blood supply, as only the 15 – 20 % of the peripheral
parts of TFCC receives blood supply. TFCC has a meniscus homologue structure, which is a
triangular soft tissue situated between the proximal carpal row, ulnar styloid process, and the
articular disc. During the pronation and the supination movements, it gets smaller as compared to
the normal position [66].

Figure 2-6 The Triangular Fibrocartilage Complex [46]
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2.1.5 The Retinacular and Muscular Anatomy
The retinacular system of the wrist is important to keep the normal relationship between the tendons
that cross the wrist and their capsular structures. The circumferential extensions of the deep
antebrachial fascia distally are the flexor and extensor retinacula. These retinacula act as pulleys
for the extrinsic tendons, divert the line of action of the tendons passing through them, and they
provide protection from the direct pressure.
The flexor retinaculum, on the volar surface, attaches radially to the scaphoid and trapezium and
attaches ulnarly to the pisiform and hamate. This encases the area of the wrist commonly known as
the carpal tunnel [Figure 2-7]. All the flexor tendons of the forearm, except the flexor carpi ulnaris
(FCU) and flexor carpi radialis (FCR) pass through the carpal tunnel. The FCU is the only forearm
muscle which inserted on the carpus. The FCR passes through a different tunnel where the
antebrachial fascia divides to form a fibro-osseous septum. This septum becomes the sheath for the
FCR tendon that attaches to the tubercle of the trapezium and remains volar and radial to the carpal
tunnel. The FCR tendon inserts on the volar surface of the base of the second metacarpal. The FCU
and FCR are the primary flexors of the wrist.
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Figure 2-7 Transverse section of carpal tunnel from dorsal aspect [46]

The extensor retinaculum is formed from the deep forearm fascia and contains six
important compartments, numbered sequentially from radial to ulnar [Figure 2-8]. The first
compartment is present at the dorso-radial part of the distal radius and the abductor pollicis longus
(APL) and extensor pollicis brevis (EPB) tendons pass through this compartment. The second
compartment covers the dorsum of the wrist from the end of the first extensor compartment to the
radial side of Lister’s tubercle. The extensor carpi radialis longus (ECRL) and extensor carpi
radialis brevis (ECRB) tendons pass through this compartment. The third compartment is located
ulnarly to the Lister’s tubercle and the extensor pollicis longus (EPL) tendon passes through it. The
fourth compartment is present on the most ulnar part of the dorsal surface of the radius, and the
extensor digitorum communis (EDC) and extensor indicis proprius (EIP) tendons pass through it.
The fifth compartment is situated in the area just dorsal to the distal radioulnar joint and the tendon
of the extensor digiti quanti (EDQ) passes through it. The sixth compartment is found at the dorsal21

ulnar surface of the distal ulna and the tendon of the extensor carpi ulnaris (ECU) passes through
it. The main wrist extensors pass through the second and sixth compartments which are the ECRB,
ECRL, and ECU.

Figure 2-8 Transverse section of distal forearm showing wrist extensor compartments [69]

2.1.6 Joints of the wrist
There are three main articulations in the wrist joint that work together to provide the wrist
full range of motion [Figure 2-9]. Most proximally, articulation of the distal radius and ulna with
the proximal carpal row forms the radiocarpal joint. The mid-carpal joint is formed by the
articulation of the proximal and distal carpal rows. Most distally, the carpometacarpal joint is
formed by the articulation of the distal carpal row and the bases of the metacarpals.
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Figure 2-9 Volar aspects of the wrist joint. 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) [70]

The distal radial and ulnar surfaces and the TFCC provide the proximal articular surface
for the carpus. The distal radius and ulna articulate at the distal radioulnar joint (DRUJ). The
sigmoid notch, a concave surface over the ulnar and distal side of the radius, provides the articular
surface for the convex ulnar head. The DRUJ is limited by the TFCC, which constitutes the most
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distal extension of the DRUJ, and includes an articular disc enclosed by several ligaments [71].
The whole DRUJ is encompassed dorsally, volarly and proximally by a fibrous joint capsule [72].
The articulations of the radius with the scaphoid and lunate including the ulna, TFCC,
pisiform and triquetrum form the radiocarpal joint. The distal surface of the radius divides into a
triangular fossa for articulation with the scaphoid and a rectangular fossa for articulation with the
lunate. A ridge separates these two fossae and is called interfacet prominence (IP), which is located
just proximal to the scapholunate joint. A wedge shaped soft tissue, the meniscus homologue, fills
the ulnar gap between the TFCC and the triquetrum.
The articulation between the proximal and distal carpal rows forms the sigmoid shaped
mid-carpal joint with a concave arc that is more distal on radial side and more proximal on ulnar
side. The mid-carpal joint is a combination of three unique types of articulation. On the lateral side,
the convex distal surface of the scaphoid articulates with the concave trapezium, trapezoid and
capitate. The concave surfaces of the distal scaphoid and distal lunate articulate with the convex
head of the capitate and form the central part of the mid-carpal joint. Finally, the articulation
between the triquetrum and hamate forms the medial part of the mid-carpal joint [1].
The carpometacarpal joints connect the hand to the carpus. These joints are supported by a
tight ligamentous complex that joins the four ulnar metacarpal bases to their relating carpal bones
making a single articular compartment. The intersection between the third metacarpal and the
capitate is thought to be inflexible, and in that capacity, the distal carpal bone and metacarpals have
a tendency to move in a comparative manner [3].
2.2 Wrist Kinematics
The wrist is the most complex and extremely mobile joint as compared to the common
joints like the knee and the hip. Two primary components lead to its great mobility, complex
ligamentous structures and the multi-planar geometry of the articulation surfaces [73]. In the study
of wrist kinematics, a knowledge of the center of rotation for the primary axes of flexion-extension
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and radial-ulnar deviation is crucial. The head of the capitate is thought to be the center of rotation,
the axis joining the styloid processes of the radius and ulna is accepted as the axis of flexionextension and the axis perpendicular to that is thought to be the axis for for the radial-ulnar
deviation[7, 21, 74, 75].
The movements at the wrist joint can be classified into three groups: flexion-extension,
radial-ulnar deviation and forearm pronation-supination. The wrist circumduction is a combination
of flexion-extension as well as radial and ulnar deviations[76].
The wrist movements have specific range of motions (ROM). The normal ROM for flexion and
extension is 65-80 degrees and 55-75 degrees, respectively [74]. During flexion movement, 60%
of the motion occurs at the mid-carpal joint and the remaining 40% occurs at the radiocarpal joint.
During extension movement, 60% of the motion occurs at the radiocarpal joint and the remaining
40% occurs at the mid-carpal joint. Previous studies reported that the motion between the capitate
and the third metacarpal is minimal and therefore, it has been recommended that these two bones
are considered to be the axis for wrist joint movements relative to the radius[3, 76].
Movements at the coronal plane includes out of plane movements. In radial deviation, the
scaphoid flexes and its distal pole rotates volarly because of the irrupted styloid process of the distal
radius. All the proximal carpal bones are also flexed because they are connected by the inter-carpal
ligaments, therefore movements of the scaphoid also cause movements in the proximal row of
carpal bones. During ulnar deviation, the reverse action takes place at these carpal bones. The
proximal migration of hamate displaces the triquetrum volarly resulted extension of the lunate
[Figure 2-10].
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Figure 2-10 Radial and ulnar deviations are depicted schematically showing combined
motion of carpal bones in coronal and sagittal plane [73]. In radial deviation a), the distal
carpal row moves radially, while the proximal row simultaneously moves ulnarly and flexes.
In ulnar deviation b), the distal carpal row moves ulnarly, while the proximal row
simultaneously moves radially and extends.
Although forearm supination and pronation mostly occur at the elbow joint, small
movements are also seen at the wrist joint. The average ROM during pronation and supination were
60-80 and 60-85 degrees, respectively. The axis for these movements lies obliquely going through
the center of the humeral capitulum and the mid-point of the head of ulna [21, 74].
In a previous study, Kobayashi et al. studied the normal kinematics of carpal bones using
a 3-dimensional analysis of carpal bone motion with respect to the radius[2]. They reported that in
the sagittal plane motion of the wrist, the motion of hamate and trapezium with respect to the radius
is similar to the capitate during the wrist motion from the neutral to extension. However, in the
proximal carpal row, the scaphoid, lunate, and triquetrum showed noteworthy contrast pattern with
26

respect to the radius. The trapezium demonstrates less flexion than the capitate during wrist motion
from the neutral to flexion. In the proximal carpal row, the scaphoid flexes maximum and the lunate
the minimum with respect to the radius. The rotation of the carpal bones is minimal. In 60 degree
of wrist flexion, the proximal carpal bones display ulnar deviation. In addition, all the carpal bones
translates radially with respect to the radius at 60 degrees of wrist extension. Similarly, the lunate
and the triquetrum translated radially with respect to the radius at 60 degrees of wrist flexion.
In coronal plane motion of the wrist, the distal carpal row pronates in ulnar deviation of
the wrist and supinates in the radial deviation of the wrist. In the proximal carpal row, during the
ulnar deviation of the wrist, the scaphoid and lunate also pronates. Nonetheless, the amount of
pronation of scaphoid and lunate is small as compared to that of distal carpal row. The distal carpal
bone rotates in opposite direction to the proximal carpal bones in ulnar deviation of the wrist.
Combined extension of lunate with 30 degrees of wrist ulnar deviation was remarkably more than
those of the scaphoid and triquetrum. The amount of radial-ulnar deviation is similar for each distal
carpal bone and they display a greater amount of rotation than the proximal carpal bones. The
triquetrum bone displays significantly more ulnar deviation than those of scaphoid and lunate in
ulnar deviation of the wrist. At 30 degrees of wrist ulnar deviation, proximal carpal row translates
radially, while the distal carpal row translates ulnarly and dorsally.

2.3 Recent advancement in biomechanical modelling
There has been much debate in the previous few decades over the issues of load
transmission at the wrist joint. Palmer and Werner carried out first wrist cadaveric measurements
using a load cell to establish the load transfer ratio between the radius and ulna [77]. Similarly,
Viegas and co-workers did cadaveric experiments to measure the contact pressures by placing the
pressure-sensitive films at the articulating surfaces of the carpal bones [78-80]. The results of these
studies provide some information about the load transfer characteristics of the wrist. However, the
delicate character of the wrist joint make it difficult to perform cadaveric measurements. In
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addition, it is difficult to perform multiple experiments on a single specimen. Hence, several
theoretical models of the wrist developed [28, 81].

2.3.1 Rigid body spring model
The rigid body spring model (RBSM) is the commonest technique used to analyze various
body contact forces and also to perform kinematic analysis. This model uses a series of springs
with known stiffness to measure the force transmission and displacement between multiple nondeformable bodies [28]. A two-dimensional study on 120 normal wrists revealed that 55% of loads
were transferred through the radioscaphoid joint, 35% through radiolunate joint and the remaining
10% through the TFCC [54]. More recently, a study experimentally validated the use of threedimensional RBSM to model the wrist joint and simulate its kinematics [30]. Kinematic analysis
of carpal bones during simulation of wrist motion in extension, radial and ulnar deviations was
compared to data from cadaveric wrist. However, the advantage of three-dimensional model was
that it represents rigid body kinematics more accurately. In this study, only three wrist motions
were simulated. Wrist flexion was mechanically unstable (leading to joint dislocation) and
therefore, not studied. The forces used are relatively small and fixed, most likely to prevent
dislocations. Not all wrist ligaments were included which compromise the performance of the
model in comparison to a normal human wrist. Majors et al. [82] developed a computational wrist
model based on cadaveric wrist CT scan images to investigate the kinematics of the wrist joint.
Prediction of ROM in 4 different states compared to cadaveric wrist motion was the main outcome.
The ROM in 4 different directions based on the joint angle between the distal radius and third
metacarpal was used to compare the computational and cadaveric wrists. The model showed
accurate prediction of ROM. The main outcome was to simulate the wrist ROM with joint stability.
Accuracy of the wrist model performance was not the target of that study. It did not include
validation data to compare the results to.
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2.3.2 Kinematic Wrist Model
Previous studies only analyzed wrist in a neutral or functional position and they did not
investigate wrist kinematics in non-neutral position, for example, flexion, extension, radial, and
ulnar deviation. One study developed a wrist model simulating carpal bone kinematics in nonneutral position [17]. This model relies solely on the shapes of the interacting articulating surfaces.
However, in this model it is difficult to investigate the influences of the ligaments during the wrist
motion, which is a valuable biomechanical information.

2.3.3 Finite Element Model
The finite element method has been used to calculate stress and strain distribution in bone
and cartilage layers under static loading condition. Previous studies reported the effectiveness of
finite element method to estimate joint contact surfaces and stress distribution bone and tissue such
as cartilage or ligaments [29, 76]. This numerical analysis technique divides the examined body
into discrete components, and in this way approximates a constant framework.
In one study, the finite element model was developed based on an in vivo CT-scan of the
wrist in neutral position to investigate 3-dimensional stress and contact pressure distribution around
the wrist joint [29]. Surface models of the bony structures were extracted from a CT scan. Cartilage
components were modeled and given physiological characteristics. Ligamentous structures were
modeled using non-linear, tension-only spring components. By putting compressive load to the
capitate, sensitivity analysis was performed to explore the effect of different variables on the
calculated results. It was concluded that the carpal rotation and the cartilage material modulus have
considerable effect on the articular contact pressures and patterns.
The finite element model is commonly used and highly useful research tool, however, there
are numerous limitations regarding its utilization in investigating contact area in human joints,
particularly in multiple-body contact force analysis, for example, the elbow, wrist, and ankle joints.
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Chapter 3
Methods
3.1 Wrist Bones Modeling
The wrist bones geometries in this study were created based on computer tomography (CT)
scanning of a right cadaver wrist[29]. The cadaver wrist was CT-scanned in neutral position, radial
and ulnar deviations (15° and 45° respectively), in two flexed positions (30° and 65°) and in two
extended positions (34° and 57°). These positions were simulated by applying different tension
forces to the 5 cadaver wrist tendons. Ninety-two 1.0 mm slices represented the metacarpals,
carpals, and distal radius and ulna for each wrist position. The CT scan images were segmented
manually using manual image thresholding software (MESHER, Queen's University) [83]. Surface
models of all eight carpal bones, the distal radius and ulna, and the bases of the metacarpal bones
were created using a computer aided design software (CATIA software, Dassault Systems, France).
The eigenvalue decomposition was calculated for the coordinates of each body surface
vertex. Next, the primary axes for each body is computed. The iterative closest point surface
registration algorithm was used to validate and improve the linear and angular position data [83].
By now, the transformation matrices for each bone in each specific wrist position with respect to
its neutral position are available. The inertial reference frame is selected to be in the scaphoid fossa
toward the ulnar side of the distal radial articular surface as shown in Figure 3-1 and Figure 3-2.
The X axis is along the lateral axis and is positive towards the ulna. The Y axis is along the dorsovolar axis and is positive toward the volar side. The z axis is along the longitudinal axis and is
positive toward the distal direction. This coordinate system is used to unify the point to which every
linear and angular position of all the bodies is calculated.
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Figure 3-1 The wrist bones were assembled in a model. The inertial reference frame is
shown. The X axis is in the lateral direction and positive toward the ulna. The Z axis is in
the axial direction and positive toward the fingers.
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Figure 3-2 A lateral view of the wrist model assembly. The inertial reference frame is shown.
The Y axis is in the posterior-anterior direction and is positive toward the volar direction.
The Z axis is in the axial direction and positive toward the fingers.
The surface models of these bony structures were assembled into a wrist model in the
kinematics simulation software (RecurDyn, FunctionBay Inc., Seoul, Korea, Version 8, Release 2),
Figure 3-3 and Figure 3-4 [30].
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Figure 3-3 Wrist bones were assembled in RecurDyn software. The linear and rotational
position of each body was based on rotation matrices calculated from CT scan data. A dorsal
view.
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Figure 3-4 The wrist model in an isometric view.
This study focuses on kinematic analysis. The model dynamics is less important because
of the nature of the experiment and how slow the motion is. No structural analysis is intended. For
these reasons, the mass density of all bony structures is set to 1900 𝑘𝑔/𝑚3, the density of the
cortical bone[84] and the variation of bone density in carpal bones was not considered.
In RecurDyn, an inertial reference frame is created automatically and is attached to the
ground by default. Each body has a reference frame created at the center of mass. All markers of
any particular body is defined relative to the body reference frame. These user-defined markers are
body local coordinate systems. The body linear and angular position is described based on the body
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reference frame relative to the inertial reference frame of the whole model. After the assembly of
all the parts of the wrist model in RecurDyn is done, the inertial reference frame is defined in the
scaphoid fossa of the distal radial articular surface. This is done to match the origin of the global
coordinate system of the wrist model from the CT data.

3.2 Wrist Articulations Modeling
Carpal bones are covered with cartilage over areas where articulation with other bones
occurs. The carpal bone cartilage allows gliding between two articulating bones with low friction
and maintains a certain distance between these bones. Since the model in this study was built based
on CT scan data, no information was available about the cartilage layers. To replicate the
articulating cartilage for each carpal bone, smooth gliding surfaces were created in the Computer
Aided Design (CAD) software (SolidEdge, UGS Corp., Plano, USA). These smooth articulating
surfaces serve two goals. First, they maintain the correct distance between the two articulating
bones. Second, they serve better as articulating surfaces because they are smooth and not as faceted
as their corresponding bones. In SolidEdge, the bounded surface tool was used to create the required
surfaces. The shape of each surface is based on the shape of the corresponding carpal bone surface.
The surface area of each articulating surface is set based on data from anatomical studies in the
literature. This is checked and confirmed by determining the contact areas between the two
articulating bones and the anticipated motion and interaction between these two bones. Several
simulation trials helped adjusting and fine-tuning the shape and surface area of these surfaces
within the normal anatomical variations of the human wrist. The distance between the smooth
gliding surface and its bone is determined by half the minimum distance between the two
articulating bones. Figure 3-5 shows the scaphoid with its articulation surfaces. Figure 3-6 shows
the radio-scaphoid articulation. Figure 3-7 shows the wrist bones with their articulation surfaces.
Fused joints, like the carpometacarpal joints, were not included. Each articular surface is colorcoded to indicate a specific carpal joint as shown in Table 3-1.
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Table 3-1 Wrist bones with all the modelled articulating surfaces.
Bone

Surfaces

Articulating with

Comments

Distal Radius

2

Scaphoid (purple

Figure 3-7-A

surface) and Lunate
(green surface)
Scaphoid

5

Distal Radius (cyan

Figure 3-7-B

surface), Lunate
(white surface),
Capitate (right yellow
surface), Trapezium
(top yellow surface),
Trapezoid (dark green
surface)
Lunate

4

Distal Radius (blue

Figure 3-7-C

surface), Scaphoid
(red surface),
Triquetrum (yellow
surface), Capitate
(green surface)
Triquetrum

2

Lunate (dark blue

Figure 3-7-D

surface), Hamate
(light blue surface)
Pisiform

0

Pisiform is fused to
triquetrum
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Trapezium

2

Scaphoid (brown

Figure 3-7-E

surface), Trapezoid
(cyan surface)
Trapezoid

3

Scaphoid (blue

Figure 3-7-F

surface), Trapezium
(purple surface with
red outline mainly in
volar aspect),
Capitate (green
surface)
Capitate

4

Scaphoid (light blue

Figure 3-7-G

surface), Trapezoid
(dark blue surface),
Lunate (light green
surface), Hamate
(purple surface,
barely seen dorsally
but has red outline
extending volarly)
Hamate

2

Triquetrum (red
surface mainly volar
as indicated by red
outline) , Capitate
(light blue surface)
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Figure 3-7-H

Figure 3-5 Dorsal view of the scaphoid with Its Articulation Surfaces, cyan surface
articulates with radius, white surface articulates with lunate, yellow surface on the right
articulates with capitate, the other yellow surface at the top articulates with trapezium, and
dark green surface articulates with trapezoid.
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Figure 3-6 Radio-scaphoid articulation with the smooth gliding surfaces where the radius has
two surfaces - purple surface to articulate with scaphoid and green surface to articulate with
lunate – these surfaces are fixed at certain distances from its bone.

39

A

B

C

D

E

F

G

H

Figure 3-7 Wrist bones with their articulating surfaces; A, distal radius; B, scaphoid; C,
lunate; D, triquetrum; E, trapezium; F, trapezoid; G, capitate; H, hamate.
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The interaction between the two articulating surfaces is established by defining contact
force elements in RecurDyn. In RecurDyn, several types of contacts are available. In our study,
surface-to-surface contact is used. The contact force elements characterize the behavior of the
articulations between the bones. These contact force elements generate forces between interacting
structures, in this case, the articulating surfaces of the bones. The contact force element
approximates the interaction of contact surfaces as multiple triangular patches. The patch-net and
its triangle sizes are set automatically by RecurDyn to achieve a reasonable approximation of the
contact behavior and a good computational efficiency. In RecurDyn, the contact normal force is
defined as an equation of penetration as follows:

𝐹𝑛 = 𝑘𝛿 𝑚 + 𝑐𝛿𝛿̇ 𝑛

3.1

Where 𝛿 and 𝛿̇ are the penetration and its velocity, respectively, 𝑘 is the spring coefficient, 𝑐 is the
damping coefficient, order 𝑚 is the stiffness exponent, and order 𝑛 is the indentation exponent.
The stiffness exponent (𝑚) is used to ensure a non-linear behavior of the contact force.
The indentation exponent (𝑛) is used to prevent excessive generation of damping force when
relative indentation is very small. In RecurDyn, this equation is used as the default contact equation.
This contact force model was found previously [9] to have a comparable behavior to that of the
normal carpal bone cartilage contact. The contact stiffness coefficient is set to 200 N/mm based on
previous studies that modeled the wrist and its articulations [27-29]. Other parameters are set based
on trial and error to provide timely response in the numerical simulation without numerical
instability. These parameters are set as follows: the damping coefficient is 2 Ns/mm, the stiffness
exponent is 1.3, and the indentation exponent is 2 as in Figure 3-8. In this study, the simple wrist
movements are stimulated, therefore, small loads are expected on the articulating surfaces. The
suggested parameters values led to reasonable performance in this case. In a normal human joint,
friction coefficient is low [85], therefore, no friction forces were simulated.
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Figure 3-8 The Contact Definition dialog in RecurDyn.

The carpometacarpal joints were fused since their contribution to wrist motion is very
minimal and to improve computational time [2-4, 6-8, 10, 12, 14, 16, 18, 20, 21]. This was done to
the piso-triquetral joint as well, for the same reason. The distal radio-ulnar joint is not included in
this study because this joint has a negligible effect in radiocarpal and inter-carpal articulations
which are the main articulations considered in this study.

3.3 Ligament Modeling
The intrinsic and extrinsic wrist ligaments are considered the major stabilizers of most
articulations in the wrist. The attachment sites and the surface area of each ligament are well
42

described in the literature[86]. Figure 3-9 shows the attachment site of the Dorsal Radio-Carpal
ligament (DRC) [86]. This ligament connects the distal radius dorsally to the triquetrum. This
ligament has an intermediate attachment to the dorsum of the lunate. This intermediate connection
was not modeled in this study for the sake of simplicity and computational efficiency. In the wrist
model, nonlinear tension-only spring elements are used to represent extrinsic and intrinsic
ligaments.
The major intrinsic and extrinsic ligaments were modeled in this study. Ligaments of fused
joints were not included. Table 3-2 and Table 3-3 list the summary of the wrist ligaments. Figure
3-14 and Figure 3-15 show the modeled dorsal and volar wrist ligaments, respectively.

Figure 3-9 Dorsal Radio-Carpal Ligament Attachment Sites [86]. Notice the intermediate
connection to lunate which was not included in our study.

Two wrist models were created with two different ligament modeling approaches. The
Single Spring Ligament (SSL) model has each ligament or a major ligament component represented
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by a single spring element. The single spring is placed along the central axis of the ligament as
much as possible. The Double Spring Ligament (DSL) model has two spring elements representing
each ligament or major ligament component. Each of the two springs in the DSL model are placed
at the two ends of the plane with the largest distance in its cross-section. To demonstrate, Figure
3-10 shows the selected attachment sites of the dorsal radio-carpal (DRC) ligament in SSL model.
Notice that the spring element is placed along the central axis of the ligament. Figure 3-11 shows
the two springs that represent the DRC ligament in DSL model. The two springs are placed at the
two ends of the longest axis in cross-section.

Figure 3-10 Dorsal Radio-Carpal (DRC) ligament is represented in the SSL model by a single
spring element (gray line) placed along the ligament central axis. Notice that the intermediate
attachment to lunate was not modeled to reduce the complexity of the model. At the middle
of the line representing the spring element is a label which is used in RecurDyn to mark each
element that is not shown clearly here because of the low resolution.
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Figure 3-11 Dorsal Radio-Carpal (DRC) ligament is represented by two spring elements (gray
lines) in the DSL model. The two springs are placed at the two ends of the longest axis of
ligament cross-section.
Some ligaments with multiple components are represented by one or more spring elements
for each component depending on the site of the component and its biomechanical importance. For
example, the scapholunate ligament which has three components – dorsal, volar, and interosseous
components, is either represented by 2 spring element in SSL model or by 4 spring elements in
DSL model. Figure 3-12 shows the scapholunate ligaments with a single spring for each of the
dorsal and volar components in SSL model. Figure 3-13 illustrates the scapholunate ligament in
DSL model with two springs for each of the dorsal and volar components. Figure 3-14 and Figure
3-15 show the wrist ligaments depicted by gray lines modeled in the SSL model from dorsal and
volar views respectively. Figure 3-16 and Figure 3-17 demonstrate all the ligaments in the DSL
model shown as gray lines connecting the wrist bones from dorsal and volar views respectively.

45

Figure 3-12 Scapholunate ligament – dorsal and volar components are each represented by a
single spring elements (red lines). Notice the labels for each red line indicating the RecurDyn
element type.
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Figure 3-13 Scapholunate ligament – dorsal and volar components are each represented by
two spring elements. Two red lines dorsally for dorsal scapholunate ligament and two red
lines volarly for the volar scapholunate ligament.

Table 3-2 Wrist extrinsic ligaments. Numbers in round brackets represent ligament
stiffness in N/mm.
Wrist Extrinsic Ligaments
bone 1

carpal 2

Ligament

Components
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DSL –

SSL –

Stiffness

springs –

springs –

(reference)

(stiffness

(stiffness

for each)

for each)

Radius

Scaphoid

Radial

1

2 - dorsal

1 – central

50

collateral

[29, 87]

and volar

(50)

[29, 87]

ligament
Radius

(25)

Lunate –

Dorsal

3 – radio-

2–

1 central

75

triquetrum

radiocarpal

lunate, luno-

proximal

Radio-

[28]

ligament

triquetral,

radio-

triquetral

radio-

triquetral

(75)

triquetral

and distal

[86]

radiotriquetral
(37.5)

Radius

Lunate

radiolunate

2-

4 – long

2 – long

75

Short and

(proximal

and short

[28]

long

and distal)

(central)

[86]

and short

(37.5)

(proximal
and distal)
(18.75)
Ulna

Lunate

Ulno-lunate

1

2 – medial

1 – central

40

[28]

and lateral

(40)

[28]

(20)
Ulna

Triquetrum

Ulno-

1

2 medial

1 – central

40

triquetral

[28]

and lateral

(40)

[28]

(20)
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Ulna

Capitate

Ulno-

1

2 medial

1 – central

50

capitate

[28]

and lateral

(50)

[28]

(25)

Table 3-3 Wrist intrinsic ligaments. Numbers in round brackets are ligament stiffness in
N/mm.
Wrist Intrinsic Ligaments
Carpal 1

Scaphoid

Carpal 2

Ligament

Components

DSL –

SSL –

Stiffness

Springs

Springs

(referenc

(stiffnes

(stiffnes

e)

s for

s for

each)

each)

Lunate-

Dorsal inter

2–

2

1

50

triquetru

Carpal ligament

scapholunate

(25)

(50)

[28]

3 – dorsal,

4

2

230

volar,

(57.5)

(115)

[28]

m

and lunotriquetral
[57]

scaphoid

lunate

Scapholunate(4)

interosseous
(not modeled)
[57]
scaphoid

capitate

Volar

One ligament

2

1

40

scaphocapitate

[86]

(20)

(40)

[28]
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scaphoid

trapezium

Palmar Inter

Two – radial

3

1

150

Carpal Ligament

and ulnar

(50)

(150)

[28]

- scaphotrapezial

branches
[86]

scaphoid

trapezoid

Scaphotrapezoid

One

al

component

Not modeled

(volar)
[86]
Lunate

Triquetru

Luno-triquetral

m

3 – volar,

4

2

350

dorsal, and

(87.5)

(175)

[28]

interosseous
(not modeled)
[57]
Triquetru

Capitate

m

Volar

One

2–

1

40

Triquetrocapitat

[28]

proximal

Central

[28]

and

(40)

e

distal
(20)
Triquetru

hamate

m

Dorsal

One

2–

1–

50

triquetrohamate

[86, 87]

proximal

Central

[28]

and

(50)

distal
(25)
Trapeziu
m

Trapezoid

Palmar trapezio-

3 components

4–2

2–1

150

trapezoid and

– dorsal, volar,

dorsal

dorsal

[28, 88]

50

dorsal trapezio-

and

and 2

and 1

trapezoid

interosseous(n

volar

volar
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(75)
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2–1
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dorsal

dorsal

[28]

interosseous

and 2

and 1

(not modeled)

volar
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(65)

(162.5)

[86]
Capitate

Capitate

hamate

Capitohamte

Trapeziu

volar

One

2

1

300

m

capitotrapezim
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Proxima
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[29, 87]
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(300)

distal
(150)
Capitate

Trapezoid

Volar and dorsal

3 – volar,

4

2

300

capitotrapezoid

dorsal,
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[28]
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[86]
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and 2
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Pisiform
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Pisohamate

One

2–1

1

50

[86]

medial

central

[28]

and 1

(50)

lateral
(25)

Figure 3-14 Single Spring Ligament (SSL) model showing the wrist ligaments depicted by
gray lines connecting carpal bones from dorsal view.
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Figure 3-15 Single Spring Ligament (SSL) model showing wrist ligaments depicted by gray
lines connecting carpal bones form a volar view.
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Figure 3-16 Double Spring Ligament (DSL) model showing wrist ligaments depicted by gray
lines connecting carpal bones form a dorsal view.
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Figure 3-17 Double Spring Ligament (DSL) model showing wrist ligaments depicted by
gray lines connecting carpal bones from a volar view.

Ligaments are viscoelastic structures [89-91] and they have a nonlinear response [22, 28,
30, 92, 93]. The load-deflection behavior is modeled using the superposition of a linear and an
exponential function[30]:
𝑓(𝜖) = 𝑘 ⋅ 𝑙0 ⋅ (𝜖 − 0.03) + 0.03 ⋅ 𝑘 ⋅ 𝑙0 ⋅ exp ( −

𝜖=

𝑙 − 𝑙0
𝑙0

𝜖
)
0.03

3.2

3.3

Where 𝑘 is the ligament stiffness, 𝑙 is the length of the spring element during the simulation and 𝑙0
is the spring element initial length at the beginning of the simulation. The initial ligament length 𝑙0
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is measured in RecurDyn before the simulation for each spring. Each ligament will exert tensile
force once the spring element length during simulation exceeds that of the initial length. This
equation provides a nonlinear tensile force after crossing the initial length. The factor 0.03 describes
the parabolic toe region to be mostly in the first three percent of the stress-strain curve[29, 30].
The ligament stiffness values are obtained from previous biomechanical studies [4, 28, 29,
52, 88, 93]. The stiffness values used for each ligament in the SSL and DSL models are listed in
Table 3-2 and Table 3-3. The study and understanding of wrist ligaments anatomical and
biomechanical structures evolved over the last several years. When the stiffness value of a
particular ligament is not available in the literature, then it is set to the stiffness of a similar ligament
that is closest in anatomy. When a single spring is used to represent a ligament, the spring stiffness
is set to take the whole ligament stiffness value. When more than one spring is used to model a
ligament, then each spring stiffness is given by the total ligament stiffness divided by the number
of springs used.

3.4 Tendon Modeling
Five muscle tendons were modeled in this study. These included the extensor carpi radialis
longus (ECRL), extensor carpi radialis brevis (ECRB), extensor carpi ulnaris (ECU), flexor carpi
radialis (FCR), and flexor carpi ulnaris (FCU)[94].
The wrist tendons are modeled using RecurDyn axial force elements. Axial force element
applies force to two markers on bodies it is attached to. The force magnitude can be defined using
elements of displacements, velocities, forces, variables, and time. Each tendon was modeled using
one axial force element. This element has two attachment sites. Distally (insertion site), it is
attached to the center of surface area of tendon insertion site. The insertion sites are all based on
previous cadaveric studies on the anatomy of the human wrist. Proximally (origin site), these
elements cannot be attached to the corresponding muscles origins. The wrist muscles originates
proximally from different sites, mainly of the distal humerus. The extensor tendons (dorsally) pass
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through fibrous tunnels at the dorsum of distal forearm called wrist extensor compartments. These
help control the direction of these tendons. The force elements representing these muscles were
attached proximally to the area of the tendon where the first constraining tunnels are. This helps
maintain the direction of pull of these tendons. The flexor carpi radialis (FCR) passes volarly
through a tunnel at the most proximal part of the wrist formed by the flexor retinaculum. Flexor
carpi ulnaris (FCU) tendon has no distinct tunnel to pass through but its insertion is far more
proximal than other wrist muscles. Table 3-4 lists the wrist tendons modeled and their insertion
sites in the wrist model.

Table 3-4 Wrist muscles and their corresponding force elements in wrist model; ECRL,
extensor carpi radialis longus; ECRB, extensor carpi radialis brevis; ECU, extensor carpi
ulnaris; FCR, flexor carpi radialis; FCU, flexor carpi ulnaris; EC, extensor compartment.
Tendon

Origin – model

Origin – actual

Insertion –

Insertion - actual

model
ECRL

2ND EC, dorsal

● Humerus –

Base of 2nd

● base of 2nd

and 1cm radial

lateral

metacarpal –

metacarpal -

to Lister

supracondylar

radial and dorsal

radial and dorsal

Tubercle

ridge

side

side

● Lateral
intermuscular
septum
● Humerus –
lateral epicondyle
– a few fibers
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ECRB

2nd EC, dorsal

● humerus –

and just radial to

lateral epicondyle metacarpal –

of 3rd metacarpal

Lister Tubercle

● radial collateral

dorso-latera

– dorso-lateral

ligament

aspect

aspect

Base of 3rd

● mainly – base

● intermuscular

● small part –

septa

base of 2nd
metacarpal dorso-medial
aspect

ECU

6th EC, dorsal

● humerus –

and ulnar to

lateral epicondyle metacarpal –

head of ulna

● posterior

Base of 5th

● base of 5th
metacarpal

ulnar side

border of ulna
FCR

FCR tunnel at

● humerus –

Base of 2nd

● mainly – base

mid wrist, volar

medial

metacarpal –

of 2nd metacarpal

and over medial

epicondyle

volar and ulnar

– anterior aspect

aspect

● small slip –

aspect of
scaphoid volar

base of 3rd

tubercle

metacarpal –
volar aspect
● small slip –
trapezial
tuberosity
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FCU

Volar to middle

● humeral head –

Center of the

● pisiform

of ulnar head

medial

volar aspect of

● by ligaments

volar surface

epicondyle

pisiform

into hamate and

● ulnar head –

5th metacarpal

medial margin of
olecranon and
proximal 2/3 of
dorsal ulna

To simulate different wrist movements, different axial forces are applied to the wrist model.
Six major wrist movements are simulated. These are: 30° flexion, 65° flexion, 34° extension, 57°
extension, ulnar deviation, and radial deviation. The three-dimensional coordinates and orientation
of each bone of the wrist in each wrist position are available from CT scan data of a previous
study[29]. In our study, the axial force varies according to the motion simulated.
The three-dimensional target position of the wrist of each movement is used to compute the force
needed to perform the wrist movement. The capitate bone is selected to perform this analysis since
it is at the center of the wrist in the lateral axis and is most distal in axial axis [12, 20, 21]. The
center of rotation (COR) for radial-ulnar deviation is within the head of capitate. The center of
rotation of flexion-extension motion in the proximal row is about the concave surface of the lunate,
whereas in the distal row, it is in the capitate neck. A common COR occurs between these two just
inside the capitate head as shown in Figure 3-18. This makes the movement of the capitate the most
predictable when applying forces to the wrist tendons. A tracking marker is created in the capitate
model at a specific distal and dorsal position relative to the capitate reference frame. Similar
tracking markers are created for each capitate in the different wrist positions at the exact same linear
and angular position. The x and y displacement components are used in the tendon force equation
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since motion along the lateral axis (x-axis) and along the dorso-volar axis (y axis) are the main
components in every wrist motion. Carpal bone motion along the z axis is small and is neglected.

Figure 3-18 The common center of rotation (COR) of the wrist in neutral-radial deviation,
neutral-ulnar deviation and neutral-flexion/extension are shown respectively [20].

Tracking markers are attached to the capitate in all desired motion position (flexed,
extended, ulnarly deviated and radially deviated). The capitate in desired positions are fixed to the
simulation environment. For each movement to be simulated, the X and Y distances between the
tracking marker of the model capitate in simulation and the capitate in desired position are observed
and used to govern the force acting in each tendon. The global COR of the wrist is in the capitate
head. Tendons radial to that COR are considered wrist radial deviators (ECRB, ECRL and FCR).
Tendons ulnar to the global COR are considered wrist ulnar deviators (ECU and FCU). Tendons
that are volar to wrist COR are the wrist flexors (FCR and FCU) whereas tendons dorsal to this
COR are wrist extensors (ECRL, ECRB and ECU).
Figure 3-19 and Figure 3-20 show the capitate in neutral, radial deviation and ulnar
deviation positions with their corresponding tracking markers from anteroposterior and lateral
views respectively. To simulate radial deviation, for example, Figure 3-19 shows the X
displacement between simulating capitate and capitate in radial deviation is negative, and the radial
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deviators need to contract to minimize this distance whereas ulnar deviators should have minimal
contraction to allow radial deviation. The minimal force applied in the opposite direction is to
simulate a relaxed muscle tone. Notice that capitate in radial deviation is slightly extended as in
Figure 3-20, so, the Y displacement is negative and the wrist extensors need to contract whereas
wrist flexors have minimal force to allow extension while maintaining tone.

Figure 3-19 The capitate from dorso-volar view in neutral position (white), radial deviation
(light brown) and ulnar deviation (gray). Notice the tracking markers attached to capitate
in different position. R, radial side; U, ulnar side.
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Figure 3-20 The capitate from radio-ulnar view (lateral view) in neutral position (white),
radial deviation (light brown) and ulnar deviation (gray). Notice the tracking markers
attached to each one. Radially deviated capitate is slightly extended. V, volar; D, dorsal.

In RecurDyn, a feedback based control is not available. To fit within the constraints of the
software, the forces are modeled using two different functions utilizing the displacement
components. First, the force is modeled using an exponential function (EF). As the distance
increases between the target and original capitate, the force increases exponentially and vice versa.
𝑓𝑡𝑒𝑛𝑑𝑜𝑛 ∝ −1𝑑𝑥 − 1𝑑𝑦

3.4

Where 𝑑𝑥 is the x displacement component and 𝑑𝑦 is the y displacement component, negative sign
to indicate tension force. The force should be greater than or equal to 0 to prevent force in opposite
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direction which is satisfied by this equation. After several simulations, it is found that 1.2 base is
the most reasonable approximation to give the desired force given the possible distances.
The x displacement component between origin and target capitates in our study ranges
from -3.2mm (in radial deviation) to 6.1mm (in ulnar deviation). The y displacement component
ranges from -12.5mm (in 57° extension) to 22.3mm (in 65° flexion). The exponential base is set to
1.2 to provide a reasonable force. The full equation is:
𝑓𝑡𝑒𝑛𝑑𝑜𝑛 = −1.2𝑑𝑥 − 1.2𝑑𝑦

3.5

Based on this equation, tendon force could range from 0.9N to 59N (for the 65° flexion).
Figure 3-21 shows the exponential modeling of the y-displacement term. Force is ranging from
approximately 0-50N. The maximum force occurs only in 65°-flexion while the x-displacement
component will have small value and small effect on the overall force.
Another way to model the force is to use a sigmoid function (SF). It is a bounded function
and has an S shaped curve. The equation used is:

𝑓𝑡𝑒𝑛𝑑𝑜𝑛

1
1
1 + exp(𝑑𝑥 ∗ 10)
1 + exp(𝑑𝑦 ∗ 10)
= −20 ∗ (
)+(
)
2
2
(

3.6

)

Where exp is the exponential function, dx is the x displacement component, dy is the y displacement
component between original capitate and target capitate. The maximum force achieved by this
equation is -20N as dictated by the coefficient, where the negative sign indicates a tension in the
axial force element. The maximum force for each tendon is found in the literature [95]. Each term
is a sigmoid function of one displacement component. Each term range from 0 to 1. Both terms are
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divided by two to make sure they sum up to one when both displacement components are very big.
Each displacement component is multiplied by 10 to make the curve transition zone steeper.

Figure 3-21 Illustration of force in Newton, modeled using Exponential Function (EF) of the
y displacement component in millimeters. Notice that within our study, the Y displacement
ranges at most from -13 to +23.
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Figure 3-22 Illustration of force in Newton modeled using Sigmoid Function (SF) of the y
displacement component in millimeters. The function is bounded and has steep transition
zone.
As the displacement component increases the force term approaches one. As the
displacement component decreases, the force term approaches zero. The transition zone is between
-1 and 1 as shown in Figure 3-22.
The third approach in our study is to include a time term that increases force as the time
passes. The time term drives the error down over time by increasing the forces associated with that
error. The time term is added to the EF model to become Exponential Function-Time Varying
(EFT) and to the SF model to become the Sigmoid Function Time Varying (SFT) model. The EFT
and SFT force equations respectively are:

𝑓𝑡𝑒𝑛𝑑𝑜𝑛 = −1.2𝑑𝑥 − 1.2𝑑𝑦 − 1.2𝑑𝑥 ∗ 𝑡𝑖𝑚𝑒 ∗ 25 − 1.2𝑑𝑦 ∗ 𝑡𝑖𝑚𝑒 ∗ 25
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3.7

𝑓𝑡𝑒𝑛𝑑𝑜𝑛

1
1
(1 + exp(𝑑𝑥 ∗ 10))
(1 + exp(𝑑𝑦 ∗ 10))
= −20 ∗ (
+
) − 20 ∗ 𝑡𝑖𝑚𝑒
2
2

3.8

Where 𝑓𝑡𝑒𝑛𝑑𝑜𝑛 the tendon force, exp the exponential function, and 𝑡𝑖𝑚𝑒 is the simulation time
variable.

3.5 Simulation
RecurDyn is a computer assisted engineering (CAE) software. It offers multibody
simulation. A multibody system is used to simulate a dynamic behavior of inter-connected rigid
bodies each of which undergoes translational and rotational displacements within the simulation
environment. The RecurDyn solver uses advanced fully recursive algorithms to solve the motion
equations of the system under study[96].
Upon the completion of each simulation, RecurDyn provides dynamic data for each body
and element in the system during each step of the simulation process. This includes data about
simulation time, each body, forces elements, contacts, and joints. Time data provide the time of
each step of simulation. Body data include data about each body in the system and these include:
linear and angular positions, linear and angular velocities, and linear and angular accelerations.
Force data include data about each force element in the system and these include the force and
torque magnitude and their x, y, and z components. Contact data include force and torque
magnitudes and x, y, and z components, penetration and its velocity, friction coefficient and force,
and other contact details. These are the elements in our model that have significant impact on the
wrist model simulation.
There are eight models available to perform each wrist motion simulation. Two models are
based on the ligament modeling method (single vs double spring elements), section 3.3. Then there
are 4 models according to their force equation used (exponential function and sigmoid function
with and without time term). Each model of these 8 are used to simulate the 6 wrist movements we
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are interested in, namely, 34° extension (E34), 57° extension (E57), 30° flexion (F30), 65° flexion
(F65), radial deviation (RD), and ulnar deviation (UD). In RecurDyn©. The total number of
simulations is 48 simulations. Each is run over one second of motion simulation with 1000
sampling data sets that are output for animation (steps). All the simulations are done on a Dell XPS
13in notebook computer with Intel® core™ i7-5500U processor clocked at 2.40GHz and a RAM
of 8.00 GB. The operating system is Microsoft Windows 8.1. Each simulation varied in the time
required from 8 min to 132 min of computation time depending on the numberical stability of the
model.

3.6 Data analysis
3.6.1 Introduction
Simulation data are exported from RecurDyn for each simulation of the 48 runs in a Tab
Separated Values (TSV) file format. Data analysis is done in Python V2.7.10 programming
language. Python is a widely-used, general-purpose and high-level scripting programming
language that is open-source and standardized across platforms. It is widely used in the scientific
community because of its ease and the availability of libraries such as NumPy, SciPy, Pandas, and
Matplotlib. NumPy is a python extension supporting arrays and matrices manipulation with highlevel mathematical functions. Numpy version 1.9.2 is used. SciPy is another Python library that
contains modules for optimization, linear algebra, integration, interpolation, and signal analysis and
version 0.15.1 is used in this study. Pandas is a popular library for data manipulation and analysis
with a wide range of statistical and data analysis functions. It is popular for its data frame object
for data manipulation and integrated indexing. In this study, Pandas version 0.16.2 is used for
cleaning and preparing the simulation data in the proper formats. Matplotlib is a plotting library for
Python that is compatible with other mathematical libraries like NumPy and SciPy and version
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1.4.3 is used here. Data of each simulation are loaded into Python separately. Linear and angular
position data for each body are separated. Computer tomography (CT) scan data for each body’s
linear and angular positions are loaded.

3.6.2 Model comparison
The root-mean-square (RMS) error is used to measure the variation between simulated
position and cadaver wrist position as measured by CT scan for each wrist motion. The RMS error
is calculated as follows:
𝑅𝑀𝑆𝐸 = √(𝑋𝑠𝑖𝑚 − 𝑋𝐶𝑇 )2 + (𝑌𝑠𝑖𝑚 − 𝑌𝐶𝑇 )2 + (𝑍𝑠𝑖𝑚 − 𝑍𝐶𝑇 )2

3.9

Where 𝑋𝑠𝑖𝑚 , 𝑌𝑠𝑖𝑚 , 𝑍𝑠𝑖𝑚 are the simulated body coordinates and 𝑋𝐶𝑇 , 𝑌𝐶𝑇 , 𝑍𝐶𝑇 are the body
coordinates in the target position from CT scan data. This reflects the position difference for a
single carpal bone. To calculate the RMS error for the whole wrist, all the carpal bones in the wrist
are taken into consideration. It is then calculated based on Equation 3.8:
𝑛

𝑅𝑀𝑆𝐸𝑡𝑜𝑡𝑎𝑙

1
2
= √ ⋅ ∑(𝑅𝑀𝑆𝐸𝑐𝑎𝑟𝑝𝑎𝑙𝑖 )
𝑛

3.10

𝑖=0

Where n is the number of carpal bones to be included, 𝑅𝑀𝑆𝐸𝑐𝑎𝑟𝑝𝑎𝑙𝑖 is the RMS error for each
carpal bone in one particular simulation step. The RMS error is calculated for both Linear and
angular positions.
Angular position or the orientation of a rigid body can be described in several ways, one
of which is the Euler angles. These three angles describe the orientation of each body in the system
relative to the inertial reference frame. Euler angles come in different forms based on the axes that
the 3 rotations occur around and their order. RecurDyn uses the Euler angles to describe the
orientation of the rigid bodies. The default Euler angles are 𝜓, 𝜃, 𝜙 in 313 order. The first angle,𝜓,
is the rotation around Z axis, second angle,𝜃, occurs around X axis, and the third angle,𝜙, occurs
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around the Z axis again. This gives the absolute orientation of the body relative to the inertial
reference frame. To compare the orientation of a carpal bone in different wrist positions, the unit
vectors at the center of mass are used. The RMS error between unit vectors of the carpus in
simulation and the unit vectors of the same carpus in the comparison position are calculated.
All angular position data are provided by RecurDyn in Euler angles for each stimulation
step. All the angles are converted to radians. The rotation matrix is a 2*2 matrix that is used to
perform rotation in a plane. For example:
cos 𝜃
𝑅=[
sin 𝜃

− sin 𝜃
]
cos 𝜃

3.11

𝜃 is the angle of rotation in two-dimension around one axis. The rotation matrices for each plane
(around each axis, X, Y, and Z) are the following:
1
𝑅𝑥 (𝜓) = [0
0

0
cos 𝜓
sin 𝜓

0
cos 𝜃
−sin 𝜓] ; 𝑅𝑦 (𝜃) = [ 0
cos 𝜓
−sin 𝜃

0
1
0

cos 𝜙
sin 𝜃
0 ] ; 𝑅𝑧 (𝜙) = [ sin 𝜙
cos 𝜃
0

− sin 𝜙
cos 𝜙
0

0
0]
1

3.12

All the orientation data provided by RecurDyn are in the 313 Euler angle form. We use the
𝑅𝑧 𝑅𝑥 𝑅𝑧 rotation matrices.
cos 𝜓
𝑅3 (𝜓) = [ sin 𝜓
0

− sin 𝜓
cos 𝜓
0

cos 𝜙
[ sin 𝜙
0

0
0]
1

− sin 𝜙
cos 𝜙
0

0
1
0] ; 𝑅1 (𝜃) = [0
0
1

0
cos 𝜃
sin 𝜃

0
− sin 𝜃] ; 𝑅3 (𝜙) =
cos 𝜃

3.13

The complete rotation matrix in three-dimension space is a 3-by-3 matrix:
𝑅𝑐 = 𝑅𝑧 (𝜓) ∗ 𝑅𝑥 (𝜃) ∗ 𝑅𝑧 (𝜙)

3.14

Which is:
cos 𝜓 cos 𝜙 − sin 𝜓 sin 𝜙 cos 𝜃
𝑅𝑐 = [− sin 𝜓 cos 𝜙 − cos 𝜓 sin 𝜙 cos 𝜃
sin 𝜃 sin 𝜙

cos 𝜓 sin 𝜙 + sin 𝜓𝑐𝑜𝑠𝜃 cos 𝜙
− sin 𝜓 sin 𝜙 + cos 𝜓 cos 𝜃 cos 𝜙
− sin 𝜃 cos 𝜙
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sin 𝜓𝑠𝑖𝑛𝜃
cos 𝜓 sin 𝜃]
cos 𝜙

3.15

The Euler angles (313) data for each carpal bone in all six wrist motion positions
considered in our study are available. The complete rotation matrix for each carpal bone in every
target wrist position is calculated (from CT data -𝑅𝑡𝑎𝑟𝑔𝑒𝑡 ). Next, the complete rotation matrix for
each carpal bone in every simulation step is calculated (𝑅𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 ).
In order to calculate the unit vectors for each body to use for the RMS error, the Direction
Cosine Matrix (DCM) is calculated and its relationship to the rotation matrix is utilized. Rotation
matrix of a local coordinate system with respect to another coordinate system is calculated as
follows:
𝑖⋅𝐼
𝑗
𝐷𝐶𝑀 = [ ⋅ 𝐼
𝑘⋅𝐼

𝑖⋅𝐽
𝑗⋅𝐽
𝑘⋅𝐽

𝑖⋅𝐾
𝑗 ⋅ 𝐾]
𝑘⋅𝐾

3.16

Where 𝑖, 𝑗, 𝑘 are the body unit vectors and 𝐼, 𝐽, 𝐾 are the GCS unit vectors. The DCM is the
transpose of the rotation matrix in an active transformation:
𝐷𝐶𝑀 = 𝑅𝑐𝑇

𝑅13
𝑅11
𝑅12
𝑖 = [𝑅21 ] , 𝑗 = [𝑅22 ] , 𝑘 = [𝑅23 ]
𝑅31
𝑅32
𝑅33

3.17

3.18

The unit vectors of each bone in target position for each step simulated position is
calculated. The error matrix is calculated by the dot product of unit vectors of simulated carpals
and target carpals in each simulated motion:
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𝑒𝑟𝑟𝑜𝑟𝑚𝑎𝑡𝑟𝑖𝑥

𝑇
arccos(𝑖𝑠 ⋅ 𝑖𝑐𝑡
)
𝑇
= [ arccos(𝑗𝑠 ⋅ 𝑗𝑐𝑡
)]
𝑇
arccos(𝑘𝑠 ⋅ 𝑘𝑐𝑡 )

3.19

Where 𝑖𝑠 , 𝑗𝑠 , 𝑘𝑠 are the unit vectors for each simulated carpal bone and 𝑖𝑐𝑡 , 𝑗𝑐𝑡 , 𝑘𝑐𝑡 are the unit
vectors of the carpal bones in target position from CT data. The RMS error of orientation is then
calculated as:

𝑅𝑀𝑆𝐸𝑜𝑟𝑖𝑒𝑛𝑡 = √

𝑇
𝑇 2
𝑇
(arccos(𝑖𝑠 ⋅ 𝑖𝑐𝑡
))2 + (arccos(𝑗𝑠 ⋅ 𝑗𝑐𝑡
)) + (arccos(𝑘𝑠 ⋅ 𝑘𝑐𝑡
))2
3

3.20

The RMS error of the linear position and the error matrix of the angular position are both
in two different scales. Both are normalized to be between [0, 1] as follows:
𝑅𝑀𝑆𝐸 ′ =

𝑅𝑀𝑆𝐸 − min(𝑅𝑀𝑆𝐸)
max (𝑅𝑀𝑆𝐸) − min(𝑅𝑀𝑆𝐸)

3.21

Where 𝑅𝑀𝑆𝐸′ is the normalized 𝑅𝑀𝑆𝐸 that range from [0,1] for each simulation step. The same
normalization process is applied to the error matrix of the angular position.
The total RMS error for all the carpal bones linear positions as well as the total RMS error
for all carpal bones angular position error matrices are then calculated using the following equation:
𝑛

𝑅𝑀𝑆𝐸𝑡𝑜𝑡𝑎𝑙

1
2
= √ ⋅ ∑(𝑅𝑀𝑆𝐸𝑐𝑎𝑟𝑝𝑙𝑠 )𝑖
𝑛

3.22

𝑖=1

Where n is the number of carpal bones of the wrist (all eight carpal bones are included).
The mean of both is then calculated for each step then the step with the minimum error is
found. This is done for all the wrist models for each simulated motion in our study.
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Chapter 4
Results
4.1 Wrist Models and Simulation Time
There are 8 different wrist models based on different modeling of ligaments and tendon
forces. All the six wrist motions are simulated by each model. All the simulations are run in
RecurDyn on the same computer. The simulation time required to finish the simulation process is
calculated. Please note that not all models are mechanically stable enough to complete the whole
simulation process.
Table 4-1 The simulation time in minutes. It is the time needed for each model to simulate a
specific wrist movement.
Motion

E34

E57

F30

F65

RD

UD

EF-DSL

13

17

17

15

11

11

EF-SSL

23

25

44

32

26

32

EFT-DSL

32

26

65

38

20

14

EFT-SSL

35

23

11

45

29

12

SF-DSL

9

10

11

9

9

8

SF-SSL

13

22

51

34

15

15

SFT-DSL

32

48

29

23

28

28

SFT-SSL

74

37

40

133

50

37

Model

The Number of steps completed for each movement is shown in Table 4-2. The number of
steps that is set in RecurDyn is 1001 steps. Some models showed numerical instability the they
took too long. The simulation process is stopped arbitrarily if the model shows any signs of
instability either mechanically or numerically.
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Table 4-2 The number of simulation steps completed by each model.
Motion

E34

E57

F30

F65

RD

UD

EF-DSL

1001

1001

1001

1001

1001

1001

EF-SSL

1001

1001

1001

1001

1001

1001

EFT-DSL

433

297

1001

819

388

390

EFT-SSL

261

182

158

239

327

200

SF-DSL

1001

1001

1001

1001

1001

1001

SF-SSL

1001

1001

1001

1001

1001

1001

SFT-DSL

1001

1001

1001

1001

1001

1001

SFT-SSL

895

452

1001

717

1001

845

Model

The model SF-DSL is the most mechanically stable model that completed all the simulation
steps with the shortest time duration for all motions. The most mechanically unstable model is the
EFT-SSL model that showed joint instability in the simulation environment and took a long
simulation time.

4.2 Carpal Bones Linear Position
The linear position total RMS error for the carpal positions of all the models are shown in
Table 4-3. The overall RMS error for linear position of all wrist models in order from the least
RMS error (best performance) are shown in Table 4-4.
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Table 4-3 The total RMS error of the linear position in millimeters. Bolded numbers
highlight the best performing model for each wrist movement.
Motion

E34

E57

F30

F65

RD

UD

EF-DSL

0.9

1.9

0.3

0.8

2.0

2.9

EF-SSL

1.2

2.0

1.9

3.6

2.0

0.8

EFT-DSL

0.8

1.6

0.3

0.7

1.9

3.8

EFT-SSL

1.1

1.8

2.3

2.9

2.0

2.2

SF-DSL

1.3

3.0

0.2

1.7

2.0

4.0

SF-SSL

1.3

2.6

1.6

2.0

1.3

3.6

SFT-DSL

1.1

2.0

0.2

0.9

3.0

1.9

SFT-SSL

1.2

2.3

1.5

2.6

1.5

2.3

Model

Table 4-4 The overall linear position RMS error for each model in millimeters combining
the RMS error of all motions for each model.
Model

RMS error for all movements

EF-DSL

1.7

SFT-DSL

1.8

EFT-DSL

1.9

SFT-SSL

2.0

EF-SSL

2.1

EFT-SSL

2.1

SF-SSL

2.2

SF-DSL

2.4
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4.3 Carpal Bones Angular Position
The calculated error in angular position between each carpal bone and its target position
for each wrist movement is calculated. Total error in angular position for all carpal bones in each
wrist model for each movement is shown below in Table 4-5.
Table 4-5 The total angular position error for each wrist motion of each wrist model in
degrees. Bolded numbers highlight the model with the least RMS angular error for each
movement.
Motion

E34

E57

F30

F65

RD

UD

EF-DSL

7.4

11.5

5.2

8.1

10.8

17.7

EF-SSL

9.0

12.8

11.5

19.7

12.1

11.8

EFT-DSL

7.7

8.8

5.3

8.2

10.8

25.7

EFT-SSL

10.4

11.7

11.6

19.7

12.1

15.7

SF-DSL

8.4

18.7

5.3

12.7

10.7

24.1

SF-SSL

7.7

16.9

13.8

18.0

10.0

21.3

SFT-DSL

7.7

10.4

5.0

8.3

10.8

14.9

SFT-SSL

8.3

14.9

13.7

17.9

10.5

15.0

Model

The total angular position error for each model is calculated by combining the error of all
motions for each model.
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Table 4-6 shows the combined angular position error in degrees for each model. The model
SFT-DSL has the smallest over all angular position error among all the other models. SFSSL model has the largest angular position error.
Model

Overall Angular Position Error

SFT-DSL

10.0

EF-DSL

10.9

EFT-DSL

13.0

EF-SSL

13.3

SFT-SSL

13.8

EFT-SSL

13.9

SF-DSL

14.7

SF-SSL

15.3

Table 4-7 The combined angular position of all wrist movements for each model in degrees.
Model

Overall Angular Position Error

SFT-DSL

10.0

EF-DSL

10.9

EFT-DSL

13.0

EF-SSL

13.3

SFT-SSL

13.8

EFT-SSL

13.9

SF-DSL

14.7

SF-SSL

15.3
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4.4 Carpal Bones Combined position
Both linear and angular position errors are combined for each model after both being scaled
to be in the range [0, 1]. This gives both features equal importance when calculating the total
relative error. The total relative error of both linear and angular position error combined for each
wrist model is shown in Table 4-7. The overall best performance model is the SFT-DSL with a
total combined error of 0.091. The model with the worst overall performance based on total
combined error is the EF-SSL.
Table 4-8 Combined linear and angular position error for each model. For each model,
RMS error for linear and angular positions after normalization, all movements and all
carpal bones are combined to give a total RMS error reflecting overall performance.
Model

Combined Linear and Angular error

SFT-DSL

0.091

EFT-DSL

0.103

EF-DSL

0.109

SF-DSL

0.153

SF-SSL

0.181

EFT-SSL

0.185

SFT-SSL

0.229

EF-SSL

0.300

Figure 4-1 shows the overall performance of each wrist model during the simulation period.
Some models do not finish the simulation process due to numerical instability. This is usually
evident when the simulation process is taking too long.
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1

Overall Performance for All Models

0.9

combined RMS error

0.8
0.7

0.6
0.5
0.4
0.3
0.2

0.1

0
31
62
93
124
155
186
217
248
279
310
341
372
403
434
465
496
527
558
589
620
651
682
713
744
775
806
837
868
899
930
961
992

0

Simulation Steps
EF-DSL

EF-SSL

EFT-DSL

EFT-SSL

SF-DSL

SF-SSL

SFT-DSL

SFT-SSL

Figure 4-1 The overall performance during the simulation duration of each model. EF,
Exponential Function; EFT, Exponential Function with Time factor; SF, Sigmoid Function;
SFT, Sigmoid Function with Time; DSL, Double Spring Ligament; SSL, Single Spring
Ligament.
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Chapter 5
Discussion
5.1 Bone Modeling
The right wrist bones of a cadaver were segmented and reconstructed in a previous study
[29]. The cadaver wrist was CT-scanned and images were then segmented manually in a
thresholding software (MESHER, Queen’s University). The wrist model consisting of 8 carpal
bones, 5 proximal halves of metacarpals, and distal radius and ulna was assembled in a Kinematic
Simulation Software (RecurDyn, FunctionBay, Inc.). One wrist model based on one right cadaver
wrist was used. Although results of this experiment provided a good idea about wrist kinematics
and kinetics, it was difficult to generalize due to limitation of number of wrists involved. The
manual bone segmentation and the multiple file conversions could be a source of error and loss of
geometry accuracy. Bone density of each bony structure in the wrist model was assigned to be
1900𝑘𝑔/𝑚3 , the density of bone cortical bone[84]. Although the carpal bone density varies among
carpal bones [97], the effect of bone density on the current simulated motions was assumed to be
minimal since the simulated movements were simple and with relatively small forces.

5.2 Articulation Modeling
Articular surfaces of carpal bones and distal radius were modeled using smooth gliding
surfaces on the CAD software SolidEdge. The shape of these surfaces were based on the carpal
bone surface it belongs to. The size of these surfaces were based mainly on anatomical studies [87,
98]. In addition, several simulation trials were observed for any insufficiency of articular surfaces
and the surface area of these insufficient articular surfaces were adjusted accordingly. The
articulation with most adjustment were the radioscaphoid and radiolunate articulation where 50%
of the motion occurs [99]. The articular surface distance from its bone was calculated to be half of
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the minimum distance between the two articulating bones. This is a rough estimation. Normal
articular cartilage thickness varies according to each bone [98]. The modeled articular surfaces had
this fixed distance from its bone based on the minimum distance from the adjacent bone. This
created a gap between the two articulating surfaces which collapsed upon the start of simulation
process. This might be a factor affecting the accuracy of the model linear and angular position
observed during the simulation.
The mechanical behavior of the articular cartilage is complex [100-103]. It has a
viscoelastic behavior. Viscoelastic materials have characteristic phenomena in their behavior.
These include creep which is the increase of strain with time when the stress stays constant.
Relaxation is the decrease in stress with time when the strain is kept constant. This complex
behavior is very important in the kinematics of joints in general and the wrist (with multiple
articulations) in particular [104]. The non-linear viscoelastic behavior of the cartilage was not
integrated in our model. The integration of such characteristic behavior of the articular cartilage in
future models might provide more realistic and accurate results.
The carpometacarpal (CMC) joints have limited contribution to the range of motion of the
wrist [8]. The articulation surfaces of these joints have not been modeled and they were fused. The
CMC fusion allowed no motion in all the wrist models tested in this experiment. The aim of this
simplification is to decrease the complexity of the model and reduce the simulation time. However,
the wrist extensors (ECRL, ECRB, and ECU) are all inserted terminally on the metacarpals [69].
The FCR tendon inserts mainly on second metacarpal and some slips on the third metacarpal and
trapezoid. The FCU inserts on the pisiform which is a sesamoid bone connected distally via
ligamentous structures to the hamate and 5th metacarpal. These terminal insertions of the wrist
tendons, their actions, and their influence on the carpal motions will be affected by the
carpometacarpal fusion. This effect is difficult to quantify in our study. Further kinematic studies
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of these joints are needed. A study that compares carpal motions in all wrist movements with and
without carpometacarpal joint fusions would be of great scientific value.
The triquetrum and part of the lunate articulate with the triangular fibrocartilage complex
(TFCC) overlying the ulnar head. The TFCC was not modeled in our study and these bones were
not articulating with any structure. This could have some effect on the performance of the model.

5.3 Ligament Modeling
Most wrist ligaments were modeled. Ligaments of the carpometacarpal joints were
excluded because of fusion of these joints. The wrist ligaments and their attachment sites are
extensively studied in the literature. The attachment sites of each ligament were based on previous
studies. Spring elements are used to represent wrist ligaments. Two models were created based on
the way the ligaments were modeled. Single spring ligament model (SSL) was built with a single
spring element representing each ligament or major ligament component similar to Fischli et al.
[30]. The double spring ligament model (DSL) is constructed with double spring element for each
model similar to Major et al. [82]. Both models results were compared. The overall RMS error was
the least for a DSL model. It was noticed that DSL models did not perform as well as the SSL in
radial and ulnar deviation. The ligaments in human beings are three dimensional structures. This
could be related to the position at which the double springs were placed. For the DSL model in our
study, the two springs were placed in the plane with maximum distance. Most of the ligaments are
dorsal and volar. These ligaments have maximum plane distance in the transverse plane (mediallateral). This means that most ligaments have both spring elements in the radial and ulnar deviation
plane. This could explain the discrepancy in the results.
The ligaments stiffness is based on previous studies in the literature [1, 4, 28, 88, 92]. In
SSL model, the spring element was assigned the full ligament stiffness value. In the DSL model,
each spring element was assigned half of the stiffness value for that particular ligament. This
simplification might have some implications on the function of a ligament especially when the two
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springs of a ligament are placed in a horizontal plane (medial-lateral plane which is the radial-ulnar
deviation plane) with a radial/ulnar deviation movement. To overcome this potential problem, a
ligament can be modeled with several spring elements that could capture its volumetric structure.
This could be a computationally intensive task that will add to the complexity of the model
especially in a joint that has many articulations and large number of ligaments. Parallel computing
and Graphics Processing Unit utilization could help in running and speed the process of simulating
complex and computationally intensive models.
The SSL model showed the tendency to be unstable in comparison to the DSL model
particularly with larger forces applied to the wrist tendons. In the EFT model, large forces were
applied initially but then the forces decreased as the distance between the target and simulation
carpal bones decreased. The time element was added to increase the force as the simulation time
passed. These forces can exceed the physiological limits of the wrist structures. The SSL model
showed early failure in the form of carpal dislocations. The DSL model experienced similar joint
instability but after a longer period of simulation time and under much larger forces, almost double
the amount of force needed to destabilize the SSL model. In the SFT model where the initial force
amount is within the physiological wrist limits, the DSL model was mechanically stable and
completed the simulation time without joint instability. The SSL model showed joint instability in
almost all wrist motion but more toward the end of the simulation time when the force is increased
by the time element of the force equation.

5.4 Tendon Modeling
The main wrist muscles are five (ECRL, ECRB, and ECU dorsally, and FCR and FCU
volarly) [94]. These tendons were modeled using axial force elements. These were utilized by
attaching them to two connections to apply force. Each tendon is represented by a single axial force
element. The spring is attached distally to the insertion site of the tendon based on the literature.
The proximal attachment is selected to be the most proximal site where the tendon does not change
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alignment with wrist movement. This point is at the extensor compartment dorsally and the carpal
tunnel volarly. Although this would help to keep the line of pull as close to the normal wrist as
possible, we believe that these spring elements experience some bowstringing. Although the effect
of bowstringing in our experiment is believed to be insignificant, it was not quantified and was left
for future study.
Another drawback of using axial force element to represent tendons is the loss of wrap
around effect [105, 106]. The wrap-around region is where the tendon changes direction when it
wraps around a bony or fibrous pulley and such tendons are occasionally called the wrap-around
tendons. The wrist extensors (ECRL, ECRB and ECU) are wrap-around tendons. With these
tendons, the tendon can change the direction of pull of the muscle and vice versa [107, 108]. This
tendon behavior cannot be established with a simple element like the spring element. This
simplification might have effect on the kinematic of our wrist model. More realistic modeling of
muscle tendons with structural models and pulley replication of the wrist should be a subject of
future work.
The forces applied to the wrist through the axial force elements were modeled in two
different approaches. Two functions were used to calculate the amount of force in each element.
These are the exponential function and the sigmoid function. Exponential function output can range
from 0 and increases exponentially as the distance between the target and simulation carpals
increases. Although the exponential function was configured to give an output that is physiological,
using one specific exponential function for all the wrist motion was a challenge. The initial distance
between the simulating carpal and its target position varies widely between wrist motions. This led
to larger than physiological forces initially. In comparison, the sigmoid function provided a limit
to the output. The maximum output of the sigmoid function was adjusted to be 20N. This cut-off
number was chosen based the rough estimation of the average of the maximum force of each of the
wrist tendons. This model was mechanically stable during all simulations for all the motions when
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combined with double spring ligaments. The linear and angular positions of the wrist were not the
most accurate.
The performance of this model becomes the best when the time element is added. The time
element increased the force gradually with time. The wrist muscles produce different maximum
forces [95]. Unfortunately, this was not taken into consideration during the model design which
could be the reason behind the inferior performance of the SF-DSL model.
The integration of the distance between the carpal bone in simulation and its target position
to control the muscle force output is novel. This may mimic the brain approach in controlling and
coordinating muscle force. The body movements are coordinated by complex body mechanisms
[109]. This involves multiple sensory feedbacks such as proprioceptive and visual feedbacks.
Proprioceptors provide the motor system with current position information [110]. Proprioceptors
are found in several musculoskeletal structures include muscles, tendons, ligaments and joint
capsules. Feedback information about position comes back from several structures especially when
a complex body movement is executed that involves several structures. Other sensory feedback
mechanisms include vision. In our model, we integrated the distance measurement in x direction
and y direction. Distance in z direction was ignored because it is small and difficult to integrate in
controlling the muscle force.

5.5 Data analysis and model comparison
Although the human body can reproduce the habitual movements very quickly and
repeatedly, but these movements are not usually reproduced exactly the same [111, 112]. This could
account for some of the differences in results between our models and CT data. Comparison data
came from CT scan of the cadaver wrist in different wrist positions. The CT scan was done once
for the wrist in each desired position. No data is available about the forces applied to the tendons
to actuate the joint to the desired positions. Such knowledge could help improve the simulation
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accuracy and the model comparison. Multiple CT scanning of the wrist after reproduction of each
position would provide further information to which the models can be compared to.
The RMS error was used to represent the error in linear and angular position of each carpal
bone and its target position. For linear position, the RMS is straightforward. The linear position
RMS error represents the total error in linear position. The larger the RMS, the further the carpal
bone from the desired target position. It does not give a clue to which direction the carpal bone is
further the most. Although RMS error is a good indicator of the overall performance of the model,
it is not quite helpful in finding what the explanation is behind any problem with the performance.
For analyzing the performance, the coordinates have to be considered each at a time.
Angular position analysis included a similar approach. The two bodies (orientation of
carpal bone in simulation and the same carpal in target position) rotation matrices were calculated
(the rotation matrix of carpal bone in simulation is calculated for each step). The rotation matrix
between the simulation carpal and target carpal is the product between the two rotation matrices.
Utilizing the relationship between rotation matrix and direction cosine matrix, the diagonal
elements are used to calculate the angles between the cardinal axes of the two angular positions. A
vector of 3 angles was calculated for each step. RMS error was then calculated for each orientation
vector. This error represented the total deviation of the simulation carpal relative to the target.
Both RMS errors represent each carpal bone relative to its target. The overall linear RMS
was then calculated by combining all the RMS errors of all the carpal bones. The same approach
was done for angular position. Each of these combined RMS errors represent the performance error
in one aspect. Linear and angular RMS errors are in two different scales. To combine both in one
measure that represents the overall performance of each model, each was scaled down to be in the
range of [0,1]. This gives each RMS error equal value when combined. The combined overall RMS
error is a good indicator of the overall performance of the model.
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Chapter 6
Conclusions
A rigid body system model (RBSM) of the wrist joint was constructed to study the
kinematics of the wrist joint. Performance was assessed based on joint stability and carpal bone
linear and angular positions. The RBSM of the wrist is constructed ensuring accurate creation of
bone geometries from cadaveric wrist CT data, precise reproduction of inter-carpal contact
interactions, carpal bones stability, and more accurate models of physiologic tendon forces than
those used by Fischli[9].
The present wrist model performed all wrist motions intended in this study including 34°
extension, 57° extension, 30° flexion, 65° flexion, ulnar and radial deviations in comparison to
the previous work by Fischli which only simulated 34° extension, radial and ulnar deviations due
to mechanical joint instability in the form of joint dislocation.
Ligaments were modeled using either single (SSL model) or double (DSL model) springs for
each ligament or major ligament component. The DSL model was mechanically stable for all
motions simulated even with large forces and showed more accurate replication of the linear and
angular positions than the SSL Model.
Exponential and sigmoid functions were used to model tendon forces utilizing the
distance between initial and target capitate. The exponential function provided reasonable forces
when the capitate distance is within the constraints of the wrist motions simulated but this
function yielded non-physiological large forces when the distance was slightly increased. The
sigmoid function has upper and lower –bounds that can be set based on physiological forces of
each tendon. This model produced the most mechanically stable joint with more accurate carpal
bone 3-D position replication in certain wrist motions. A time factor was incorporated in different
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models which showed carpal 3-D position improvement in some wrist motions indicating the
need for larger forces in certain wrist model configurations.
A major challenge in this study was the lack of control over the model parameters during
the simulation process in the simulation software. This made the adjustment and modification of
wrist model parameters more difficult and time-consuming despite the application of various ad
hoc force modulation schemes. Different software or custom programming should be
incorporated in future models to replicate human control mechanisms and achieve the same gross
position.
Practical applications will require the extension to a more general wrist model, or
methods utilizing modern segmentation and registration techniques to quickly construct patientspecific models with robust estimates of ligament properties.
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