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Abstract

The injury to the wrist joint resulting from a fall onto the outstretched hand was
simulated using two models. The two validated three-dimensional wrist joint models
were created using the general purpose finite element software, ABAQUS. The first
model, a Geometrically Simplified half symmetry Model (GSM), was created using an
approximation of real bone geometry, with material properties that could be varied.
The second an Accurate Bone Geometry Model (ABGM) was created using geometry
and material properties acquired from a volunteer’s CT scan {Appendix D). The bones
modelled in both these models were; the proximal portion of the metacarpals, the carpals
and the distal portion of the radius bones. The GSM and the ABGM were development to
be used to predict if a Colles’ fracture (a fracture of the distal region of the radius bone)

would occur if fall related loads were applied.

The models behaviour was validated at physiological loads (0-400N) by comparison of the
contact stress and contact area of the radio-carpal joint with cadaveric experimental results
presented in the literature. The force transmission through the radio-carpal and mid-carpal
joints was also used as a validation criteria. A parametric study was undertaken for the
GSM, where the effect of linear and non-linear material properties, carpal confinement
methods and ligament stiffness definitions was studied. The parameters that lead to
the GSM results falling within the most validation boundaries was implemented into the
ABGM.

There was found to be satisfactory correlation between the location and magnitude of
Contact, von Mises and Maximum principal stress between the GSM and the ABGM.
The location of Maximum principal stress in both (GSM and ABGM) correlated to the
region of the radius where a Colles’ fracture would typically occur. Therefore know loads
can be applied to the ABGM and the distribution of stress and pressure can be seen in
a subject’s actual bone geometry and material property distribution. The GSM however

can be used in cases where a CT scan is unattainable and the overall material properties



iii

of the subjects joint are known, allowing the prediction of the magnitude of maximum

stress within the joint, for a given set of material properties.
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Chapter 1

Introduction

The forearm and hand give humans the defining ability to manipuiate the eovironment.
These appendages are necessary lor vilal daily aclivities, When a person falls) rellex
reactions cause them ro make instinetive use of their hands to proteet the body amd head
from injury. In the process they are olten subiject to injurions forees, therebre inhilbiting

Ltheir use fior necessary activities,

Palanges

&

Figure 1.1: Bones of the hand and wrist 1.



Fracture of the radius bone has been found statistically to be the most common injury,
after a fall onto an outstretched hand. This has been found to be the case in children
[2, 3, 4], the elderly [5, 6, 7, 8] and during sport [2, 9, 10]. Radius fractures following
falls have also linked to a decreased bone mineral density in Osteoporotic women [3, 7]and
young girls [2, 4]. The radius is attached to the hand through the wrist joint (figure
1.1}. The wrist joint is composed of two joints; the mid-carpal and the radio-carpal. The
bones involved are the radius, the ulna, the carpals and metacarpals. This study, aimed
to create a validated finite element model of the wrist joint. This model was developed to
simulate the force transmission to the radius bone and give insight into the contact stress

distributions within the wrist joint.

The forces applied to the hand and wrist have been studied experimentally by having
subjects fall onto force plates [11, 12, 13, 14, 15, 16]. Such studies have been conducted
to determine possible preventative methods to decrease the load applied to the wrist
during a fall. These studies can only be used to simulate falls that do not cause injury.
Injury causing loads have to be studied using cadaveric specimens. The fracture load of
individual cadaveric radius bones has been studied through compression testing {17]. The
pressure and force transfer through the wrist joint has also been studied through various
loading methods of cadaveric wrist joints [18, 19, 20, 21]. Various loading conditions
cannot be studied in these manners without the use of numerous cadaver arms. Therefore
mathematical models (Finite Element [22, 23, 24, 25, 26, 27, 28, 29] and Rigid Body
Spring Models (11, 14, 30, 31, 32, 33, 34]) are used to simulate these various loading
conditions and to study the effect of injurious loading conditions [26, 35, 36, 37]. None of
the previous 3-d Finite Element models involved simulating the load transmission pathway
from the metacarpals to the radius, for simulating the injuries occurring after a fall onto

the outstretched hand.

This work entailed the creation of two Finite Element models of the wrist joint. The
first model was created from the geometric approximation of the bones of the wrist.
The material properties of this model can be varied, therefore enabling the simulation
of different subject’s material properties for each material modelled or to investigate the
effects of a diminished bone mineral density on radius fracture. The simplicity and short
run time of this model allowed it to be used to conduct a parametric study investigating the
effects of varying the material property parameters and the effect of various carpal bone
movement constraint methods on the outputs. The model was validated by a qualitative
and quantitative comparison with various cadaveric experimental and Rigid Body Spring

Model results in the literature. A geometrically accurate bone model was created, using

Introduction



the modelling parameters that caused the geometrically simplified model to best simulate
the experimental work. This geometrically accurate model’s bone geometry and material
properties were attained from a volunteer’s CT scan (Appendix D). Therefore enabling

these modelling parameters to be used for a volunteer’s case study.

The objectives of this thesis were therefore to:

1. Conduct research into the anatomy of the wrist joint.

2. Research data relating to the material properties of the biological tissue, present

within and making up the joint.

3. Research data relating to hand and wrist injures during fall events and experimental
work relating to the wrist joint loading conditions. This experimental data was used

as a verification method for the Finite Element model.

4. A geometrically simplified model was developed to study the effect of different bone

constraint methods and material property definitions on the result.

5. This model was validated by loading it under known conditions of forces and
comparing the results to the known results from experimental work. The carpal
motion constraint methods that yield the results closest to the validation experiment

results were chosen.

6. Accurate bone geometry and material properties were obtained from a volunteer’s
CT-scan (Appendix D) and implemented into the geometrically simplified model

with parameters that best fit the known experimental work.

7. The results of these simulations were analysed to see if both models results fell within

the validation result boundaries.

8. Conclusions were drawn for the analysis work and recommendations were made.
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Chapter 2

Literature Review

This study involves simulating the injury that occurs to the wrist joint during a fall onto
the outstretched hand, using two Finite Element models of the wrist joint. The literature
review begins with definitions of anatomical terms, followed by an overview of the anatomy
of the hand and forearm. Fall related statistics and previous biomechanical models are
then discussed. The final section contains details of material properties of the materials

used within the model development and the final model.



2.1 Anatomical terms 6

2.1 Anatomical terms

The standard anatomical position, by which anatomical terms are defined, is shown in

figure 2.1. The positions are defined along the three major planes [38]:

1. Frontal, observing the body from the front.
2. Sagittal, observing the body from the side.

3. Transverse, observing the body from directly above the head.

Figure 2.1: The standard anatomical position [38].

Other anatomical terms include:

Distal, toward the finger.

Proximal, toward the attachment of the limb.

Medial, toward the midline of the body.

Lateral, away from the midline of the body.

Literature Review
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2.2 Bones of the wrist

The hnan hand has fwenty seven bones s shown in lgore 2220 The radows (monber 1
in the diagram) and the wfie (2) are orearm bones and are joined to the hand via che
wrish joink 39, HE o The bones of the hand are divided Snio three proups; eight carpel
bones (3=107 in the wrisl, five mefuearpal bones (117 and Gartesn phalonges T12-14) of

the fngers. The metacarpal bones were defined as follows:

A melacarpal 1 or Lhumb
I mctacarpal 2 or index
C melacarpa. 3 or middle
I metacarpal 4 or ving

E metoacarpal 5 or pinky

PIStaI — Radius
= Ulna
— Scaphold

— Lunate
Phalanges<

1

2

3

4

5 — Triguetrum
6 = Pisiform

7 =Trapezium
8 - Trapercid
9 = Capitate
10—Hamate

Metacarpalsy

Carpals.[

Forea

11 - Metacarpals

12 — Proximal phaiange
13 - Middle phalange
14 - Distal phalange

¥

Proximal Dorsal Paimar

Tigure 2.2 Bones of the hand and wrist [41.
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2.2 Bones of the wrist 8

The carpal bones are arranged in two rows; the distal row, number 7-10 in the figure 2.2,
and the proximal row, number 3-6. The bones of the distal row, from the lateral side
to the medial side are; the trapezium, trapezoid, capitate and hamate. The bones of the
proximal carpal row are; scaphoid, lunate, triguetrum and pisiform. The hand has two
surfaces; the dorsal (A) and the volar or palmar surface (B). The dorsal surface is the

back of the hand and the palmar surface is the palm or grasping side of the hand.

The phalanges bones make up the fingers of the hand. There are three types of phalanges,
namely the prozimal (12), middle (13) and distal (14) phalanges. Fingers are composed
of three phalanges; the proximal, middle and distal phalange. The thumb contains only

two phalanges, namely the proximal and distal phalange.

The carpus

The carpus is composed of the carpal bones. The carpus connects the bones of the forearm
with the metacarpals. These bone to bone connections occur via articular joints, which
are discussed in more detail in section 2.3.1. The connection between the metacarpals and
the distal carpal row is known as the carpo-metacarpal joint. The one between the distal
and proximal carpal rows is the mid-carpal joint. The final joint is the radio-carpal joint.

These joints make up the wrist joint, discussed in more detail in section 2.3.1.

The carpus is not entirely rigid because each of the eight bones has different degrees of
movement. There are two groups of bones in the hand. The fixed group and the mobile
group. The fixed group is comprised of the distal row of carpal bones, the second and third
metacarpals bones. The joints between these bones are capable of limited movement. The
mobile group is made up of the phalanges, the thumb and fifth metacarpal. These two
groups work together to allow the hand to close [39]. Therefore, the distal carpal row is

semi-rigid and the proximal carpal row is semi-mobile [42].

Carpal bones share common characteristics, with the exception of the pisiform. The
pisiform bone is a sesamoid bone that lies within the flexor carpi ulnaris tendon [43].
Each of the other carpal bones has six surfaces (figure 2.4). Of these six surfaces four of
them are articular. These are the proximal, distal, medial and lateral articular surfaces.
The proximal surfaces are convex and the distal surfaces are concave. The properties of
the carpal bones are summarised in table 2.1. The remaining two surfaces, the volar and

palmar surfaces are ligament attachment sights. These surfaces (tubercles) are rough in
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2.2 Bones of the wrist 9

texture in order to give lgaments a larger surface arca. for attachment, Carpal bones are

all short bones [44], further diseussed 0 section 2.9.1,

Scaphoid Lunale

Figure 2.3: The distal porvion of the radius, scaphaid and unate derived frow s voluntesc's
CT-sean {Appendix T3

The scaphoid and lunate make up the avticular surface of the carpal row aned the madins.
The distal articular surface of the radius has a double obliquity, 12-153 degress in the
lateral view and 15-20 degrees in the anteruposterior view [#9]. These geometry angles
of the radius can be scen in fioure 2.3 from hanes extracted from a volunteer’s CT sean

(Appendix DY dhuring this stady.
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Fignre 2.4: Articular surfaces of the carpal bones of the left hand [43]. The number

eorroapanding o their posidion i fizure 2.2 is ineiuded in brackets,
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Bone Shape Articulations Number in Figure
Proximal Distal Lateral Medial Other 24 & 2.2
Proximal carpal row
Scaphoid Boat Radius Trapezium - Capitate - 3
&traperoid - & lunate
Lunate Crescent | Radius Capitate Scaphoid Triquetrum - 4
&hamate
Triquetrum | Pyramid | Hamate - Lunate - Anteriorly 5
pisiform
Pisiform Small - - - - Posteriorly 6
& oval triquetrum
Distal carpal row
Trapezium - Scaphoid | Metacarpal - Trapezoid - 7
1 - & metacarpal 2
Trapezoid Wedge | Scaphoid | Metacarpal 2 | Trapezium Capitate -
Capitate Largest | Scaphoid | Metacarpals Hamate Trapezoid -
carpal | & lunate 2,3, 4
Hamate Wedge Lunate | Metacarpals | Triguetrum - - 10
4,5 & capitate

Table 2.1: Summary of carpal bone properties,

1S1IM BUY JO SoUOY 7°F
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2.2 Bones of the wrist 12

The forearm

The bones that make np ihe fotearn are the radius and the ulna, 85 shown in figure 2.2
and in more detail in fizure 2.6, Both bones sre long bones |45, 44|, The ulna Lics on the
medial side of the Forearm (clisest Lo the Lody) and Lhe radins lies on the laderal side
The distal cod of the ulna articulates with the radius vie the nlna notch, The proximal

end articniates with humerus at the elbow joing [35 .

The radins is larger than the nina n length and size. I articulates proximally with the
humerns at the clhow joint and distally with the scaphoid, lunate and ulna, as shown in
lignre 2.2 and 2.5 Therelore, makine i the main losd-bearing bone of the forearin aned

the ulia to futietion mainly for museular attachmens [434].

Radius

Trorrsal tubercle

Stylnid process

Attachment area
for THOC

Styloid process

Aren on coetact with TFOC

P riiicile ot - 0 sedplioid hent

Figure 2.5; The distal articular surfaces of the radius and ulne [43)
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2.2 Bones of the wrist 13

Trechliedr molch

Qlecranon proceds

Corancid prages

Head of the Radlus

Radius

Head ol the uina

Srylaid process

Stylaldiproe s Fadlal Ulna neteh

Figure 2.6: The radius and uina of the right forearm [35].
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2.3 The motor mechanics of the hand 14

2.3 The motor mechanics of the hand

The hand and wrist are contralled and meved by muscle cxertion. This mmscle foree is
transmtbed thronel the transmission syslem ol the hamd and wrist: nanely the peines,
the bones awd tendons. Ay extornal foree that = applicd e the hand and wrist s alze
transinilted theough thils feensmizsion system, The Branes of Lhe haned and Gocearo involved
inn this transmission system have been disonssed already (section 2220 A deseription of the

joints skl tendens will be given o the ollowing seetion.

2.3.1  Joints of the hand and wrist

Joints ocenr at the peint where tan hones ar a3 bone agd eartilage come deto contact.

There are three types of joints present looa loanan bady, These joiats aee [40];

1. Fibrowuy jolnts do not permondt sy mevenent,. They have oo oot eavity aod are
eomnectod by Hbrons comnective tissue, Examples of these are the joints between the

basries af the skull.

2. Cartilapinous joints have no joinl cavity and are connecled with cartilage, They

aliow miniing mevement. This type of joint 38 prosent betwoeen the vertebrac,

3. Synovial joints allow movement. They arve suvrounced by an articular capsule.

conlslning syiovial luld, The svoovial ald lobricates the jolnts durme movement.,

Svuovitl joints are the mest common type of jeint in the bady [43]. The movements

permitted by these points are:

Flexion involves increasing the joint angle.

Extenzsion jnvolves deceasing the joint angle.

Abduction immlve: mevement away from the body contorling.
Adduction invelves movement toward the body conterline.
Rotation is the movement arcund an axis.

Circumduction is a 360" rotation.
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2.3 The motor mechanics of Lhe hand 16

Wrist Joint

The cverall motion af the wrist 35 a resnlt of munerous bone interactions, The nemerous
bone interactions (fipmire 2.8) are made np of: interaetions between indiviedual carpal baomes,
distal intoractions of carpal bones with the bases of the metacarpals, proximal interactions
bityrern carpal hones and che artienlar surfaee of the radins and TROC Thercfore. the
wrist joint s cotnposed of three synovial juints; the distal radic-ulna joint, the radio-carpal

joint and the mid-carpal joint.

The eadio-carpal jolnt i a condyloid joint 46] [t s the articulation between the
prozimal surfaces of the scophoid, lunate and triguetrom bones and the distal articolar
smtface of the sadivs and an arctionlar fibrocartilage disk, This fibrocartilage disc is called
the Miargular fileocartilege covepler (TRCOCL The joint i shown in Spure 280 The
promirnal artieulating suelaces [vrm o biconves suslaee that articulates with the biconcase
distal articular surface 43, The TFCC forms a gquarter of the joints atficular surface [44].
as seen in figure 28, The prosteaal carpad row therelore does not contact the head of the
ulua directly, but rather through the TFOC, Thercfore, the wlng head does not directly
affect the stability of the wrist 42
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=1

. Flarocartilage
- Synovial cavities
B 2nicular cartilage

Recessus
sacciformis

TFCC

Meniscus ey LA ' S¢aphoid

Trapezoid

Fizure 2.8 Cross sectiom through ihe wrist '43],
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2.3 The molor tmechanies of the hand 15

Radius articular
surface

Palmar radiocarpal
Palmar ulnocarps ligament

ligament

Fipre 2.9: The proccimal articular surtace of the radio-carpal jeint [14].

The mic-carpal joint ocenrs belween Lhe prosimal amd destal corpal rows. shownom Sguee
25 It is a ball and sacket joint 46]. The bones of the distal carpal row tend to act
das o functionat unit due Lo the dense ligumentons connections, dhereby only allvwing for

minimal joint movement [15].

The distal radicaalna joint is o pivot Joint that 5 made up of the comvex distal articular
surliee of the ulms and e eoncave sigmaodd noteh of the radius [46° The joint is separated

trom the wrisn by the THOC. This feint facilinies pronation and supinacion of the forearm.
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2.3 The motor mechanics of the hand 19

Movements of the wrist joint

Maovements af the wrist joint . shown in figure 2,10 are defined as 6], 14]:

I the sapitcal plane

Flexion pending the paan upwards or closer to the forcarm,

Extension ix bending the palm back or saway from the forearmo

In the [ronds. plaoe

Radial deviation or abhduaction is moving the hand away fromn the soonle o eloser to

the radius hone of che [orearm.

Ulna deviation or adduclion = mosing the hand closer to the trunk and closer te the

ulna in the forearm,

Movement in Lhe forearnm is cansed by the radius and oo rovating with respect 1o cach

ather along the long axis, these mevements are:

Supination i5 rotation of the forearo in the pali up position,

Pronation i= rotation to the palm down position.

Mewutral
Radial Ulnar
. deviabon dewviation
Extension
tdﬁrslﬂexion:/ T
Meutral
I \
Flexign l\
{patrmar flexion) T

Figure 2.10: Movements of the wrist joio [47.
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2.3 The motor mechanics of the hand 20

2.3.2 The tendons of the hand

The tendons attach the muscles to the bones, transmitting the muscle forces to the bones
which allows for hand and wrist movement. The tendons are surrounded by the bursae

and the tendon sheaths allowing them to move in a frictionless environment [43].

Flexor tendons of the hand and wrist

The carpal tunnel is found on the palmar side of the hand and it houses the flexor tendons
[39]. These tendons allow the digits and the thumb to flex and the wrist to flex, abduct and
adduct. There are nine of these tendons, the four Flexor digitorum superficialis tendons,

the four Flexor digitorum profundus tendons and the Flexor pollicis longus [44].

Fxtensor tendons of the hand and wrist

The twelve extensor tendons pass through the wrist and are on the dorsal side of the hand
[44]. They allow the digits and the wrist to extend and the thumb to extend and abduct.

These tendons pass smoothly through six compartments, similar to the carpal tunnel.

The first compartment houses the Abductor pollicis longus and the Extensor pollicis
brevis that control the thumb. The second compartment contains the Extensor carpi
radialis brevis and the Extensor carpi radialis longus that allows for wrist extension. The
third compartment contains the Extensor pollicis longus that controls the extension of
the thumb. The fourth compartment contains the Extensor digitorum that extends the
digits and the Extensor indicis that extends the thumb. The fifth compartment contains
the Extensor digiti minimi that controls the extension of the little finger. The sixth

compartment contains the Extensor carpi ulnaris that controls wrist extension [45].
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2.3 The motor mechanics of the hand 21

2.3.3 Ligaments of the wrist

Ligaments connect bones[47]. The composition of ligaments are further discussed in section
2.9.4. The wrist joint is surrounded by a capsule that is strengthened by ligaments. The
capsule is lined with a synovial membrane, shown in figure 2.8. This synovial membrane
extends from the distal end of the radius and the articular disk to the articular surfaces
of the proximal carpal bones. Ligaments of the wrist can be defined on the basis of the

course that they transverse or their origin and insertion points [45].

The classification of the ligaments based on the course they transverse is:

e Interosseous ligaments travel deeply in a transverse course.

e V-ligaments travel superficially in oblique courses.

The classification of ligaments based on their origin and insertion points is described below

and summarised in figure 2.11 and table 2.2:

¢ Extrinsic ligaments originate from the radius, ulna or metacarpal bones and insert
onto one or more carpal bones. They are classified into proximal or radio-carpal and

distal ligaments.

¢ Intrinsic ligaments originate and insert onto the carpus. They are grouped into
three groups based on their length. These groups are; short, long and intermediate
ligaments [42].The short ligaments bind the bones of the distal carpal row into a

single functional unit.
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| Extrinsic ligaments Intrinsic ligaments

— T

[ | | B
Prajimal : Driztal | Short | [ntermedizte |_Lu:r.|3 |
 {Radiocapels | (Carpo-metazarpal| I ! Fwe
| = Velar = Lurutriquenad * olar
] 1 I ; | ot s Dorsal +  Sruphaunae imtercarpal
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Fimure 2,11 Classifcalion of wrist lgamenl s
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Deep Palmer

superficial Paimer

DUgamen'l:
ﬁ Radius
i Ulna
BB 5capheid
Ed Lunate
[ Triquitrum
D Hamata
B Capitate
Toapezeid

Darsal [ Tragezium

Figure 2.12: Senematic snowing Ugaments of the wrist [32].
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! Number (figure 2.12) ! Ligament Attachment Stabilizing function
1 Distal Radio-ulna Radius-Ulna Distal radic-ulna joint
2 Radial collateral Radius-Scaphoid Radio-carpal joint
3 Radioc-capitate Radius-Capitate
4 Short Radio-lunate | Radius-Lunate Lunate
5 Radio-triquetral Radius-Triguetrum Radio-carpal joint
6 Ulno-lunate Ulna-Lunate Lunate
7 Ulna-triquetral Ulna-Triquetrum Ulnocarpal compartment
8 Ulno-capitate Ulna-Capitate
9 Scapo-lunate Scaphoid-Lunate Stabiliser proximal carpal row
10 Luno-triquetral Lunate-Triquetrum Proximal carpal row
11 Radial Arcuate Scaphoid-Capitate Mid-carpal joint
12 Scapho-trapezium Scaphoid-Trapezium Distal pole of scaphoid
13 Scapho-triquetral Scaphoid-Triquetrum
14 Ulna Arcuate Capitate-Triquetrum Mid-carpal joint
15 Hamate-triquetral Hamate-Triquetrum Mid-carpal joint
16 Capitate-Trapezoid | Capitate-Trapezoid Distal carpal row
17 Hamate-capitate Hamate-Capitate Stabiliser of distal carpal row
18 Flexor retinaculum | Scaphoid & Trapezium | Tunnel for flexor tendons
-Hamate & Triquetrum

Table 2.2: The ligaments of the wrist and their functions [42].

Functions of wrist joint ligaments

A summary of the stabilising function of wrist ligaments is given in table 2.2. Anther

function that the wrist joint ligaments play a role in, is the aiding of joint movement.

During wrist joint extension, the palmar ligaments (Radio-luno-triquetral and the Radio-

capitate) are stretched. The Radio-capitate ligament crosses the neck of the scaphoid and

consequently causes simultaneous extension of the scaphoid and the capitate. This effect

is carried through the Scapho-lunate ligaments and the lunate extends so that the capitate

and lunate are coaxial in extension. The extension of the scaphoid bone ends before the

lunate bone ends [39]. During wrist joint flexion, the dorsal ligaments are stretched and

the triguetrum is moved towards the radial articular surface of the hamate.
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2.4 Epidemiology of fall-related injuries

The wrist joint models in this studv were created due to the high incidence of wrist injuries
that follow a fall onto the outstretched hand. 15% of injuries brought into cinergency
departments are fall related [9]. There are three full scenarios where these injuries are
most prevalent, These are falls that occur in the; elderly |5, 6', children [2, 3, 4] and

during sporting activities [9, 2, 10].

The data presented in this seetion focuses on what type and how all related injuries oceur
and why they cecur across these various demograplic groups. Fall direetion and impact
site are inportant factors that alleet injuwry risk and type. Forward Lalls have been found
to be the most conumon type; 60% forward, 20% side and 20% backward falls (figure
2.13). Sideways fulls ure associated with hip injuries and forward falls are associated with

upper-extremity injuries because the upper limbs are used to protect the head und torso,

Forward
Side
Backward
I'nknnwn W Mea
BWooen
T T T
f 0 4+ i L

Percent Oveuyremes

¥

Figure 2,13 Graph showing the occurrence of falis in difforent fall divections [6].

The body parts receiving the main hupact in order of frequeiiey is; the hand and arvm, the
buttocks, the head and finally the knee {figure 2.14}. Injuries to the forearm and hand
are mainly soft tissue damage and fractures of carpal bones and/or the radius or nina
[6. 9. Wrist injuries have the highest frequency of all hand and forearm injuries (9], These
injuries are most prevalent in the dominant haned, particulary during summer and winter
months [53. This is due to an increase m outdoor activities during summer and falls oy

slippery paths during winter.
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Figure 2.14: Graph showing occurrence of injuries in different body parts after a fall '6]

2.4.1 Falls in the adults

Distal radins fractures have been found to have highest incidence rate of 17.5% of all
fractures oecurring in the elderly [7]. Distal radius fractures ean be cither extra articulator
or intra-articular. The most common type of extrasarticular fracture 1s known as a Colles’
fracture, more details of this fructure are given in scetion 2.8.3. Extra-articular fractures
were found in 73% of all the distal radius fractures studied whilst the intra-articular
fractures oceurred in 27% of the cases studied. 98% of fractures oceurred alter a minor

fall: 73.5% from standing height and 24.5% from greater than standing height [R],

Interestingly, there is continuous rise in the incidence of distal radius fractures in women
over the age of 50 and men over 65, as seen in figure 2.15 5. This coincides with the
period where womnten nndergo menapause and the incidenee of Osteoporosis ncreases.
Details about Osteuporosis are given in section 2.8.2. Osteoporotic fractures mainly oceur
in the spine. the proximal fermur, the proximal humerus and the distal radins. 70% ol
inpatient fractures are potentially osteoporotic 7). Additionally, the annual incidence
of Colles fracture in pre-menopansal women are 10 por every 10000 population, whilst
in post-menopausal women are 120 per every [0000.  In comparison. injuries increase
anmally in men over 65 from 10 per every L0000 to 33 per every 10000 over age 85 vears
5i. Therefore, it can be concluded that a fracture to the distal radius that usually follows

a fall onto the ontstretehed arm is related to osteoporosis in post-menopausal women
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Figure 2.15: The incidence of distal radius {racture in men and women per 10000

population per year and 3% confidence intervals (5],
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2.4.2 Falls in children

According to the Red Cross Childeen’s ospital, [alls are the leading cause of njury in
children under the age of 14 {figure 2.16} |3]. 36% of injurics oceurting in children. were
from talls cduring play: e badl games, falls from trees and slides or sporl. 8% of all
[ractures gecnered o fhe weist, (Of these wrist fracturcs, 20% wore a complote fracture
of the distal encd of the forcarm, 9% included boath the radins and the nlna and 45 were

{halles" [racirres 2

Causes of Injury
1307 = 'W!

Unknown

Ofnher

Struck by/esught btwn
Falle SN

Burns

Aszsault

MYA
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PERCENTAGE

Ficnre 2 16 Canses of injuries in children [3

Forearm fracoures tend to happen at the age that the meaxcimam orowth spurt takes place
dhie to poorer Lhan normal bone mineral denzity. These peak ages are 10-12 vears for
pirls and 12-14 years for boys [2]. A further study was conducted to determine if this was
trdeed the rase For girls between Lhe age of 3-15 vears, It was found that 7% of injuries
oecurred from falls direetly onto the hand or werist. ofton resnlting frinn a low bone densily
4.
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2.4.3 Falls during sport

Falls during sport result in a large amount of hand and wrist injuries. 21% of fractures
to the distal radius, in people under the age of 20, occurred during winter sports such
as sledding, ice skating, ice hockey, skiing [2]. Sport injuries account for 15% of hand
and wrist injuries in Ireland [9]. A wrist fracture occurs once every 1135 days for a
snowboarder. 25% of all snowboard injuries affect the wrist joint and 70% of all wrist

injuries were fractures [10].
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2.5 Forces applied to the body during a fall

From the statistics presented in the previous section (section 2.4}, the upper extremities
are used to manage fall events. They are used to reduce the risk of injury to the head
or torso, by protecting the head and thorax from impact related injury by diminishing
or even arresting the momentum acquired by the body during the decent to the ground.
By carrying out this function, the upper extremity must absorb the potentially injurious

impact loads.

There are two forces to consider when looking at the risk of fracture during a fall. The
first force is the force applied to the body when an outreached hand strikes an object or
surface. The resultant force applied to a body is made up of peak compressive forces and

a bending force. The second force is that force which is needed to fracture a bone.

The forces applied to the body during a fall event can be measured experimentally [11,
12, 13, 14, 15, 16] or using mathematical models [11, 30, 31, 14]. Experimental work using
live subjects is used to study cases where lessened potentially injurious loading is applied.
Mathematical models can be validated by these results. These mathematical models can

be loaded with potentially injurious loads.

The pressures transmitted through the wrist joint can also be measured both experimen-
tally [18, 19, 20, 21] and by mathematical models [32, 33, 34].

2.5.1 Experimental work

Fall experiments involve the physical simulation of falling as well as the measurement of
the impact load and three-dimensional motions of the body. The first study carried out
in an attempt to quantify the forces and energies applied to the upper body during a
fall was by Chiu and Robonovitch in 1998 [11]. This study used both experimental and
mathematical models {discussed in section 2.5.2) to characterise the impact response of
the body.

The experimental work was carried out on both male and female participants between
the ages of 20 and 35 years. The fall scenario used (figureure 2.17) was used to simulate
the worst case falling scenario. It involved a forward-directed fall, where ground contact

occurred with the knees and a single outstretched hand with a a fully flexed elbow. The
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-

h

Figure 2.17: Fall scenario schematic, where h is the decent height [11].

reason that the knees are the first body part to make contact with the ground is so that
the shins and feet equal zero velocity when the hands make contact. For the experimental

work, low heights of 0-5cm were used so as not to-cause injury to the subjects.

Figure 2.18 shows a typical force-time profile achieved in the experiment. In the general
case contact forces are found to be characterised by a high frequency peak (Fiaz1)
occurring approximately 20ms after impact and a lower frequency oscillation (Fineza)
occurring approximately 110ms after impact. The peak forces for these falls ranged from
400-1000N. These results show that in some falls the forces exerted on the upper extremity

are greater than the weight of an average person (=~ 65Kg’s).

8. Fmaxt

04|

)

0 01 02 03
time (s)

Figure 2.18: Graph of a typical force-time profile. Where force plates were used to measure

the forces applied to the body during a fall onto the outstretched hand [11].
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Pre impact decent phase

Fall arrest has three post-initiation phases; a pre-impact decent phase, an impact phase
and a post-impact phase. The pre-impact phase is the short time from the instant of the
loss of balance to the impact of the fall. The impact phase occurs when the hand has
made contact with the ground. The post-impact phase occurs after the moment the hand
has made contact with the ground. The pre-impact or descent-phase is longer than the

post-impact phase.

Therefore, the forces and moments applied to the hands and wrists produced by the impact
surface are determined by the pre-impact neuromuscular state, not what neuromuscular
changes occur during the impact. This is due to the impact phase duration being so
short that the reflexes are too slow to effect any substantial changes in neuromuscular
response [6]. The peak impact force, (Finaz1) in figure 2.18 is thought to be the force that
causes injury. Two factors effect the magnitude of the peak impact force; the mechanical
properties of the impact surface [30] and the impacted tissues [12, 15], as well as the

kinematics of the body upon impact [13, 12, 14, 16].

The main objective in injury prevention mechanisms is to configure the body in such a way
50 as to reduce the risk of fracture upon impact. This configuration must occur during the
pre-impact decent phase. Most of the energy at impact is derived from the conversion of
the potential energy of the body’s initial mass centre height to kinetic energy at impact.
Dissipating some of this energy during the decent phase represents an important aspect

of the decent phase.

Studies by DeGoede et al. [12] and Chou et al. [13] on forward falls arrested by two
hands have focused on the relationship between the joint loading and the position of the
forearm and the elbow. These studies stressed the importance of energy absorption by the
shoulder and elbow during a forward fall. The identification of the biomechanical factors
of the faller’s protective response can be used to design efficient fall arrest strategies or to

create fall prevention programs against upper extremity fractures.

DeGoede et al. [12] experiments involved the arrest of a ballistic pendulum that moves
towards the subject at typical fall speeds. The experimental setup is shown in figure 2.19.
This was carried out in order to look at what the effect of flexing the elbow and the effect
of the velocity of the impact mass relative to the hands at the time of impact has on the

impact force. It was found that flexing the elbow and decreasing the velocity of the hands
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and arms relative to the impact surface results in a decrease in impact force on the hands

by 40%.

Luad
Impactar  Cell

U AR A Y,

Figure 2.19: Experimental setup: Subject was seated.in a rigid chair and arrested a

hallistic pendulum with both hands [12].

Studies by Chou et al. [13], DeGoede and Ashton-Miller [14] and Kim and Ashton-Miller
113] studied the fall mechanism in terms of the kinematics around the wrist, elbow and
shoulder joints during fall arrests. “The effect of flexing (stiff arm landing) or extending
the elbow (minimom impaet lTanding) at the moment of impact was studied by subjeets
falling anto a force plate, The effect of subjects undergoing these effects after impact was
also studied by Chow et al. 13 The effect of voluntary inmtiated falls, sudden onset of
falling (# cable attached to the subject was released after a random time delay) and age on

peak impact foree was studied by Kim and Ashton-Miller [15], The experiential setup was

as shown in figure 2,20, The piczoelectric foree plate was used to measure the following

forees; the vertical foree (ground reaction furce). two shear forces.

The main loading forces at the moment, of impact of the theee jomts (wrist. elbow and
shaulder) were axial forees [13]. For the case of pre-impact modifications, the largest
impact force was found for the stiff arm landing case [14.. Flexing the elbow lead to
a decrcase in time period from hand/ground contact to Fiarn and Fiuage respectively
{13] and a decrease in magnitude of Fiaer and Fiuaeo [14]. These results can be seen in
figure 2.21, Therefore, elbow flexion upon impact results in less aaal upper extremity

fovee and thereby delays the maximum ground reaction foree. Self-initiated falls resulted
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in WS times bighor peak fmpact forces aoed 23 times shorter body braking time rhan
sidden vnsed fall sivdions [15] Older adults were Tonned tn have exgrerencesd 10-15 Hmes
higher poeak impact forces, This s thought to be due to an increase in the time taken
tor semsory detection ol falling, thereloee Jeaving less e for cellexive activiedion ol the
relevient museles, Post inpact medifieations were found to have no offect on the Impact

forees trapsmiteed 13, 157,

Fignre 220 An eapwrimenti] sedbupr whereby subjecks were released to fill onto foree plites

|14],

12Kk ¥,

1. HE ()

T T T T ol

SRR OME R Q1 iy oS p2A O3 dd UdAl Qs
Time (aeoomds)

Fignre 2.21: Graph showiog the variation of geound resction force will thme for thiee

different fall arrest strategies [14].
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Experimental stodies 11, 13, 31, 14] of how the upper extromitios arrest the bady
momentitn At irpact, after a forwaed direceed fall have been carried ant. Thix restricts
Lhe bodly to the wigittal plape and initially positicns the nppor sxcremity inoa symmetrieal
manner with respecn fo the trunk, During L hose sxperieeents the noavoidable proparation
tieer befure Lthe fall tactiation allows the subject fo proplas their rosporse. However, o the
actual fall evenr, the preparation tire 15 redueed ar not present, Trootal and fransverse
plane rotations dureg Gl have also oot boen stodied by those cxperigents.

The effect of the lack of preparation tiese was initially studied by Kim et al. [5 . The
ellect to which band motion s sveemerrical s well as the lwek of preparation time was
also studied by Troy and Grabiner (16, o frwird- directed toip-induced fall exporiments.
The experiment invelved che subjoct being supported by a safety harness aod the wip
was Snedueed by oo conecaled. pronmatieally driven obstacle that roge Seme abose the floor
i about 1530ms, as 2eet: 1 fpore 2 220 The motws of the subjeces were swasurod gsing
pasgrve reflective markers. The rosnles froee thase experipeernts showed thar alder woamen
uze their arms in A spatially asyvieeetyeal manner durng che decent phase of 4 oripindaced
full

S

\\"\.
e

Figure 2,22 Lxpenmental setap showing video ineages sl mocion tracking nging roflective

markers of fall experiments 1G]

To guanetify the inlluence of asymmotrical ground impact on the kinetios and kinematies
folowing a simulated forward fall, Troyv and Grabioer [B6 also condueted forward falls
foomn an upright knecling position anto two foree plates, Each hand contacted a different
foree plate i a symuettic o asymeeettie manner. For the svmmettics] protocol, the loft

and right hands were targered to deatically numbered cargets on the lelt and sghe fores
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plates. Thts setnp s showo o hgure 2223 The peal Loree magoeiwle sl diveclion were

std o,
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Figure 223 Expertmental setup showing location of the four rargets in symmetric falls

H

=]

i), cach haml targets the same target, In asymmetric falls the noo-dominant hand was

moved (I and o) [167,

The resuits found that asvinmoetry is haoth spatial and temporal, The temporal offsets wore
foumd to he $dms for the asvmmed rie case. versis 1 lms for the symmettie ewse. Temporal
and spatial offsets influence the direction. but not the magnitude of the reaction force.
The peak reaction foree occurred 25 — 20 ms for symmetrie and 23— 9ms Zor asymmetrie
trials. The peak resultant foree for the svinmetrie trails was 92 £ 38% hody weleht and for
the asymmetric it was 91 + 30%. These results agreed with DeCoede and Ashton-Miler
[14. who found that variations in time berween hand fmpacis did not affect the peak
ground reaction force of the hands. Dhaing o spatial or temparal asymrnetrie tall. energy
absorption meay ocewr rom rolllog [rom one hand o the next. This rolling is thought to
be the cxplanaion as 1o why larger Lemmporal offsets are nol associated with greafer peak

turee magnitude,

Degoede and Ashlon-Miller 14] snggested thal the peak force magoitude = primarily

dependent on the deceleration of the ‘orearm rather than the total amount ol energy
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delivered to the forearm. They found that the peak impact force decreased the most
when the elbow was flexed and that the velocity of the hands relative to the torso was
reduced to zero. Therefore, given that the peak ground reaction magnitude may depend
on the degree to which an individual rolls from one hand to the next and the degree to
which the forearm rust decelerate upon impact, the focus on reducing the total force
magnitude through these two mechanisms may contribute to future improvements in fall

arrest strategies.
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2.5.2 Mathematical models

Mathematical models of biomechanical systems can be used to extend the results obtained
from experiments into potentially injurious impact conditions and thereby give powerful
insights of the biomechanical system studied quickly, safely and with little cost. These
models are set up and then validated against experimental results. After this the model

can be used to study the impact conditions.

Rigid body spring models (RBSM) are multisegment mathematical models with multiple
degrees of freedom that have been used to study joint and segment motion, muscle and
ligament forces and joint loading in a wide range of activities. RBSM use the equations
of rigid body motion to simulate the fall dynamics of a person [11, 30, 31]. The body
regions are modelled by sub-systems with defined mass and inertial properties. The sub-
systems are connected by joints and simulated by springs and dampers to build up a two

or three-dimensional system of rigid bodies.

Rigid body spring models of the torso and upper limb

Chiu and Robonovitch [11] used a RBSM to analyse impact forces during a forward fall
arrest onto straight arms. An experimental study conducted at low heights was used to
validate this work. This behaviour was simulated by a two-mass, two-degree-of-freedom
RBSM, as shown in figure 2.24. The peak force was entirely determined by the impact
velocity and the damping properties of the hand/ground-surface interface. The model was

then used to study falls from greater heights between 0 and 2m.

Mz~ Mass of the torso.

A, —~ Mass of the upperextremity.

K; and b, ~ Stiffness and damping of the shoulder and torso.

Ky and b, — Stiffness and damping of the wrist and palmer tissues.

¥y~ Wrist deflection.

{x2-x1} - Shoulder deflection.

Figure 2.24: Schematic of the two-mass RBSM [11].

Figure 2.25 shows the results obtained in this study. The model predicted that increases
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in fall height have a greater influence on F,4p1 than Fi.0. Therefore a subject’s risk
of fracture is governed by Fiuaz1. Fall heights greater than 0.6m were found to carry a
significant risk for wrist fractures, due to above this height F,,..1 exceeds the average
fracture force for the elderly distal radius. The impact responses of the wrist and shoulder
are different. F,,,; is not transmitted to the shoulder. The peak shoulder forces closely

match Frazo.

impact velocity {m/s)
3144 54 63

0 05 1 1s 2
fall height (m}

Figure 2.25: Peak impact forces for fall heights between 0 and 2m [11].

Davidson et al. [30] further modified the RBSM used by Chiu and Robonovitch [11] by
taking into account the stiffness of the ground. This modification was made to improve
the prediction of the likelihood of distal radius fractures that occur in children after a fall
from playground equipment. The ground was added as a spring element to the RBSM.
Factors such as fall height and surface type were considered and the effects on physical
stress transmitted through the forearm and to fracture tolerance of the distal radius was

considered.

The model was validated by data gathered from an epidemiological case-controlled study
of falls from playground equipment in New Zealand. The model provides insight into
how playgrounds may be redesigned to reduce the stresses caused by injury and provides

information on the development of safety standards.
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Rigid body spring models of the wrist

In RBSM models, the wrist is represented as a collection of rigid bodies interconnected by
spring elements of known linear stiffness. The rigid bodies in the RBSM are representative
of the bones in the wrist. Cartilage and subchondral bones are represented as compressive
springs. Ligaments are represented by tensile springs. Force vectors applied to the model
simulate physiological wrist loads. Applying the minimum energy principle to the system
(the wrist), the force transmission and displacement of the rigid bodies (the bones) can

be calculated.
2-dimensional models

Two-dimensional RBSM were generated by Schuid et al. [32] and Horii et al. [33] to
determine the normal wrist joint pressures under physiclogical loading and to analyse how
different procedures used for treating Kienbock’s disease modify the force distribution
across the carpus. Both models consisted of the five metacarpals, carpal bones, the radius
and the ulna. Digitised planar radiographs of normal wrists in neutral positions were used
to get the bone geometries. Twenty eight ligaments were modelled as spring elements
(figure 2.26). Axial loads were applied along the axes of the five metacarpals, simulating
a total grasp load of 140N [32, 33].

Rigid
2 1y J— body
F
Carigge ~ Kg 4 Savins of
e
normal 1o e

e Fugid it

Bone bocty
Sprng consiant K4 (Nimm/spring)

Figure 2.26: Diagram of a 2-d Rigid Body Spring Model [32].

S-dimensional models

Majima et al. [34] proposed a 3-dimensional RBSM to analyse the force distribution
through the wrist joint. The force transmission during wrist extension (a fall event) was
studied. The geometry for the model was obtained from Computer Tomography (CT) of
a wrist in the extended position. 50 ligaments were modelled. The model was loaded by

the grasp load being distributed to the five metacarpals, as shown in figure 2.27.
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Extension Neutral

Finure 2.27: The loading patterns for the two different wrist positions |34,

The results showed foree transmitted through the seaphoid fossa inereased From 32% in
the neutral position to 62% in extension, The ratio through the lunate fossa decreased
from 42% in the neoutral position to 36% in the extended posiilow. as shown o Hgure
224, In the neutral position. foree is ovenly distributed in the mid-carpal joint, which iz
consistent with the excremental work of Velgas <t al. 18], In the extended position, high
prressune arens were concentrated both on bilateral poles of the seaphoid and on the dersal

ridge of the lunate as shown in igure 2,29,

Extension Neutral

T.unate fosza Scaphoid fesza

Figure 2.2%: Pressure disgribution for the artieular surface of the distal rodius, the red

margins ndicates high pressure areas 34|
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Extension Neutral

Figure 2.24: Pressure distrilndion thiongh the mid-carpal joint. 5, scaphaoid: L, Tunate,
T, triguetrum; Tei, trapeziom: C, capitete, Ho hamate, The red marging indicates high

prossurc arcas [34).
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2.6 Measuring the compressive pressure across the wrist

joint.

Many different studies have heen carried out to determine the magnitude and distribution
of foree across Lhe wrist jolel in boedh lve and cadaver specimens. Being able Lo guantily
the load wmechanies of the wrist under vanows loading conditions can provide better
nnederstanding of & wvarlety of normal and postelranmatic conditions of the weist, The

results provided by those measuring devices were usecd to validate mathematical models.

2.6.1 TDhysical testing using pressure sensitive film

The most commn cxperimental method to quansify awd ohserve force disteibation in the
wrist auder a variety of loading conditions, is o insert Fujl (Fujl Ithaca, NY) pressure
sensitive lilue inlo Dhe radicecarpal andfor mid-earpal joinls of cadavenic specimens 48,
49, 18], Exvernal loads in such suadies were applicd to the wrist either by the application
of weighis 1o various dendons (48] or Iy placieg external fxtures in Lhe metacarpal Bones
18], The colowr demsity of the flm changes with the increase in pressure. Figuare 2230
shonws a vesnll obtained from s typleal experiment where region A edicaces s hiph pressare

region,

»  TRANSDUCER CALIRRA

Figure 2.30: A fypical pressure-sensitive film print of the radic-rarpal jeint [L#].

Veigas and Patterson 15 conducted experiments wsing Fuji pressure film, They fuud

Literatnre Review



2.6 Measuring the compressive pressare across the wrisi joint. 4

that there ave distinet arvess of conktact within the radiooulne-carpal and mid-carpal wrist
juint= and that the load transmission was as shown in figoee 23100 Figure 231 also shows
that the distal carpal row acts g: g sinele unit and distributes the Tnad rather uniformly

Lo Ll prosimal carpasl rowe

Fioure 247 A three-dimensionsl dmaee of the load distribotion in the mid-carpal and

radic-carpal wrist joints LE].

Figure 232 shows that the smennt of contact in the radio-carpal joint accounts for 20%
of the available juint surface. but that this value increases with increasing load to 20%.
As the load increases. the cartilage comprosses tesulting in a larger contact arca. The
pressure measured inoarcas ol contacl increases as load increases. A maximom eontact
area, i3 reached when cartilage can po longer compress any further. Onee the maxioum

contact arca 1= resched, the prossiee increases indivectly 10 proportion to the load.

A comparison of the load transfer characterstics of the wrist with respect to Joading
configuration (2/5 metacarpale and weights suspended from the wrist tendons) Tonnd no
statistically significant differenees botween the configurations 18], The wrist configuration,
cither neutral or cxtended, was found oot to divect v inflnence the [racinme load of the
distal radius, but rather the load transfor pattern. The neutral position showedd an cqually

distribted pressure pattern on the radial juint soelace and the extenided position reswited
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Figwe 2.3% Graphs of contact ares and maximum contact pressure versus load within

the radic-carpal joint 15|

in a localised pressore spot at the coatre [19, The location of contact area o the radin
chanpes in relationsbip to the position of the wrist, wherely there 5 0 palimar shift within

the articular surface of the distal radius and a dorsal shife with extension s,
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Mechanical testing

Strain gauges

The strain in the radial bone of live subjects has been measured in the subjects during
activities of daily living by Féldazy et al. [50]. Measurements were conducted by placing
strain gauge bone staples onto the dorsal surface of the distal radial metaphysis of the
subject. The activities included exercise and falls on extended hands. The strain rate for
falling from standing height and from kneeling height was measured to be 45954 pe/s and
18582u¢/s respectively.

Load cells

Ekenstam et al. [20] employed load cells to measure forces transmitted through the ulna
and radius bones. The results showed that when the forearm is pronated and the ulna is
deviated, there is less load along the radius. This position can be used to immobilise a

fractured radius.

The problem with the mentioned experimental models (strain gauges, load cells and
pressure sensitive film) [18, 19, 20] is that they are conducted on cadaveric arms and
therefore only the osseoligamentous system is considered. The influence of dynamic muscle
and tendon forces is unknown. Muscle action involves a complex system of reflexes and
biofeedback loops that normally link the action of agonists, antagonists and stabilizing
muscles that may absorb some of the applied load. Another problem with these methods
is that the sensing methods used in these experiments were introduced by cutting the

dorsal joint capsule [18, 19], therefore transecting the dorsal stabilizing ligaments.
Capacitive sensor

A device capable of measuring the force and pressure distribution across the radio-carpal
joint under physiological conditions was designed and tested by Rikli et al. [21]. A
capacitive sensor is used to measure both static and dynamic forces. The devices were
tested on cadaveric specimens using a specially designed loading rig, where a mobile unit
is pulled against a fixed unit, holding the forearm in place with two wires attached to a
defined weight. Tests were then carried out in healthy volunteers under local anesthesia.
The sensor was inserted in a region where the ligaments did not have important stabilizing

functions. The experimental setup is shown in figure 2.33. For the in vivo tests, the sensor
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was inteonluced surgically and the subject was asked to perdform fesion fextension, olna

andd vadial deviation, thereby adivwing 1he measoarement of bolke statie and by nenie Toads

[a] The region coverod by the sensor b The scuecr

11 g e Mot

Sle3gi

Shimp

Ml Rk Raln

(et The sonsor with the subjeer (] The cacdlaveric Tosling rid

Figpure 2,33 The experimiental sctup of Hikli of al. [21]. Where l-tegion in between
scaphold and lunote, 2TEFOC, 3-ulnar styloid, d-radial stylid, 3F-scaphoid [ossa, LF-

Tunute fossa.

The static studies fouwl that vhers mere two centres of Toree transmission in the distal
railioc-carpal foint, The fivst 18 loeated vadially, opposite the prosxaal pole ol the seaplioid

and the other is locatcd more ulnarly, opposite the linate

The effect of inchwling active moscle responses Die the dynamic stody) found Lhere to
be a shift of contact pressure, in the distal vadio-carpal joint, towards the ulnar sile with
ulns ddeviation aml o sLil Lowards the vadial side with pwlial deviacion, This was not the
case for extension and flexion as seon in the statie work by Veigas ot al. 18], and there was
ter Shift o the paliar with extension or the docsal for extension. Thercfore the dynamic
studics main diffevence with che statle studies s the comtact pressure Jdisteibution nol the

tregmitde.
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2.7 Finite element model

The Finite Element (FE) method is a numerical analysis technique, one application of this
technique is for studying musculoskeletal biomechanics. The FE-method breaks the body
concerned into discrete elements and therefore approximates a continuous system. FE-
modeling can be used to estimate stress and strain distributions within bone and tissue,
such as cartilage or ligaments, and contact pressures in complex contact models. Examples

of some of its applications in biomechanics are:

Determining the hip joint contact pressure before and after surgical procedures [51].

e Simulating the human body under impact, such as in automobile accident testing
[52].
e To predict the failure of a bone specimen [53].

To study the effect of degenerating cartilage within a joint, such as the knee joint
[54].

2.7.1 Two dimensional finite element models of the wrist joint

Two dimensional FE-wrist models were created to investigate stress patterns and how they
are affected by; bone fracture [22], bone shape that is altered by an operation following a
fracture [23] or a prosthetic bone [24]. These 2-d models are limited to the coronal plane

and neglect the out-of-plane movement of the carpal bones.

These models, shown in figure 2.34, were constructed from traced microradiograms of a
sectioned specimen. The models contained carpal bones, the radius and ulna. Bone and
cartilage were modelled as linear elastic isotropic materials. The pressure distributions at
the articular interfaces in the wrist was determined from these models. The results found
that the prostatic implant studied could prevent the carpus from collapsing under applied
loads [24]. The scaphoid is frequently fractured due to it playing an important role within

the wrist force transmission column [22].
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va) Fhicee | |32 ie) Flgure 3 B

Figure 2.34: Finite Eement modes of the wrist iu two dimensions.
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2.7.2 Three dimensional finite element models of the wrist joint

Two dimensional models provide reasonable agreement with contact stress distributions.
But, they are limited to a single plane of analysis. The wrist joint has been found to
undergo out-of-plane movements [16]. Therefore, 3-d FEM models have been used to

analyse these movements.

The geometry for these models has been constructed from CT scan [25, 26, 27] or magnetic
resonance images (MRI) [29] of the wrist joint of live subjects with their wrist placed in
the position for the desired application of the model. For the models constructed from CT
scan data, the inclusion of articular cartilage was restricted to a uniform thickness region
layered on the end of bones. This is due to CT scan data just giving bone geometry. For
the models constructed from MRI data and cryomicrotome sections of cadaver wrists [28],
the bone and cartilage geometry was extracted. These models modeled bone and cartilage
as linear elastic materials. The bones were connected by ligaments modeled as tension
only non-linear spring elements. These material properties of these ligaments are further

discussed in section 2.9.4.

Anderson et al. [28] and Troy and Grabiner [26] constructed models that investigated the
radio-carpal contact stress distribution. These models included only the distal portion of
the radius, the scaphoid and the lunate bones. Loads were applied to the distal surfaces of
the scaphoid and lunate. Anderson et al. [28] model included the support provided by the
ulna through the TFCC, as a parallel array of compressive springs attached to fixed nodes
on the lunate. Anderson et al. [28] investigated the effect of an intra-articular distal radius
fracture on contact stress within the joint. The results of this model provided quantitative
descriptions of the load transfer mechanism through the joint, thereby allowing the effect

of different treatment procedures to be studied in the future.

Troy and Grabiner [26] used experimentally derived kinematics and kinetics [16] as
boundary conditions for their model. The peak force was composed of both forces that
acted along the axis of the radius and off-axially. The wrist was found to be extended and
ulna deviated at the moment that the hand impacted the force plate. These results were
used as boundary conditions for the FE-model to determine the effect of off-axis loading

and bone quality (Osteoporotic bone) on the radial bone fracture strength.

The study found that the direction of the load applied to the radius has a very strong

influence on fracture strength and the fracture initiation sight, as shown in figure 2.35.
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The combined bending and compression from the off-axis loading resulted in a nearly 50%
decrease in the estimated strength of the radius. This may provide a way of reducing
the occurrence of Colles’ fracture. A decrease of bone mineral density, seen during

Osteoporosis, was also found to decrease the fracture strength in the model.

At Inad

Figure 2.35: Distribution of failed elements when a failure (a) axial load, (b) off-axis load

was applied [26].

Gislason et al. [29] also used physiologically realistic loads from experimental work as
boundary conditions for their model to determine how load is transferred through the wrist
joint during maximum grip. The internal metacarpophalangeal joint load used to load the
model, was determined from the experimental maximum grip strength tests performed on
subjects and a biomechanical model. The model included the distal radius, ulna, carpal

and metacarpal bones.

Non physiological constraints were applied to all the FE-models discussed in this section
in order to obtain solution convergence. All the carpal bones were constrained to only
move in a direction parallel to the load [26] or the bones were brought into contact and not
allowed to separate after loading [29]. These constraints were applied because the model
did not provide static stability under compressive loading, due to the constraining activity
of muscles not being modelled. The models were validated using cadaveric experimental

work, whereby muscle activity is not present.

Carrigan et al. [25] investigated the effect of unconstrained motion of the scaphoid, in a
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Sletacapals

o

[NETTEIT= 415
el TTm-o

[RTETR Larqal Hones
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fah Clarrizan wbowl [25) (b Guo et al. [27]

Figure 2,34 Three dimensione. FEM model peomedey.

mode] vl ineluded cortical shells of carpal, distal radins and ulns ones (Hguee 2360
Compressive loading was applicd to the capiate. Toeas ound that allowing the scapheid
to frecly vodute deeresssed the comtact peessure, area and caused a palmar wina shifi on
the coulaet reglon of the radial articwlar surface. Guo ot all [27 msed vhis metbod
ol constraint In a mocel that analysed the ellecl of 4 sureical proceduee that Sovelves
divieding the frausverse carpal ligament (TLCY on the mechanical bokbasionr of the carpal
bisnes, The wedel ineluded cortiend aml cancellons Boons o (e distal padins, ulne, proximal
melacarpals, shown o figure 2236, A prasping load was applicd to the npper soclion of
the seennd and third mnetacsrpals. The eesults Townd thae dividing che TLC lead to the

carper. bones deviating more racdially under comprossive loads.
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2.8 Biological capacity

2.8.1 TFracture loads

The load at which a bone fractures is dependent on many factors such as; bone geometry,
bone properties, load application point, load direction {the angle the limb makes with the
ground, as well as the angle the resultant impact force makes with the limb and the rate
of load application) [55]. The fracture loads of the radius are between 1580-3180N for
females and 2370-3773N for males [6].

The factor of risk for wrist fractures is defined as the applied load divided by the failure
load. When this value is greater than one, a fracture is predicted to occur [17]. The applied
load is defined as the load applied to the outstretched hand during a fall from standing
height. The load is estimated as the product of a damping constant and the impact
velocity associated with the fall. This impact velocity is calculated using the fall height
as half the height of a subject [11]. The failure load of the wrist is determined through
mechanical testing methods, such as those shown in figure 2.37. Load and displacement
data was recorded and the failure load was determined from the load-displacement curves.
Muller et al. [17] focused on the region of the radius, where Colles’ fractures occurred.
They found that women had a greater probability of fracturing their distal radius when
falling from a standing height than men. The mean failure load was found to be 3231+
825N. The type of fracture that occurs in the distal radius was found not to be related
to the loading configuration of the wrist (neutral of extended) or load transfer pattern
(uniform or localised) [49]. Cortical bone was found to contribute the most to the bone
strength of the distal radius. Mid-distal measurements (cortical bone mineral content and

area) were found to be the best predictors of fracture load [49].

Fracture risk focuses largely on impact forces, rather than displacement or energy. A
reason for this is that there is difficulty involved in determining the portion of total
wrist displacement and energy absorption, due to deformation of the bone, rather than
soft tissue. If deformation is small, an injury criterion based on deformation or energy
would better reflect the risk for soft tissue injury. No methods exist for assessing wrist
fracture risks in terms of displacement and energy. To generate a wrist fracture in terms

of displacement or energy, further biomechanical tests need to be undertaken [6].

Literature Review



2.8 Biological capacity 54

Loud Cell

/ﬁ -

. ;. .':H"""" Fxcived Radius

— (Lmput 15°

Aviuutar

Figyre 287 Dagram of mechanical lesting conlimoration be deteredne radhial Taihiee loads

7

Literature Heview



[ ]
[

2.8 Biological capacity

Finite element maodels waed fo predict fone failwre

There are two methods by sehich FEM has been used to prodict the failuee of o bone.
These are by using micro-TE [pFE} asd comsinnum models.  oFLE analysis uses high
resolution digival images obtained from micro-computer tomaography seanning to determine
the precise trabecular architesture disenssed i section 249.1) of bone, pFEomnodels of the
distal rading have been used to examine the stross and strain distributions with goals
to predict the failure loads [35). determise how load Iy transmitied through bone and to

identify potential sights of fracture iniviation [36].

Beone failure in these vypes of gFRE-models is said to be initioted if o certadn poreemtage of
the bone tissue (trabecular) would be straioed bevord the tissue yield strain, The external
furee that created the strain was caleulated from the FE analyvsis. An average fracture
load of 140KN for the distal radits was predicied. The advantave of these models 35 that
they wecount for the individga] bose architeeture of cach persan, an example 5 shown in
figure 2,38, These type of models helps to clarily che loadisg mechanics of the trabecylar
bermes. Tlowesver, they did not specifically address potentially important changes in impact

mechanies,

Figure 245 Cootour plot of von misses stress distribution in o microlFPEXM 36],

pFE analveis can be computationally incffieinnt as they invalse millions of slements, the
et iniates of [Facture load are genevally gynreliable and the failyre criverion foeuses an the
failure of the trabecular bone, Cortical bone geometry and marerial properties have heen
fonned w0 contribute more to the bane strengrh than trabecular bone [56, 53] and especially
tor the case of the radius 37]. Costinuum based failure models (nactolE) have been ysed
to analyse femoral fractures 36] and radius fracture [37 in cortical bone. The reliability

of bane fractnre models depends on che seopriaee assesstoenl. of material properties aod
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specifications of the comditions ano failore,

Material failure can he cithor focally stress ar sirain-condro”ed, Britole fraciare in siross-
eontrolled and ductile fracture ie strain-controlld.  Kewvak and Hessi |36] found tlat
smorrople stresshased failure theories beat predicled Lailoee loads i 1le femure, regardless
ol 1l Zeading conditions, Stross-based failure theorics wore also used by van der Westuizon
Lni] in predicting the falimre of bovibe cartical bane, Pletrnseczak of al [37] cvaluated
the risk of cortical bone dracture in the distal radivs by using a stress-hased  fuilure
criterion.  Load wias apolied to the surlace of the radiuns to eeprosent tvpieal scaphold
and Zunate loading, The model predicted Colles” fractures at Goads that woere consistent

with cxperimental londs.

2.58.2 Osteoporosis

(relenporosis is a sheletal disorder that leads to bone strength boeing comproriised and leads
to a predisposition to an inereased visk of fracture, Accarding o ile Merck Mannal [57,
Chteanorosis is a progressive disorder that leads o a reduction in the cortical hone mineral
ettty bone hickoess and in the mumber snd sice of the cancellons Trone trabecwsae, Bone
re-absorption 13 also inercased, but bone formation retiaing novmal. Pestroenopaisal
aateanorosis ovenvs inoaduits belwesn Lbe aees of 51 Lo T3 years andd cooirs glx flmes more

i wornen Lhan men.

2.8.3  Colles’ fracturce

Callos’ fractures are fractires af the distal revion of the radins due wo the bone Tweing
comgresaed on one side and cxtended on the ather 3%, This ocenurs if the compres=ion tha
‘unate, seaphoid and anterior Hgaments undergoes is transemitted Lo the distad vadins, The
vampressive stress i= transloreod Lo the posterior surface of the radius, cansing a crush of
the radivs, The tengion stress coonrs on Ple anterior savtace of the radins, 1 wereby leading
tor a rupture of the structures, A Colles” fracture {fipure 2,597 15 an extra-articular fracture
rovrurs away o e tadio-earpal artieidation) il Isoasually sitaated 15-20mm below
the articular surface of the radius 45] this hag alse been shown oo FhRomaodel of the

riedins (ligirs 240
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(b Colles” fractare

Figure 2,309 An Xray showing 1he location of a ivpical Colles’ fctare {paloar view) [58])
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Figure 2.40; FE-model of 1he radius showing the location of w Colles’ fracture (Laoad TOON)

[47]. Fipar 15 o variable used wo indicate fadlure, where rod reglons indicate bone failinre.
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2.9 Material properties

Only the macroscopic structures (bone, cartilage and ligaments) of the body were
considered relevant for the modelling work contained within this thesis. A model with
microscopic structures, blood vessels and nerves ect., would require a great deal of
computational resources. Such a model requires a large number of variables and there
are many uncertainties in material properties definitions of the microscopic structures
[36, 46].

2.9.1 Bones

An adult skeleton consists of 206 distinct bones. These bones can be categorised as [43]:

Long bones, found in the extremities such as the radius and ulna.

Short bones, forming the carpal and tarsal bones.

Flat bones, forming the ribs and skull bones.

Irregular bones, forming the vertebrae.

Sesamoid bones, located within tendons, like the patella and pisiform

Bones act as; a lever system for transfer forces, an attachment site for muscles and give
protection to vital internal organs. Bones also have a physiological function to form red

blood cells, store calcium and store phosphorus [38].

The macroscopic bone structure

Long bones (figure 2.41) have a macroscopic structure consisting of a tubular shaft called
the diaphysis and two large rounded ends called the epiphyses. The epiphysis is protected
by a layer of hyaline cartilage, referred to as articular cartilage. This is the region of a
bone that articulates with other bones. Surrounding and attached to bone, except for
areas covered by cartilage is a tough vascular, fibrous tissue called the periosteum [43].
The periosteum is firmly attached to the bone and the periosteal fibres are continuous

with ligaments and tendons that connect to the tissue [38].
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The wall of the diaphysis is made up of tightly packed dense tissue called compact/cortical
bone. This bone type is strong, solid and resistant to bending. The thickness of cortical
bone varies between and within bones as a function of the mechanical requirements of the
bone. The epiphysis is composed of spongy or cancellous bone with thin layers of compact
bone on its surface. Cancellous bone is less dense that cortical bone [38, 59]. The diaphysis
of a long bone surrounds a hollow structure called the medullary covity. This cavity is
used as a fat storage sight. It is filled with a soft connective tissue called marrow and is
lined by a thin, largely cellular connective tissue membrane, the endosteum. Projections
of bone called processes act as attachment sights for ligaments and tendons [43, 60]. Short
bones are found in the wrist and ankle, i.e. carpals and tarsals respectively. They have no
shaft with a center composed of cancellous bone and a hard outer shell of compact bone
[43].
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The mwicroscopic structure of hone

Thme material s compesed of eclls, eollaren (sectiom 2.9.2) and inorsanic saits. The
eolls produce a extraceliular malriz, The extracellnlar mualriz determines the material
propertics of the bone. Collagen gves bone its strength and resistance o loading and
inorganic salts (mainly hvdroxyapatite and caleium) make 1t hard and resistant to crushing

[:34].

The network of interconnected fibres of collagen form sheets of boune called lameia [6(1,
The plane of lamella winds around 2 centra, opening called the haversian canal. The
haversian canal eonlaing blood vesses and nerves, This svslem of concentric lamella and
the canal s called the haversian system or an osteon, as shown in figure 2,42, Cortical
bone is composed of the interconnected osteons of bone that are alioned parallel to the

Loty axis of a bhone [549 .

Caneelvus bone (fpure 2.44) has g three-dimensional lattice-like structure of Obres
[ frabecidos) to bettor distribute the stress, The trabeeulae of canecellous bone can be
ine the furm of plates or vods. These structures bave heen known to orientate themselves

in the divection of forces applied 61,
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Bone properties

The structural properties of bone are related to the complex organisation of cortical and
cancellous bone material within a bone, the material properties are defined for cortical
and cancellous bone individually [59]. To determine the structural properties whole
bone specimens are tested using compression tests. Applied load to deflection curves
are determined by these methods giving the stiffness and ultimate load of the particular

bone. An example of such experimental work for the radius bone is given in section 2.8.1.

The material properties are determined from the testing of a machined solid specimen of
bone tissue, either a piece of cortical or trabeculae bone of known geometry. There are
many factors that influence the material properties and fracture strength of a sample of
cortical or cancellous bone. These factors will be mentioned briefly and discussed in the

paragraphs that follow:

Material orientation and location.

Age and gender.

e Mode of loading.

Apparent density.

Strain rate.

Material orientation and location

Cortical bone is considered to be an orthotropic material with a set of different material
properties in three orthogonal directions, this can be seen in figure 2.43 and table 2.3.
The anisotropy of material properties is due to the overlapping layers of lamella patterns.
Bone grows in such a way that its greatest load bearing capacity is structured in the
axial direction. The axial direction is defined according to the Haversian osteons of the
cortical bone and according to the special main direction of the trabecular structures of
cancellous bone [37]. Figure 2.44 shows that the architecture of cancellous bone also varies
with anatomic site [61]. The distribution and number of plates and rods within a sample

influences its material properties.
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Figure 2.43: Stress-strain curve for cortical bone tested in different orientations [47].

4\

Femoral head Femoral condyle

Figure 2.44: Rod-plate structure of cancellous bone from different locations within the

fernur hone (61

Reference Brne details £ | £y I ' Oy (s

Homminga [62] | Hip cancellous bone | LGBMPa | (1.83MPa 0.52MPa | LAOMpa | 0.72MPa | (.88MPa

Frone [G3] e cortieal hone | G30GPa | 6.858CPa | 16,00CGPa | 3.60GPa | 3.20GPa | 3.30GPa

Table 2.3 Anisotropic elastic and shear moduli.
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Mode of loadmg

‘The mode of loading of a bone has an effect on the type of fracture that resulis [47], a
schematic of these varions loading modes s described below and shown in ficure 2.43.
Cortical bone has been shown to have inelastic responses that differ in tension and

compression (figure 2.46).

Daily loading of bone is compressive by nature, more extreme compressive loading,

such as impacts from falls, can result in fractures.

o Shear loadings applied parallel o the surface of the structure, results in deformarion

of the internal cancellous bone.

e Beunding fractures can occur when one end of the bone is relatively fixed and the
other end is loaded, creating a bending moment, causing the boue to bend about its

longitudinal axis.

o 'Torsicnal fractures occur when the hone fwists about its long axis.

O_..

Sl \L__J .
| 4

Tension Compression Bending  Shear Torsion

Figure 2.45: Schematic of the various loading configurations 17].
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Figure 2.46: Comparison of compressive and tensile bone responses for human tibial

cortical hone [64].
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Apparent density

The Young’s modulus and strength of both cortical and cancellous bone vary as a function
of apparent density, illustrated in figures 2.47 and 2.48 [61, 65]. Apparent bone density
is the density of the bone mineral without the fat and liquids, which do not contribute

appreciably to the load bearing ability of the structure.

A relationship has been determined by Rho et al. [66] between mechanical properties of
bone and the; apparent density and CT numbers. The relationship is between the elastic
modulus and the other two variables. Bone specimens in water were scanned using a CT
scanner. The raw CT values (for each pixel making up the CT scan) was converted into
Hounsfield Units(HU) by relating the bone values to nearby water CTy, (HU=0) and air
values CT, (HU = (—100014)) with the following formula:

CT - CT,
HU = 1000 Zm—0 (2.1)

Bone density is defined as the mean value expressed in Hounsfield units in each pixel of

the ct scan.
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Figure 2.43; Young's Modulus versus density for cancellous fernoral bone i the axial and

transverse load Jdirections -fi-::|.
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Stramn rafe

Srrain is defined as the deformation per unit length, therefore strain rate s clongation
prer unit time [67 . Bone behaves fn s viseo-elastle manner. ¥Visco-elastic behaviour oeeuis
wlhien a matevials mesponse to a constans foree or deformation varles over time. In contrast
an clastic materials behaviour does not vary over time 47, This visco-elasiic hehayvions
toteed expedimentally during dyvnamic and quasistatic testing of biwine caacellous |65
and cortice. bone 33 is function ol serain rave and apparent odensity, The stress-stosin

Befayviour of human eortiesl Done also exhibited this depewdener, a@ sovsn in figure 2 44,

W.d TI ncreasing strainrates
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Fignre 2449 The strain rate dependents response of human femoral corcical bone in

compression [64].

Lierature Heview



2.9 Material properties 70

The material properties of bone are very complex, hence for the FE-modeling used in this
thesis bone was modelled as & linear elastic isotropic material. A complex material model,
that considers the parameters described in this section, is only superior to a linear model
if there is experimental data to validate the material model. The tables that follow list the
mechanical properties of cortical (table 2.5) and cancellous (table 2.4) bone found in the
literature that have been used in previous FE-models or material tests. Young’s modulus
and Poisson’s ratio were varied within this range for the model development stage of the

modelling work contained within this thesis.

Reference Anatomical region Young’s Modulus | Poison’s ratio | Density
(M Pa) (9/ em?)
Troy and Grabiner [70] Wrist 100MPa-1.9GPa
Anderson [28] Wrist-cancellous 1400, 690, 345MPa 0.3
Wrist- subcondral 2800 0.3
Oda et al. [24] Wrist 100MPa 0.2
LeDoux [22] Wrist - All bone 18GPa
Miyake [23] Wrist - cancellous 100MPa 0.2
Wrist - subcondral 1GPa 0.2
Pistoia [35] Wrist 10GPa 0.3
Cheug [71] Foot 7.3GPa 0.3
Philips [72] Pelvis 150MPa 0.2
Majumder [73] Hip 32-3340MPa 0.2
Zhang [74] Lumbar spine 100MPa 0.2
Higgins [68] Bovine - experimentally 1.33
Gislason [29] Wrist 100MPa 0.25 1.3
Keaveny [61] Experimentally 0.3
Range 32-18000MPs 0.2-0.3 1.3-1.33

Table 2.4: Summary of material properties of cancellous bone.
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Reference Anatomical region | Young’s Modulus | Poison’s ratio | Density | Thickness
(M Pa) (9/em®) | (mm)

Guo et al. [27) Wrist 10Gpa 0.3

Carrigan [25] Wrist 10Gpa 0.3

Troy and Grabiner [70] Wrist 5.7-20.7Gpa

Anderson [28] Wrist 13.8Gpa 0.3

Oda et al. [24] Wrist 15Gpa 0.3

LeDoux [22] Wrist - All bone 18Gpa

Miyake [23] Wrist 15Gpa 0.3

Pistoia [35] Wrist 10Gpa 0.3

Cheug [71] Foot 7.3Gpa. 0.3

Philips [72] Pelvis 18Gpa 0.3

Majumder [73] hip 22.7Gpa 0.3

Zhang [74] Lumbar spine 12Gpa 0.3

Bosisio [75] Radial bone 16+ 1.8Gpa 2.9+ 0.6

van der Westhuizen [53] Bovine 2.1

Jost {52] Whole body 2.5-12Gpa 0.3 1.0-2.5

Gislason [29] Wrist 18GPa 0.2 2

Range 2.5-22.7GPa 0.2 2-2.1

Table 2.5: Summary of material properties of cortical bone.
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2.9.2 Soft tissue

Ligaments, tendons, fascia and cartilage are composed of soft tissue. These elements
provide structural support to the musculoskeletal system and transmit force between the
components. All connective tissue is composed of cells, an extracellular matrix of fibres

and a ground substance.

There are 3 main types of fibres; collagen, elastin and reticulin [47]. Collagen fibres provide
the strength and stiffness to the tissue. Collagen fibrils have a high tensile stiffness, they
are thought to have negligible compressive strength, as they are assumed to buckle when

subject to compressive loading.

=. E=
Linear region
@
£
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deformation
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Figure 2.50: Stress strain curve for collagen fibres in tension [47].

Figure 2.50 shows the stress-strain relationship for collagen fibres, the fibres have a small
toe region (up to 1% strain) in which the kinky strands are straightened, proceeded by a
relatively linear elastic region up to roughly 7%. Plastic deformation follows with ultimate

failure at roughly 10%.

Elastin fibres stress-strain behaviour differs from that of collagen, in that the fibres are
elastic up to roughly 200% strain, at which point the fibres have lost their elasticity

and become stiff under increasing stress and eventually fail without plastic deformation.
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Reticulin fibres provide the bulk to the soft tissue.

2.9.3 Articular cartilage

Articular cartilage is a stiff, load bearing connective tissue that covers the articular
surfaces of bone in synovial joints [43]. The primary functions of articular cartilage
are; transmitting force across joints, distributing articular forces to minimize stress
concentrations and providing a smooth surface for the relative gliding of joint surfaces
[59]. Cartilage is composed of cartilage cells (chondrocytes) contained with a matrix.
The matrix contains collagen fibres that are embedded in a water-filled firm gel
(ground substance). This ground substance is composed of a carbohydrate brush like

macromolecule (proteoglycan molecule) [43, 38].

The mechanical properties of articular cartilage are characterised by its load-deformation
behaviour. Figure 2.51 shows the three different methods used to determine this behaviour.
These methods are; indentation testing {76}, confined [77] and unconfined compression tests
[78, 79]. The failure stress of articular cartilage was determined from compression testing
to be 35.7MPa [76]. Cartilage is also avascular, meaning that it has a lack of direct blood
supply therefore it cannot regenerate after being damaged [38]. Factors affecting material

properties of articular cartilage are; water content, depth, degradation and age.
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Wirler vontent

Tk dispendence of the cartilage material properties on water contend and age of the issue
have Leen dese tibed experiientally by conlined compression test s conducted by Avisirong

et al. |77 . The results are shown in figure 2.52
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Figure 2.52 Cartilage equilibrinm modulus versus water content awd age [77].

Proteoglyeans have a hvaiurone acid core with many side units, These molecules are
strongly hydrophilice. They are attracted to water molecules, but are prevented [roms
Ially abworbong waler and swelling by the collagen networl, “Uhe collagen fbrils entrap
the protecglvean maoleenles 59 The consteaint by the collagen fibnls on swelling of
the prodeogiyean moleenies canses an osmotic pressure atl teusile stress on the colagen
fibves when there s 1o exlernal stress. When there s an external stress applied o the
gartilage surface, the internal pressure in the cartilage matrie inereases, exeeeding the
ool pressire. ThersRire water s canged to e squeesed omt of the cartilage, producing
a naturally lubrieating system:, Uzis fluid How throush the collagen network dissipales
energy aind operates ke adamper, e collagen network gives cartilage its tensile strength
atel resistanee to highly compressive repetitive loadiog, allowing acticular eartilage 1o fulil
its primary functions |39 . 12z material hehaviour of cartilage ean be deseribed by visco-

clastic properfies.
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The deformation-time behaviour of cartilage is shown in figure 2.53. This behaviour is
characteristic of a visco-elastic material behaviour, with an elastic deformation occurring
initially followed by a slow creep. With release of the load, there is an initial elastic recoil

followed by a slow recovery.
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Figure 2.53: Deformation-time curve for articular cartilage [47].

The fluid that is squeezed out of cartilage during compression and reabsorbed during
tension is known as synovial fluid. This fluid is present in a synovial joint between the two
layers of articular cartilage. Articular cartilage works in conjunction with this synovial
fluid to provide an almost frictionless movement of joint surfaces. The synovial fuid
Iubricates the joint and reduces the friction coefficient for the joint to a low value of
= 0.002 — 0.005 [59].

Depth

Articular cartilage is structurally heterogeneous and its material properties change as a
function of depth, i.e. the distance from the cartilage surface to subchondral bone. This
depth dependent behaviour is due to the four zones occurring within cartilage. Each
zone contains different collagen fibril organisation and concentrations of proteoglycans, as

shown in the schematic in figure 2.54 {47, 59]. The four zones are:

The superficial zone that forms the gliding surface of joints. This zone is +10% of the
cartilage thickness and contains the highest collagen fibril content. These fibrils are
randomly aligned with a wave like pattern referred to as crimp. A deep layer within
this zone consists of collagen fibrils aligned parallel to the cartilage surface, which follows
the direction of normal joint movement and resists shear stresses. This zone has little

proteoglycan, but the highest water concentration of all the zones (80%).
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The middle zone is £60% of the thickness of cartilage. In this zone collagen fibrils have
a greater diameter than the superficial zone and are orientated in a random fashion.

Proteoglycan content is also greater here.

The deep zone is +30% of the cartilage thickness. This zone contains the largest diameter
collagen fibrils, which are orientated perpendicular to the cartilage surface. The water

content is the lowest and the proteoglycan content the highest.

The calcified zone provides a transition from the relatively soft cartilage tissue and the
underlying stiff subchondral bone. This region contains hydroxyapatite (an inorganic
constituent of the bone matrix). The calcified zone is separated from the deep zone by
the tidemark. Collagen fibres from the deep zone cross the tidemark and anchor into the

calcified zone (this is how cartilage adheres to bone).

Zones

Figure 2.54: Diagram showing the four distinct zones of cartilage [47].

Fibrocartilage

Fibrocartilage, also present in synovial joints, is composed of mainly collagen fibres, hence
it is a tough tissue. The main purpose of it is to act as a shock absorber attenuating the
load applied to the structure. The TFCC is composed of fibrocartilage. Fibrocartilage is

also present in the; vertebral column, knee and pectoral girdle [38]

Finite Element models of articular cartilage

A large proportion of FE-models of synovial joints of the wrist and other joints have
modelled cartilage as a single phase substance, where the cartilage is a linear elastic,
homogeneous and isotropic material [27, 25, 70, 24, 22, 23, 35]. These single phase models

are used in cases where only an estimate of the external forces and the associated joint
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contact mechanics are needed to be known. They are not suitable for the analysis of the
internal mechanics of cartilage or to estimate the loads acting on the structural elements

making up the cartilage.

The visco-elastic behavioural characteristics of articular cartilage can been modelled in
different ways. A visco-elastic model with a combination of elastic (spring like) and viscous
(damper like) elements can be used. This method was used by Jost [52] to model articular
cartilage in an impact loading FE-model. Another method is to model the biphasic nature
of cartilage, a solid in terms of the collagen and proteoglycans, and a liquid in terms of
freely moving interstitial water. This technique is based on the biphasic model proposed
by Mow in 1980. Wu et al. [79] described this biphasic behaviour whereby the individual
components of the solid and liquid phases are incompressible, but globally they form a
compressible fluid-saturated porous structure. The compressibility is achieved by allowing
fluid to escape through the boundaries of the system. This model therefore describes the
visco-elastic behaviour of cartilage in compression and the frictional drag associated with

interstitial fluid flow.

Another method of describing the behaviour of articular cartilage is to describe it as
an isotropic, nearly incompressible hyperelastic material. Hyperelastic materials have J-
shaped stress-strain curves and have large elastic deformation when loaded [80]. The
stress-strain (o7 — €1) relationship of a hyperelastic material is derived from a strain
energy density function, whereby the derivative of this function with respect to strain in

the material is a measure of the materials stress.

From experimental compression tests carried out by Brown et al. [80] at different strain
rates, it was found that Mooney-Rivlin strain energy density function (W) best fit the
experimental results from these different tests. The tests were carried out at strain rates
of 0.157! and 0.025s~!. Where a strain rate of 0.025s~" simulated a below impact loading
velocity (cartilage behaviour is independent of fluid exudation) and 0.1s™! simulates an

impact condition (deformation is controlled by the exudation of fluid).

The Mooney-Rivlin strain energy density function (W) is:

W = Ci(ly - 3) + Ca(la — 3) + Dy (e} — 1)2 (2.2)

where Cy and Cy are material constants that characterise the deviatoric deformation of
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the material. D; is the material incompressibility parameter and v is the Poisson’s ratio

of the cartilage.

The normal stress (o) of the material is therefore:

414y
-3

o1 51_(5+2V)/3(€%+2V~1)(01+0251—2(1+y)/3)+2D1(1—21/)5;2”(5%“2"~1) (2.3)

A wide range of linear elastic material properties of cartilage have been found in the
literature (listed in table 2.6). For the modelling purposes of this thesis both linear elastic

and hyperelastic material models were considered.
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Reference Anatomical terms Young’s Poison’s ratio | Density | Thickness
Modulus (g/cm®) (mm)
(M Pa)

Guo ¢t al. [27] Wrist 10 0.45 1

Carrigan [25] Wrist 10 0.3 1

Troy and Grabiner [70] Wrist 10 0.1 2.5

Troy and Grabiner {16] Wrist 48 0.49 2.5

Anderson [28] Wrist 10 0.45

Oda et al. [24] Wrist 5 0.49

LeDoux [22] Wrist 15

Miyake [23] Wrist 5 0.49

Pistoia [81] Wrist 0.49

Cheug [71] Foot 1 0.4

Li and Lopez [82] Knees 3.5-10 0.05-0.49

Jost [52] Costal cartilage 2500 0.3 2.5

Intervertebral cartilage 500-700 0.3 2.0
Gislason [29] Wrist 10MPa 0.4 1.1
Range 1-2500 MPa 0.1 -0.49 1.1 1-2.5

Table 2.6: Summary of linear elastic material properties of cartilage.
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2.9.4 Ligaments

Ligaments attach articulating bones to one another across a joint. Their main function is
to resist tensile forces. These tensile forces are caused by muscular contraction or forces
tending to displace the joint [38]. The main constituent of ligaments are collagen fibres.
These fibres form groups called fascicles, the fascicles are in turn enclosed in a tough
connective tissue sheath forming the ligament [59]. Details of the anatomy of ligaments of

the wrist is given in section 2.3.3.

Mechanical ligament properties

The abundance of collagen fibres within the ligament tissue give a ligament its stress-strain
behaviour which matches that of collagen fibres (figure 2.50) [47]. The toe region of the
curve is due to the tension applied to the ligament that causes a gradual flattening out of
the crimped collagen fibres. At these low stress ranges ligaments work to guide the bones
through their normal movement. The linear region of the curve corresponds to the whole
matrix of the ligament being under stress. Under these stresses the ligaments become
stiffer and thereby provide more resistance to increasing deformations. It is assumed that
such stiffening protects the joint [59]. The stress-strain behaviour of a ligament is also

strain rate dependent as shown in figure 2.55.

Viscoslastic stress

we L . . (5) LT = Lunofriquetral ligament
e : Y® gl = gcapholunate ligament

30 rzwr

;:{ Rl = Radlolunate ligament
401 ope 2%  RC =Radiocapitate Bgament
5%
&0
Stress Lr(s)
{N/mm2) 20

104

0 8 100 15 200 250 300
Strain (%)
o =Slow{imm/min) e=Fast{100mm/min)

Figure 2.55: A stress-strain curve for a selection of ligaments of the wrist tested under

different loading rates [83].
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FE-modeling of ligaments

The most common way to model ligaments in FE-models of the wrist, are as non-linear
tension only spring elements by connecting the corresponding insertion sites [25, 26, 70,
27, 29, 84]. A schematic of the different non-linear stress-strain definitions used by these

various authors is presented in figure 2.56.

Carrigan et al. [25] and Troy et al. [26] described the non-linear behaviour by a parabolic
toe region below 2% strain, a linear region bevond 5% strain and for strains greater than
this a linear region with a ten fold increase in stiffness. Troy and Grabiner {70] modelled
their ligaments in the same manner, however they prestrained the palmar ligaments to
2% to account for wrist extension. Guo et al. [27] specified a linear stiffness for strains
under 5% and for strain beyond 5%, the specified linear stiffness was increased by a factor
of 10. The non-linear ligament definition for the work conducted by Gislason et al. [29]
was based on an equation derived from experimental results of Logan and Nowark [83],
equation 2.4. The definition involves a non-linear toe region up to 15% strain (e.f) and
a linear relationship following this. The actual constants used for the parabolic behaviour
was not defined in any of the above mentioned cases. The model used by Gislason et
al. [29] was not based on the individual ligament stiffness values, instead it was based on
constants. Different constants would be required for each ligament. Therefore, none of
these ligament behaviours involving parabolic toe regions could be directly recreated for
the modelling purposes of this work. The load-deflection behaviour for the ligament in
the Fischli [84] model was composed of a single function (equation 2.5) that described the
stiffness variation with increasing strain behaviour. This function (equation 2.5) contained
a linear and exponential function superimposed, hence enabling the parabolic toe region
and the linear region to be described by one function. This function (equation 2.5) and
that of Guo et al. [27] were chosen to be used in the model created in this study. Table
2.7 contains a summary of the actual wrist ligaments chosen for this thesis and the data

needed for the modelling purposes of each of the chosen ligaments.

a
F = e? 0 <e < gpey
2£ref
=qg+b € > Eref

(2.4)
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Where a and b arve constants and [ = the Beament lores,

Flet = kdp (2 0.03) — 0.03k.o.cxp [— ﬂ.‘m) (2.5

Where k is the limamenr stifiness, ¢ s ligament ateain and £ 15 the original Bgamenr length.
.C.arrlgan et ai. B Troy et ak.

Eﬁuﬂ et al.

.Gisiasnn et ak.

B cischii

Liga ment
stress
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Figure 2.56G: A schematic of the elastic stress-strain behaviours for lipaments of the wrist
wsed in FE-models from Carrigan et al. [250 Trov et al. [16] . Goo ct al. [27 | Gislason
et al. 29| and Fischli |84
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Number in figure Origin Insertion Stiffness Original length
2.12 (N/mm™1) (mm) [84]
2 Radius Scaphoid 10 [84] 13.5
9 Scaphoid Lunate 230 {32] 3.3
10 Lunate Triquetrum 350 [32] 4.3
11 Capitate Scaphoid 40 [32] 7.2
14 Capitate | Triquetrum 120 [84] 13.3
17 Capitate Hamate 325 [32] 7.6
Capitate Trapezium 300 [32] 12.1
12 Seaphoid Trapezium 150 {32] 4
Carpals Metacarpals 75 [32] 7.6
15 Triguetrum Hamate 200 [32] 5.1
Lunate Hamate 110 [84] 10.1
Lunate Capitate 110 [84] 10
16 Capitate Trapezoid 300 [32] 3.8
Trapezoid | Trapezium 110 [84] 7.5
4 Radius Lunate 75 [32] 11.8

Table 2.7: Summary of the properties of ligaments of the wrist modelled in this thesis.
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Chapter 3

Development of the finite element

model of the wrist joint

This chapter deals with the development of two validated three-dimensional finite element
models of the wrist joint. The modelling was carried out using ABAQUS/CAE (v. 6.8-
2, Simulia), a general purpose finite element software. FE-modelling of the wrist is
complex due to the complexity of the; materials, structure and mechanics. The load
transfer characteristics through the carpo-metacarpal, intercarpal and distal radio-carpal
joints were modelled. Two models were developed, a Geometrically Simplified Model
(GSM) and an Accurate Bone Geometry Model (ABGM). The GSM was validated
and the material and structural parameters were verified. The parameters that lead to
the most realistic solutions were identified. These parameters were then combined with
accurate bone geometry to form the ABGM. Section 2.9 discussed the material properties
of the biclogical tissues used in the modelling process. It was decided not to include the
active action of muscles in both these models as cadaveric experimental work was used
for the validation process and their incorporation would cause added complexity to the

modelling.

The GSM, created from the geometric approximation of wrist bones, was used to determine
the effects of different modelling parameters (material properties, ligament definitions
and bone constrainment methods) on the contact and stress output variables. A static
analysis involving the model being loaded under known conditions from experimental
work presented in the literature, was carried out. This process was used to validate the

model and to verify which of the previously mentioned model parameters gave the most
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realistic results. The validation process is described in chapter 4. The ABGM was created
from accurate bone geometry and material properties derived from a subject’s CT scan
{Appendix D). These were then incorporated into the GSM with the parameters that best
fit the experimental validation data. The ABGM was then validated under physiclogical

loads.

Development of the finite element model of the wrist joint
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3.1 Geometry acquisition for the Geometrically Simplified
Model

A half symmetry geometrically simplified model of the wrist joint was created. It involved
the metacarpals, carpals and radius bone, shown in figure 3.1. The symmetry plane
lies about the anterior posterior axis, therefore this model does not have a distinction
between the palmar and dorsal aspects of the hand. This model was simplified in this
manner to decrease the run time and complexity of the simulation. The geometry for
the computational model was obtained from measurements taken off a human skeleton
at the Department of Anatomy at the University of Cape Town. The bones sizes used
are described in figures ( A.1- A.5) in Appendix A. These measurements were compared
with literature carpal bone sizes. The volumes of the scaphoid and lunate compare well

to average bone volumes from work by Crisco et al. [85], shown in table A.1 of appendix
A.

The geometry of the radius was derived from the idealised geometry used by Pietruskzczak
et al. [37]. This geometry had no defined age or gender and was based on published images
and spiral CT scans of radii specimens. The radial tilt used in the model is 20° [39]. A
palmar tilt was not modelled in the GSM. Pietruskzczak et al. [37] results showed the
typical Colles’ fractures produced to be symmetrical about the dorsal palmar axis even
though a tilt was included in their model (figure 2.40). Only the distal end of the radius
was modelled as this was the region where a Colles’ fracture occurs, section 2.8.3. These

model simplifications were carried out to decrease the run time of the model.

It was decided not to include the ulna in the model as it does not directly contact the
carpal bones or provide any direct structural support to the carpus [47]. The ulna provides
a muscle attachment site and has not been found to be injured in a significant number of
cases during fall event studies presented in the literature review, section 2.4. The pisiform
bone was also not included as it is a sesamoid bone and its surrcunding tendon was not

modeled.

Development of the finite element model of the wrist joint
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3.2  Materials of the Geometrically Simiplified Model

Each bone within the model had corticns and canccllows bone, and cartiase material
properiies assigued (o them (Dzure 32270 For the radins a eantilage {hickoess ol 4 hmm
was created |27 25 0 The cortica one of the radins was modelled as shown in figure 3.3
A7) For the carpal snd metaearpal bones s cortionl ghell of O8mm was created sround =
CAICEL s cote, Thess values were chosen based on the siese of the thinnest reginn ot enrical
bome: in thie radius. The cottiea stiell of the carpal bouce woere surroundad by cartilage
with a thickoess of (D 3mm. The melacsrpals ve a carlilape Vhckness of 05T for 1he

regions of the bone that contacted che carpal Tones,

B Cartilage
B Cortical
B Cancellous

Figare 3.2 Muierin] rogions of che GSML
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3.3 Acquisition of real bone geometry, mesh and material

properties for the Accurate Bone Geometry Model

The same bones modelled in the GSM were used for this model (metacarpals, carpals and
the radius). The bones were reconstructed three-dimensionally, using a series of computer
tomography (CT) scans of a wrist joint. CT scan data sets are frequently used as a
reference for the creation of biomechanical models of the wrist (27, 16, 25] and other body
regions [82, 51].

Bone solid geometry is created by extracting the edges contours from CT images with
image segmentation software. Details of the CT scan data set used in the creation of the
ABGM is given in Appendix D.

Attempt at bone geometry extraction in MATLAB

An initial attempt to extract the surface geometry was carried out using the Image
Processing Toolbox in MATLAB. Each CT scan image is composed of 512 x 512 pixels. The
images where first converted to a format readable by Matlab, using the imread command.
Fach image was interpreted by Matlab as a 512 x 512 matrix. Each entry within the
matrix corresponds to the colour of the pixel and the position of the entry corresponds
to the position of the pixel within the row column index. The image was cropped so that
only the region containing the bone geometry remained. This colour image was converted
to a grayscale image, where the colour of each pixel in the image is assigned a value in the
matrix between 0 and 1. The grayscale image was used to create a purely black and white
image, using threshholding. Thresholding is a technique used to distinguish areas of bone
tissue. Thresholding works by changing all the colours that are darker than the threshold
value chosen to black (background). The remaining pixels are set to white (bone). After
the image was thresholded, the edges of the bones were detected. The bone edge lines
occur where the colour changes from black (background) to white (bone). The bone edges
were extracted using an edge detection technique. The algorithm works by taking the
derivative of the matrix values in matrix space, therefore detecting the colour change. An

example of an image that was processed in this manner is shown in figure 3.4.

From the processed image (figure 3.4} it can be seen that the distinction between some
of the carpal bones and the background was not detected. In most bone types, the

segmentation of bones seem to be a relatively straight forward task using this method.

Development of the finite element model of the wrist joint
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3.3 Acquisition of real bone geometry, mesh and material properties for the
Accurate Hone Geometry hodoel 43

Geometry extraction using Mimics sofiware

The three-dimensinnal reconstiaction [rom the sean data was vamded out using comnmereial
seamentation software called MIMICS (Matcrialise). This software was used to visualize,
segment and render a three-dimensional meesh from the sean duta that conlid be roported

into ABAQUS

The bone geometry was created by initially ident fving the bone tfissue on the CT scan,
using threshoiding, Each pixel within the image has a certain intensity called Heounsheld
units [T, Thresholding of bone tissue was carried out in this case by specifying the
range of HennsHeld units than corvespond 1o (he lntensily of bone tissue. This intensiny

incinded both cancellous and cortical bone tissue.

Chee the bone tlssue boundary was ddentified, o segnentation mask was created. A
segmentation mask containg all the pixeis that have HU within the threshold for boaoe
tisae.  Tclividual segmentation masks ave created [or each bome (fgure 45! The
same probicms were encountersd wsing 1his method as was with using Matlab, wherely
the dislinetion between Lhe dndividual earped bones was diffieslt. To this ease however
segraentation masks were manually edited, to create scparate segmentation masks for
each bone and to remove artefuct. The sepmentadion masks wore then wsed to creane 3-T)
surface voames for each bome [Hgures 3.6 and 3.7), The software varried out this task by
combining {he rasks for cach individoa] bone inoeach slice of the sean. ss scen o foure

3.6,

Original Image Segmentation Masks

Figure 3.5: CUT scan image with sepmentalion masks of each hone,

Developinent of the nite eloment wodel of the webst joful
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Fignre i 0210 Surface volies of each Done created from O 1-zean data in three different

Plancs.

Dorsal

Palmar

Fignre 3.7: 3-T) Sartaee volumes of each Bone,
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Meshing nsing MIMICS

The 310 surface volumes weore pgsed to create s surfaee mesh in MIMICS. The mesh

comsisted ol lnear tilangiiar elements. To oder for the esh fo be nmed for PERT pocposes,

bawl cpuality triareles need ta be identified. This was cartied aur by using sarions shape
1 3 i !

pararmelers

Chie shope parameter considered was the height/base ratio.  Thizs measures the ratlo

le. A perfectly comilnters] trisnale has o

betwesn the heipld and the base of the triung
ratio of 1,73, A ratio of 0.4 was chosen and trinngles with ralios helow this valne were
rewoved. The odge length wos olso used s a paramcter, whereby only triaugles with edge

leriet bes below 1mm were relalned

After the mesh was optimised the surface mesh was comverted into o voluine mesh., The
lineqr triamgular elements were cotverted mio solid tetrahedral elements. The orphon
bone mesh [fgure 3.8 was inported imto ABAQUS, The orphan mesh comsists of node
and elemment definitions aleng with the tvpe of element assigned. Furiher detalls abont

meshing are given in scction 3.8

Corsal Palmar

Figure 3.8 Bone mesh inpored oo Abuargos

Dievedpprient of Ve lnite slerment wodoed of the wrist oint



3.3 Acquisition of real bone geometry, mesh and material proportices for the
Accurate Bone Geometry Maodel A

Mitorial assipnmend nsing MIRITOS

The marertal propercies for each bome were assigied based on the Tloneslield anils.
Fach elewient within the meshed solome was asstoned an individoal density and Younpg's
madulns value {figure 390, Seven material properties where defined. desceilied in fabils

gl

Matarial 1

MAatarial 2

Material 3

Materiald

Material 5

Materinl B

L 11 Bl

Material ¥

Firnre 5.9 Aesh showing the difforent material propertics for cach clement witsin bones,

Nimber ;'31[1[1.'1.T:~_T1t :;mth":r}' __‘rm i I 1ulu:.~. |
(K m3) (MPa)
_J._"" o T 'in'fl-
P 1023 4457
3 1255 BYTd
4 1458 95731
5 1721 [ 2760
0 1953 16475
il 2156 HEB53

Tuble 3.1: Material property definitions used in the ABGRM,

Dhvedoprucnt of the fnite clement model of the wrist joine
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Apparent density was based on its relation to the Hounsfield units of each pixel (discussed
in section 2.9). Young’s modulus (E) was determined from its relationship with the

apparent density (p) shown in the equations in 3.1 [66].

p=1.06THU + 131
E = 0.004p*%
(3.1)

Units for E are MPa and p is Kg/m?.

CT scan data does not give a clear description of the articular cartilage present covering
the bones. To account for the presence of cartilage in the model, an exponential
contact pressure-cartilage thickness relationship was defined for the regions of bones where
cartilage and cartilage-cartilage contact was thought to occur. This relation is further
discussed in section 3.5. This clearance is the approximate cartilage thickness, which had
been obtained by measuring the distances between the bones and taking an average value

of these distances.

Development of the finite element model of the wrist joint
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3.4 Analysis Step

Abaqus/Standard was used to perform a static implicit analysis. Static analysis was
carried out for both models due to the experimental work used to validate the models
having static applied loads. The analysis was composed of an initial and a load application
step. During the initial step contact as described in section 3.5 and boundary conditions as
described in section 3.7 were defined. The load application step involves the displacement
response of each node making up the entire system being calculated, after a load of known
magnitude is applied (section 3.7). During an FE-analysis the geometry of the model
is broken down into elements. Each element within the system can be thought of as a
spring (equation 4.1) between a set of nodes (section 4.1). Since an implicit analysis was
carried out, the equilibrium equations needed to be solved for each node of the system
simultaneously to obtain the displacements at all the nodes. The equilibrium equations
are solved once the external applied load is in equilibrium with the internally generated
load.

Each step of the analysis is composed of time increments during which the solver iterates
to solve the equilibrium equation. With each iteration, the solver computes the force
residual, which is the difference between the applied load and the internal load [86]. This
force residual is compared to the force residual tolerance value that is set at 5% of the
average force in the structure, averaged over time. At each time increment the difference
between the applied and internal loads are checked. When this difference is below the

tolerance value, a solution is output.
Linear versus non-linear analysis

The decision of whether to conduct a linear or non-linear analysis was based on the material
definition used for cartilage. An analysis can be defined as a ’small-displacement’ or "large-
displacement’ analysis [86]. A linear analysis is carried out during a small-displacement
analysis. During a linear analysis there is a linear relationship between the applied load
and the response of the system. This type of analysis is carried out for models where linear
elastic material properties were defined for cartilage. In a linear analysis the flexibility of
the model needs only to be calculated once. The flexibility is calculated by assembling the
stiffness matrix and inverting it. The initial flexibility is multiplied by the applied load to

calculate the displacement for the load.

A large-displacement or non-linear analysis was carried out for models that included

Development of the finite element model of the wrist joint
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hyperelastic (i.e. non-linear) material properties for cartilage. A non-linear analysis is one
in which the model’s stiffness changes as it deforms. In a non-linear analysis the stiffness
is dependent on displacement of the structure, therefore in these cases the flexibility needs
to be calculated at increasing applied loads. During these types of analysis elements
distort from there original shape as load increases, element calculations involve the nodal
positions of the distorted elements. For the linear case the nodal positions are formulated

using their original nodal coordinates.

Development of the finite element model of the wrist joint
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3.5 Contact and Friction

This section contains a general description of contact and friction models used within the
GSM and ABGM. Bone surfaces that are in contact are covered by articular cartilage.
Contact needed to be defined due to the wrist joint being composed of so many contacting
bones. The areas and contact pressures of these contacting surfaces needed to be
calculated. When two bone surfaces come into contact a force normal to the two contacting
surfaces is generated. The sliding of the two bodies in contact is resisted by shear forces
between the two bodies due to friction. Therefore, the interaction between surfaces consists
of two components: one normal to the surfaces (contact force) and one tangential to the
surfaces (friction). During the analysis a system needs to be put in place that is able to
detect when two surfaces are in contact and apply the contact constraints appropriately.
Abaqus/Standard has many different contact formulations based on a choice of; a contact
discretization, a contact tracking approach and the assignment of 'master’ and 'slave’

surfaces to the contact surfaces.

3.5.1 Contact Tracking approach and discretization

The contact tracking determines when two surfaces are in contact. There are two methods
in ABAQUS/standard for carrying this out. These two approaches account for the motion
of the two contacting surfaces relative to one and other. These are the finite-sliding
tracking approach and small-sliding tracking approach [86]. The finite-sliding tracking
approach was used for both the GSM and ABGM models.

The small-sliding tracking approach was inappropriate due to it assuming that there will
be very little sliding of one surface along another. The contact area for this approach
is calculated in the input file pre-processor from the undeformed shape of the model,
therefore this value does not change throughout the analysis and the contact pressures
are calculated according to this contact area. Contact area is a model validation criteria,
hence it needs to be determined for different loads applied. The finite-sliding tracking
approach allows for arbitrary relative sliding, separation and rotation of the contacting
surfaces. The contact pressures and areas are calculated according to the deformed shape
of the model.

A contact discretization defines which regions of surfaces in contact interact. There are

two different types of contact discretization. These are a surface-surface and a node-

Development of the finite element model of the wrist joint



3.5 Contact and Friction 101

surface discretization [86]. The former involves surfaces interacting with each other, the
later involves individual nodes on one surface making contact with a group of nodes on
the other. For both GSM and ABGM the surface-surface discretization was chosen. This
decision was due to this method taking the shape of the surfaces in contact into account,

producing a smoother contact pressure profile.

3.5.2 Contact pressure-overclosure relation

Behaviour normeal to the surfaces

The distance separating two surfaces in the model is called the clearance. When there
is penetration of the two surfaces, the distance of penetration is called the overclosure.
ABAQUS uses this clearence/overclosure relationship to decide when and to what degree
to enforce contact constraints. Abaqus has two contact relationships; ‘hard‘ and ‘softened
contact [86]. Hard contact was used for the GSM and softened contact was used for the
ABGM. The difference between the two contact relationships is the manner in which they
related the contact pressure to the clearance/overclosure distance. The relationship for
hard and softened contact is shown in figures 3.10 and 3.11 respectively. The hard contact
relation in figure 3.10 shows that when surfaces are in contact (clearance = 0), contact
pressure is transmitted between the surfaces. No penetration of the surfaces into each

other is allowed.

pressure

Any pressurs possible when in conlast ~

Mo pressure when no conact \

Clearance

Figure 3.10: The pressure-overclosure-relationship for hard contact [86].
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A softened contact relation involves the contact pressure being an exponential function
of the clearance (figure 3.11 and equation 3.2). The surfaces begin to transmit contact
pressure once the clearance between them reduces to ¢g. The contact pressure transmitted
between the surfaces increases exponentially as the clearance continues to diminish. This
model was used in the ABGM to define the contact response between the articular cartilage
surfaces that come into contact. Since the actual geometry of cartilage was not present
in the ABGM, the effect of the cartilage on contact pressure needed to be defined. The
clearance distance represents the distance between the bones. In reality this space is
filled with articular cartilage that covers the bones, The magnitude of the clearance in
different regions was measured from the CT-scan. An example of the measurement of the
approximate thickness of the cartilage covering a carpal bone and the radius is shown in
figure 3.12. The average chosen relationship was defined with C,=3mm and P,=4MPa,
these values {contact pressure-clearance relationship for articular cartilage) were consistent

with the work from Laurian et al. [51].

Contact |
PresuuTs
Exponertial prossurs-overciosurs relationship \ Py
]
Cloarance €y

Figure 3.11: The contact pressure-overclosure relationship for softened contact [86]

P=0 h<-—c¢
PY h h
P=(e—xm[(g+l)((z+l)~l)] h>—c
(3.2)

Where, PU, is the pressure when the clearance, I, is zero.
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a1 o

ca rna.l bone mash

Figure 3120 An example of the measurement of the approcimale chickness of cartilage

between Lhe radins and the carpal ones.

Frictional niodofs

Fricvion was delined lor Tk vhe GSM and ARGM. A Coulomb friction maodel is uscd
tir relate the normal foree and the frictional shear lorews Belwesn surfaces o contuact.
These shear forees resist the siding of the contacting surfaces, Two contacting surlaces
can carry shear slresscs up Lo oA critieal voapnitnde aeross their interface hefore they =farn
slidding relative to one another, this state is known as sticking. The Conlowmb Frictinn model

defines 1his eritical shear siress v 1 oat which sliding of the surfaces starts as o acl o

of the contaet pressure (p) befweeh the sarface D - prel The stick/sip calonlations
delertnineg whet a point ooa surface transitions from sticking to slipping or Do slippiog
ra sticking. g5 koown as the coefficient ol friction. A low riction coefficienr of ;= 0003

[54] waw 11med for both models.
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3.6 Modelling ol ligaments

Limwments correet two bones together, Turtber details of their functions and anatooy aee
described in sections 23,3 and 2,94 A& methad to enforee this connection was achieved
through using connertor clements in ABAQUS (fizures, 3013 and 3..5), Axial comnertors
eetoedel mxial linear efasiic speings (egquation 4.1). They provide connections between Lwo
novdes thar act alung the line connecting the nodes.. The relative dispiacemoent s also along
that line. The lgaments that connect the wmecacarpals fo the carpals, the carpals 1o each

other and the carpals to the radius were modeled,

The bebuwviour of the connector element was controlled by specifying a8 neo-linear fotee-
dispiarement telation based on the individual Qgament’s stiffness and oriminal lensth.
This =tiflness wnd origina length wers determined [rom experimental work presented in
the lterature, The lgament propercies and lgaments chosen 1o be modelled in the GHM
and ATGM are snmemarized in table 2.7 The won-linear heliviour of these lisaments
were described nsing force-defiection relations described by Gom et al. |27 and Pischli

#4]. These relutions have been called A and B respectively.

Some assmmpions were made in terms of the Beament behaviour defined for cortain
liaments. The ligaments that jein the metacarpals to the carpal bones were all given
the same stiffness and original length walues, The scaphoid to trapezoid and seaphoid to
trapezium ligaments were given the same definitions as well  For 1the ABGM the same
ligamients and lowment propertics woere delined e the docsal aod palmar limaments. The
ligarments that connect the metacarpals together were modelled using link connectors,
These connectors provide s pinned rigid link between the attached nodes, to keep the
distance between them consteol thronebont the analvais, These constraints were applied
instead of simply defining the behavicur of the intermetacarpal ligaments, due to hese
1

limtments having very high stiffress values k2008 fmm ™ 32]0 with unknown otigina

lenwt s,

Developtnent of (e finjte element fodel of the wrist jodiot
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Mexial connecim s

snmyemmenm  |imk o punried 20y

Tigure 3 13 Dingram of connectors used to define the hpaments.

Conpling

singe the connector elements are anly applied between two nodes o method of spplyving
the same conncetors to multiple noedes an vhe same bone need to be delerminen. This was
done using eoupling constraints. wherebs a group of nodes an a surface of a bone (ligarent
attachment zoue) wers vcoupled to sue reference node, shown o Houre 314 FEach of the
carpal and metacarpal bones, surfaces wore partitioned to vicld a cireular group of nodes,
This was carried out on Lhe dorsal ana palmae surfaces for the ABGM. Where possible
the ligamont atuachments were placcd on regions where tuberosivy (roughed ligament
attachmenf =ights] was ldensified on the bones. The coupling constraimt was applisd
to these nodes, 'Lhe same was carried out for the radius A distributed coupling consteain
15 nser whereby the mation of the nedes on the coupling surface are constrained in both
rotational and translational degrees of freedom to the refereuce node. The constraint
distribiutes the resultant of the forcoes on the coupling nodes as cquivalent to furces of the

reference node 86 .

Develuprrent of the finge element tode!l of Lhe wrist joist
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Figure 3. 14 Diagram describing coupling of a refercnce point to a surlace,

Palmar Dorsal

Axeal connectass |

neemmamdans  Link Connectars |

Fagure 5.15: Aceurale bone geomelry maode] wiith bgament conneetors,
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3.7 Loading and Boundary conditions

The boundary conditions and loading applied to both the GSM and the ABGM are shown
in figure 3.17. Cylindrical and Cartesian coordinate systems were defined for different

regions of the models, these are described in figure 3.16.

3.7.1 Loading

To emulate the experimental work used for validation of the models, discussed in chapter
4, loads where applied to the model as pressure loads acting on the distal surface of the
metacarpals. The loads were applied perpendicular to the joint surface of the radius, to
be consistent with the validation experimental loading direction. This joint surface lies at
twenty degrees to the horizontal for both the GSM and ABGM. The loads were applied
in this direction for Mc2-5, with the exception of MC1 where the load was applied along

its axis.

To achieve this loading configuration for the GSM the surface traction loading definition
in ABAQUS was used for Mc2-5 (C in fig. 3.17) was used. For Mcl (D in fig. 3.17) the
load was applied along the axis of the bone due to its location and orientation relative to
the joint. Application perpendicular to the joint would not have been a feasible option.
For the ABGM’s Mc2-5 (E in fig. 3.17) a Cartesian coordinate system was defined so that
the load was applied along the x-direction. The same was carried out for Mcl but for this

case the load was applied along the y-direction (F in fig. 3.17).

Development of the finite element model of the wrist joint
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3.7.2 Boundary conditions and loading

Non-physiological constraints where applied to both models to allow for solution conver-
gence. The GSM was modelled as a half symmetry model. The symmetry plane was
applied about the anterior-posterior axis, therefore making no distinetion between palmar

and dorsal surfaces.

The proximal surface of the radius of both the GSM (A in fig. 3.17) and the ABGM
(G in fig. 3.17) was also constrained. A cylindrical coordinate system was defined such
that the z-axis was along the axis of the radius and the radial-axis and theta-axis lay
along the plane of the radius proximal surface. This constraint was applied to a reference
point located and coupled to the proximal radius surfaces of the GSM and ABGM. This
constraint was applied such that the proximal surface could not translate in the z-direction
or the theta-direction. Only translation in the radial direction was allowed. This form of
constraint allows the bone to undergo slight displacement in the circumferential direction,

which occurs in human bones under loading.

The distal surface of the metacarpals, Mcl (F in fig. 3.17) and Mc2-5 (E in fig. 3.17),
were constrained in the ABGM. This constraint was applied through the reference points
on the surfaces. The distal surfaces of the metacarpals were coupled to reference points.

The constraint applied to these reference points only allows translation in the direction of
the load.

Non-physiological constraints were applied to the carpal bones of the ABGM to allow
solution convergence. The reason these constraints were needed was that the muscle and
surrounding fascia on the joint was not modelled. Therefore the support provided by these
structures was not present. Two different constrain methods were employed and the effects
of each were studied in section 4.2.2. The first involved constraining the proximal carpal
row and the second involved constraining a single node in the center of each carpal bone.
The proximal row of the carpus; hamate, capitate, trapezoid and trapezium bones, have
been found to act as a single unit [18]. Therefore the motion of the bones in this row was
constrained. This constraint was applied to the surface nodes not involved in ligament
connections to motion only in the direction of the load (Mc2-5). The second method
involving all the carpal bones was the application of a constraint to a single node in the
center of each bone. This node was connected to ground using a bushing connector. This
connector allowed the displacement and torsional rotation of the node to be controlled

by user defined spring and rotational stiffness values. The motion of the bones in the

Development of the finite element model of the wrist joint
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direction of the load was not constrained in any manner, The values chosen wore [H0N-
mun [translational stiffness) and LAY -mm per Radian Jrovational stiffness). These values
were chosen as they lead to solution conversemce, decided after testing various smalier

vrlies.

K¥T  Cargsian oordinata syatérm
ZRT  Cylingrical cocrd mate syetam

i A Poimt

- Y

Fipure 3.16; Schematic deseribing Cyviindrical and Cartesian cocrdinate svstems.
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TFCC

Due to the ulna and the TFCC not being modelled, the support provided by them was
modelled in an indirect manner. Two methods were considered in the GSM and the
method that caused the best fit of the validation results was used for the ABGM. The
first method involved the lunate bone being constrained over the area that would have
been in contact with the TFCC, using a coordinate system defined uniquely for it (B in

fig. 3.17). Therefore not allowing motion along the z-direction.

The second method involved modelling the TFCC as an array of compressive springs, a
similar method has been previously used by Anderson et al. [28]. For this method the
beam on elastic foundation theory was used. This method works by defining an array of
compressive springs of a defined stiffness over a defined area. The area defined was the
surface of the lunate that would be in contact with the TFCC. A stiffness of 100N/mm?
was used to define the stiffness of TFCC [32] in both the GSM and the ABGM.

Development of the finite element model of the wrist joint
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3.8 Mesh

During a FE-analysis the structure under consideration is broken into a finite number of
elements. The collection of these elements refers to the mesh. The mesh factors that have
an influence on the solution obtained are; the order of the element (linear or quadratic),

the element formulation, and the level of integration.

For the GSM, hexagonal elements (C3D8) were used, with the exception of the distal
regions of radius were tetrahedral elements (C3D4) were used. These elements were used
due to the difficult geometry seen in Appendix B. For the ABGM the mesh consisting of
tetrahedral elements was imported from MIMICS. The number and type of element for

each bone of both models is summarised in tables 3.2 and 3.3.

Fully intergraded, linear elements were used for both the GSM and the ABGM, where
linear elastic material properties were modelled. These elements use two integration points
in each direction i.e. two Gauss points required to intergrate the polynomial terms in the
element stiffness matrix [86]. The average element size chosen was 0.6mm for the GSM.
The mesh density was varied between smaller values (element sizes 1.2-0.6mm) and the

model outputs were found to converge at this mesh density (0.6mm).

C3D8 elements are fully intergraded hexagonal elements with eight nodes per element.
C3D4 are fully intergraded tetrahedral 4 noded elements. Hybrid elements (C8D3H and
C3D4H) were used when cartilage was modelled as a hyperelastic material. Due to the
cartilage being modelled as nearly incompressible. Regular elements cannot be used due
to the volume of the elements not changing during loading application, therefore the
displacement of the nodes can not be used to calculate pressure stress. These hybrid
elements have an additional degree of freedom that determines the pressure stress in the

element directly.

Development of the finite element model of the wrist joint
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Bone Element type | Number of elements
Radius C3D8 10586
C3D4 93330
Scaphoid C3D8 5700
Lunate C3D8 3876
Triquetrum C3D8 1416
Trapezium/Trapezoid C3D8 1620
Capitate C3D8 4620
Hamate C3D8 3420
Metacarpal 1/2/4/5 C3D8 2255
Metacarpal 3 C3D8 3322

Table 3.2: Number and type of element for each bone in the GSM.

Bone

Number of elements (C3D4)

Radius
Scaphoid
Lunate
Triguetrum
Trapezium
Trapezoid
Capitate
Hamate
Metacarpal 1
Metacarpal 2
Metacarpal 3
Metacarpal 4

Metacarpal 5

190346
27700
20136
14583
25043
18849
35418
26380
6071
6337
5219
3518
3418

Table 3.3: Number and type of element for each bone in the ABGM.

Development of the finite element model of the wrist joint



Chapter 4

Validation and parameter
verification of the wrist joint

model

This chapter describes the process of validation and parameter verification of the wrist
joint FE~-models. The validation of a numeric model is a very important step in the model
development. The validation process involved the biomechanical responses of these models
(GSM and ABGM) being compared to literature experimental cadaveric and RBSM results

from the literature.

For the validation procedure the model results were compared to multiple experiments, as
a comparison to one experiment may lead to the model parameters being only valid for
that one experiment. The results of cadaver tests are given in the form of experimental
corridors as different cadavers subjected to the same load give a spread of different results.
The ability of the model to simulate the cadaver tests can be determined by how closely

the simulated response falls within the corridor defined by the experiments.

The basic steps involved in validating a numerical model and verifying its parameters
are shown in figure 4.1. The feedback shown in the diagram is used to investigate the
sensitivity of the model to modelling parameters and material properties of bone, cartilage
and ligaments. This procedure is carried out to determine which combination of these

parameters and properties gives results that best match the multiple experimental results.



118

Defining initial parameter values is the first part of the validation process. The problematic
nature of material properties has been discussed in section 2.9. The range of material
properties chosen to optimise the GSM are presented in tables 2.4, 2.5 and 2.6. Initial
values were chosen from this range before the validation procedure. These values were then
adjusted according to the model’s response to find a configuration of model parameters

that satisfies most of the experimental results.

Start with initisl
values Calculation with FE-model Campare FE-model resulls
according o lest condions 79 with experimental resulls I Parameters acoapied l
1. Uierature reseqrch L
2. “First Guess” \
n e o
Change paramebor vedues prameter changes
B on valigation critert

Figure 4.1: Diagram of the process of validating a FE-model [52].

The modelling parameters considered for the GSM were; the modeling of the TFCC, the
difference between the two non-linear definitions for ligament stiffness and the difference
between defining cartilage as a linear elastic or hyper elastic material. Once these
parameters were verified, they were incorporated into the ABGM. For the ABGM the
parameters looked at were the different methods in constraining the carpal bones motion
discussed in section 3.7. The experimental work used for both models validation procedures
is summarised in table 4.1. Further details about this experimental work are discussed in

section 2.6. The simulation results used for comparison were:

s Maximum contact pressure on the radial articular surface compared to results from
Veigas et al. [18, 87].

o The ligament behaviour compared with results from Horii et al. [33].

e Maximum contact pressure on the scaphoid and lunate to radius articulation, and
ratio of maximum pressures compared with Schuind et al. [32], Horii et al. [33] and
Blevens et al. [48].

e The articular contact pressure profile along the radius midline compared to work

from Teurlings et al. [88].

Validation and parameter verification of the wrist joint model
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The ratio of contact area of the scaphoid and lunate on the radius to the total joint

contact area (Blevens et al. [48]) compared with work from Veigas et al. [18, 87].

The ratio of scaphoid to lunate contact area on the radius compared with the
experimental work of Schuind et al. [32], Blevens et al. [48] and Horii et al. [33].

Force transmitted through the radio-scaphoid and radio-lunate articulation com-
pared with Veigas et al. [18, 87], Horii et al. [33], Schuind et al. [32] and Majima et
al. [34].

A quantitative comparison of contact pressure distribution compared with results
from Majima et al. [34].

Reference Load Experiment
magnitude application or RBSM
(N)
Blevens et al. [48] 178 Wrist tendons Experiment
Teurlings et al. [88] 300 Wrist Experiment
Horii et al. [33] 140 midaxis 5 metercarpals | 2d-RBSM
Majima et al. [34] 140 5 metacarpals 3d-RBSM
Schuind et al. [32] 140 5 metacarpals 2d-RBSM
Veigas et al. [18, 87] 50 5 metacarpals Experiment
100
200
400
Pietruszezak et al. [37] 700 The fossa on the radius | FE-model

Table 4.1: Summary of experimental work relevant to the validation procedure.

Validation and parameter verification of the wrist joint model
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4.1 A parametric study of the Geometric Approximation
Model

A study was performed to determine the sensitivity of the Geometric Approximation Model
to different material property parameters. The reasons for carrying out this sensitivity
study are; material properties differ from person to person, the wrist joint is geometrically
complex therefore the effects of geometric non-linearities need to be studied and there is
a wide range of material property values presented in the literature. Stress and pressure
outputs were studied due them aiding in checking if the model is behaving realistically

and giving an indication of where bone fracture may occur.

For models that were modelled with linear elastic isotropic material properties a Poisson’s
ratio, a density and a Young’s Modulus was specified for each material. For models where
non-linear material properties were studied Mooney-Rivlin coeflicients were used. An
elastic material is a material that returns to its original shape after being deformed, this
behaviour obeys Hooke’s law [89, 67]. Hooke’s Law of linear elasticity states that the
extension of a spring is directly proportional to the load applied to it. The relationship is

described by equation 4.1.

F=—kAzx (4.1)

Where, F is the restoring force exerted by the spring, k is the axial spring stiffness
(measured in force per length) and Az is the change in length of the end of the spring
from its original position. The negative sign is due to the restoring force always acting in
the opposite direction of the displacement. A rod of elastic material may be viewed as a
linear spring. The rod has length L and cross-sectional area A. The extension of the rod
(the axial strain, €) is linear proportional to its tensile axial stress (¢). The constant of

proportionality is the Young’s Modulus (F), this relationship is described in equation 4.2.

o= Ee (4.2)
where
F
AL

Validation and parameter verification of the wrist joint model
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Where AL — chanwee o leopth.

Puisson's vatio () of a material is a measure of lateral strain over axial strain that ocours
in a material when lowded. Peissou'’s ratio 1 relaved to axial stress by cquation 4.6, Treen
this relationship an incrcase in the magnitnds of the Polsson’s ratio will lead to o decrease
i oaxind stress. An incvesse o Young's modulus @il lead wooan Doeresse noaviad stress

Youne's Modulos of the constiluenl matertal 15 related to axisl stiness throngh eguation
4.5

lateral sirain = rz% (4.6

o
5 A SRR, 3
/ f"‘] Lrﬂ

Fignee 4.2: Threesdimensional stresses applicd to an clemend,

T stress described in cquation 4.3 = ealled Engineering nomina] stross, 1t 15 5 messuree of
4 normal lovce acting over an arca. leading to o uniform discribotion of this stress over the
defined arcs, Continuum cloments were used o the FTemodelisg in this work, therefore
ihe stress ul 2 specific point in the material was detined by the Cauchiy slvess tensor (a,],

which has nine componenis:

iz sz s
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Where o are the normal stresses and 7 are the shear stresses on different planes (figure
4.2). The Cauchy Stress tensor is the sum of two stress tensors; the stresses that acts on
an element to change its volume without distorting it (Hydrostatic Stress tensor) and the

stresses that lead to a shape change with no volume change (Stress Deviator tensor).
These variables measured during this parametric study are defined as:
von Mises Stress (o)) an invariant of the Stress Deviator Tensor. Principal stresses

(04, 0y, 0;) are the eigenvalues of the stress tensor. They represent the stresses that

act along the principal axis of the body.

oM =\[0x2+ 02+ 0,2 — 0,0y — 040, — 0,05 + 3Tay? + 37,7 + 3727 (4.8)

Maximum principal Stress is representative of the maximum tensile stress within the

material.

Contact Pressure is the pressure between surfaces in contact. It is made up of the

contact force divided by the contact area.

Contact Area is a sum of the areas of all the surface elements under contact pressure of

the radial articular surface.

Cortical and cancellous bones were modelled as linear elastic isotropic materials. The
effect of including linear elastic or non-linear hyperelastic material definitions for cartilage
was studied. In order to look at only the effects of a particular material on the model
results, only that material property was varied. The parameters for each material study
are presented in table 4.2. For this analysis ligaments were modelled as linear, only the
individual stiffness values were defined as per table 2.7. The lunate was not constrained.
These were carried out to decrease the complexity of the model. An arbitrary load of 90N

was applied to the metacarpals for these studies.

Validation and parameter verification of the wrist joint model
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Material Cartilage Cancellous bone Cortical bone
study E v p C1 C2 E v P E v )
(MPa) (Kg/m®) | (MPa) (MPa) (GPa) (Kg/m®) | (GPa) (Kg/m?)

Cartilage (3.5-500) | (0.05-0.49) 1100 - - 1.4 0.2 1330 15 0.3 2100
Cartilage - - 1100 (4.1-45.1) | (0.41-4.51) 1.4 0.2 1330 15 0.3 2100
Cancellous 48 0.49 1100 - - (0.1-1.4) | (0.2-0.3) 1330 15 0.3 2100
Cortical 48 0.49 1100 - - 1.4 0.2 1330 (5.7-22.7) | 0.3 2100
Ligament 48 0.49 11060 - - 1.4 0.2 1330 15 0.3 2100
Validation (E) 48 0.49 1100 - - 1.4 0.2 1330 15 0.3 2100
Validation (H) - - 1100 4.1 0.41 14 0.2 1330 15 0.3 2100

Table 4.2: Material property definitions used for each material property variation study.
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4.1.1 Cartilage

Linear material defTnition

The ellect ol changing the Young's modulus and Peisson’s ratio of cartilage was studied.
These rosults are preseuted o table C2 o Appendic O Youne™s moselulus was waried
betwesn .3 and BO0APa (table 267 The variation in Young's Maodulus lead to ne
change in the Iocation ol the masive of the stross sabues studiod Cvon Misses, Maximunn
incipal stress), these locations [figun 4.4 1 4.5) are sistent with the locafi
prineipal Steesst, These JOcatliens (Ngures, oAl 2. are Collsistent Wl 10 1aCETIon
af & Colles” fracture (Sgure 24000 No significant change sz noted in Lhe magnitade of
{hese siress walues, this behaviour was cxpected as lincar clastic material propertics and

a eongtant lond controlled bowrelary condition were nsed e the model

Aninerease in Youneg s maodulus (by a tactor of 1421 lead o contaet prossurs incroease (Factor
0f 2.8 jreveane, Nzure 4.31 and o radius contact area decrense (lactor of 1.5 decrease). The
location of meaximum contact pressure was lound consistontly fo boe on the rading artieular
surface. The decroase in contaet ares associate] wich the fterease in condacl pressare was

expecied as contact pressure = inverscly proportional to contact arca,

pH 1}
75 _.a-rf
=

" T
a P s
= L
. ik pemmF T
¥ -'f_'_'_'_,_,.,--'-""
& -
&
Eis
L 1
0
E P
..E 1.0
=
m
=

1.5

(/=]

0 50 100 150 200 Fipl 300 50 400 4510 00

Carti'age Young's Modulusl MPa)
== Cortact Prossure

Figure 4.3 Maximum contact pressure in the model versus Young's Modulus of cartilage
(3 3-MHA Pa .
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The wviriation of the Poisson’s votio of cartilage was stodied ower o range of 1.05-0049
(table 2.6}, Cartilage is thought 1o behave as a compressilsle ranecia] (v —13 when loaded
awer d long teriw and s nearly incompressible material § v=03) when load is applicd
instantancously, The magnivude o waxinoim stress easnret (vone Misses, Moo
pritcipal stress and contact pressure] was sonsistent over the Polsson’s ratlo range studicd,
The seations of masimum stecss (von Missos and Maxinmin prineipa) stress] o the model
wits also eotsistent with the lacation of a Colles’ fractare over the Poisson’s rotio range,
Aaimum eonlact presslic was aso consistently located oo the vadins artienlar suoeface
over this range, These locations are away from che carbilage reglon ol the radius, therelore

o slpniliewnt change inor e maodomn stress values or vading contact ayes were noted,
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Figure 4.4 vou Mises stress discribution (Appendix C - Table C.2)
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Hyperelastie moteriel definilion

Cartilage ean be modelled as a hvporelastic material, as deseribed insection 229035, wherchy
laree elastic deformation responses are taken into acconnt, 'Uhe hvporelastic law chosen to
represcit the stress-strain relationship was the Mooney-Riviin model. The Mooney-Rivlin
vonstants chosen where O = 1M pe. O = 041 MW pn and £ = 054, these constancs
maded cartilaze as a nearly incompressible material. A sensivivity atalysis was also carried
gt wich (LA, 1A, 2.8, T times stiffer material properties with respect to the constants, but
keeping the other parameters constant. The conastants eorresponcding to these Inoressed

sl iffress teste as well as the resulls of the siudy are presented in table €13 in Appondix C,

Maximum Model Stress{8MPa)

8 5 10 1% 20 25 b1t} 35 i 45 6
Cartilage C1{MPa)

- Contant Frossurs |

Figure 4.6 Maximum vontact pressure in the model sersus increasing ) constants for

eartilage,

Fizgure 4.6 dermonstrates Lhat increasing the materiad slifmess theongh the Moones-Rivlin
constants lead toa slight inerease in moximnm model contact pressure. An increasse of the
constants (faetor of T1) lead fooa contaet prossure inerease (foctor of 1,420, The location of
the maximum contact prossuec was constant as the padins artienlar surface. 'The location

(typical Colles’ fracture region of the radiug) and magnitude of other maximum values

Valdidaiion and parametor voritication of she wrist joint mode!
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L
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=von Mrses Stress

Fizgnee 4.7 Misdnm vun Mises in the model versis Young's Madolos ol corties] Bone

(5.7-22.7Ca).
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Figure 4.8: vion Mises stress distribution (Appendix C - Table C.1),
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4.1.3 Cancellous bone

For vancellins Lone the oZecl of varving Yonure's modalus (0.1-1 4061000 and 1he Poisson’s
ratio (0.2 and 0.3) were studicd (table 2,40 The results are prosented in table C1 in
Appendix O and Heure 4.9, A inerease in Young's macilus (factar of 147 lead Lo deercases
in von Misses (factor of 2200, Maximum principal (Tactor of 3,17 and contact prossure {faetar
al 1.6, The loeation of maxinmm contact pressure 15 conslslent over the Yong's modulus
range as the rading articilar surface, The maximum von Mises stress location howover
varies Tom being an the seaphoid and the radins, coineiding wich che locaiion of o Colles®
leactnre, at Jower vialues of Yourge's modulus. A higher valiues of Youne's maodulus 1he
location s onlvy on the radius coinciding with the locatisn of o Cilles” Jactare (fgure
4,107, Therclore the effect of an inerease in the stiSness of the underlying material (in the
arca of the maecirmarm stross values) i< it can sustain g prea or properiion of losd henee nod
so mich load has to be sustained in the cordeal bone region, This leads to the decrcase

OfF AT S Tess vaiaes notieed.

The effect of an inerease in Poisson's ratio (factor of 2} lead to stress (von Misses, Maximum
principal s ress and contact pressueed and centant ares magritinde and locstlon resining

relatively constant. The location of the maginnun von Mises stross is seen in figure 4,10,
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4.1.4 Ligament stiffness

The effect of different ligament stiffness definitions on the models maximum stress output
(von Mises, Maximum principal stress and contact pressure) was also considered. The
effect of these definitions on the model outputs used to validate the model are described in
section 4.2. The non-linear stiffness’s were defined either as definition A [27] or definition
B [84]. Table 4.3 shows the outputs received when each of these definitions was used. The
most significant difference between the two definitions was in contact area. The locations
of maximum stress values (von Mises, Maximum principal stress) was consistent over the
two ligament property definitions, as the region of the radius were Colles’ fracture occurs.
The location of the maximum contact pressure was also consistently the articular surface

of the radius.

Name von Mises | Max Principal | Contact | Contact
Stress Stress Pressure Area

(MPa) (MPa) (MPa) (mm?)
Linear 19.9 10.96 1.33 80.7
Non-linear (A) 19.9 10.96 1.33 80.7
Non-linear (B) 19.9 10.75 1.59 62.6

Table 4.3: Maximum model stress with different ligament stiffness definitions.
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4.2 Comparison of FE wrist model and literature experi-

mental results

4.2.1 Geometrically Simplified Model validation

This section deals with the process of validating the GSM. During the validation process
the material properties were adjusted according to the model response and those presented
in table 4.2 that best satisfied the experimental results (Validation E and Validation H in
table 4.2). The validation process involved finding which model parameters best correlate
to multiple experimental results. The modelling parameters considered were the ligament
stiffness definition, cartilage material definition and the lunate confinement method. The
different models tested are described in table 4.4. The different responses between models
1 and 2 were used to look at the effect of ligament stiffness definitions. Models (1 and 3),
and (2 and 4), were used to study the effect of a hyperelastic cartilage definition compared
to a linear elastic cartilage definition. The effect of the cartilage definition used on the
ligament definition was also undertaken by comparing the the two groups. The effect of
including the confining effects of the TFCC on the lunate were studied by models 1, 5 and
6. Finally, the actual method of confinement was considered from a comparison between

models 5 and 6.

Model | Ligament stiffness | Lunate constraint method Material
number definition definition
(section 4.1.4) (section 3.7) (table 4.2)

1 B Lunate supported using beam on E

elastic foundation theory
(BEFT)
L.unate supported using BEFT

Lunate supported using BEFT

Lunate supported using BEFT

L I O N
WiElw| >
3l pnniiang ey

Lunate is held so it cannot move

down the joint

eai

6 B No constraint applied

Table 4.4: Geometrically simplified Model’s model definitions.
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Validalion eriteria 1 - Contact area on the radius-carpal articular surface

The fiest validation criteria chosen was the contact area of the lunate and the scaphaid
on the rading artiewlar surface, This crilerion was compared with values messured from
experitents conducted from Velgas et sl [18 at loads of 30, 100, 200, 200 and 460N, The
same lomls were applied to the motacarpals of the GSM, vhe load application iy Suther
disenssed inoscotion 3.7, The resuits are presented in tables .12 of Appendix (0 and
Hpure 4,11, The valnes presented in fgure 4,11 for the experimental work were attained
for individual joints by dividing the comtact area on the radius of the lunate and seaphoid
bov Lhe totai foint sren. For the resulls of 1he models in this work the sum of the lunate
and scaphobd contact avens on the radius was divided by o valne [or the slze of i average
soang aren from Blevens ef al, 48]0 The resson for this approximation is that 1he siee ol
the yadiv-carpal joint in this work is smaller than that of a nortoal joint doe to & normal

joint hiswing the addition of vhe area of the TFCC,

]

Experimental reéponce comrider

=
wn

=
=

=
ks
o]

Radiocarpal joint area ratio
¥

Contact arez of Scaphold and Lunate to tatal

13 o 102 160 i il il 3l RLi] A0 4 il
Applied LoadiN)
B-oigaselsl 1983 =1 =2 =3 =4 =5 &6

Figure 4,11 Ratio of the contact weca of Seaphoid and Lunate (o tolal adio-carpal joint
area versus load sppicd to metacarpals, compared to experimental work from Velgas el
al, ‘1%, 87).

Figure 4.11 shows that medels 5 and 6 are the only models that consistenuly fall within

Validation and parameter verfficatfon of the wrist joing nodol
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the expervimental corridor for all Toads eoxamined, The other meedels 1020 5 and 4 doone,
Fall weithy e experimental corridor at loads of 5 and TN, This difference in behaviosy
at the mode] from the experiments is that carpal bowes coutiacet regions are nol (lad andd
rechapilar ke Phe bones modelled e e madel bot cather solerical the relorve eading tooa
lawenr cantact arca afb lower londs, Uhe contact area for all che maodels 5 relatively consisteut
lor Towds of 40N and greater, A stiffer cartilage {neatly inecompressible) was used, the
cortilage ‘o the experitental work howeser waas al eguilbriom ITeeos, the experimental
cartilage would eompress with incrcasing Ioad thercfore leading fo o inerease o contact

ALt

Maximren contact arca for maodels where Inear cartilaze material proportics are defived
was wot affected boe the liwaroent propecty delfnition temed. Substiaodind dilferences were
seen between 1he ligament defiuitions of the different cartilage definitions, Medels where
Sparmerd) delinition A owes used with the hvperelastie cariilape delieition, had o lower
coutact arca al all Ioads than the lincar definition. The epposite occurred for ligament
cartilage defindtion B The effect of bunate coulinemweni, wias tliat 1w seeatest contacl aren
at all loads aconrred when the beam on elastic foundation method was uscrl, followed by
the maordel where no coufincment waos nsed and the Towest contacl ares cocurred e fhe

model where luuate motion along The joiel was cormpletely conlined.
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The ratio ol seaphoid to radies and lunate 1o rading contact area was also nsed as s
vinlidation criteria,  Bxperimental work rom Veigns on all |18, 87]. Blevens eo al, 48
and Tenser et al. &3] was used to determine the experimental response corridor nsed. A
eomparison betacen the expecmental and meoddel ratins is presented in figure 1,12, The
el ual contact arvas for cach are presented in table C% ol Apperdix C and ligures 4.13 acd
4.14. From Gigare 412 it is noted that ouly model results from 5 and 2 fall consistently
within the corridor lor all ouds applicd.  The experimental corvidor Lonudaries wers
datersined from the eeperimental results at 100N, At (his load models 203, 5 and 6 all
fall within this boundary and wodels T and 1 fall elose 1o the bonndary. There was no
pxperimental results found to determine the ratio at higher loads, o check il the model

Leluwiour of scaphaid to lunate contact al these higher oads is realistic.

Mode.s 1-1 and 6 all expedenced an increase in the ratio with inereasiog led. Model 6
pxpericnen an initial decronse wntl] & load of 200N, then remains constant tio 300N then
an increase 1o 400N, Tigura 4,14 shows that the contact ares of the lunate deerpasis with
Inereasing loads for model's 1-1 and 6, Maodel § (neraases with inergasing load unti, o oad

of 400N then remains copstane.
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Figure 4.12: Ratio of Scaphoid to Lunare comtact arca versus load applled to the
metacarpas. comparid to experimertal work [rom Veigas er al. 18, 87]. Rlevons et al,

48] and Tevser el al, #5).
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Total/joint Scaphoid/Lunate Ratio Scaphoid Lunate
Figure 4.11 Figure 4.12 Figure 4.13 Figure 4.14
Model | Behaviour | Model Behaviour Model | Behaviour | Model | Behaviour
4 Constant 1 Increasing 4 Constant 4 Deceasing
2 Constant 4 Increasing 1 Increasing 2 Deceasing
1 Constant 2 Increasing 2 Increasing 3 Deceasing
3 Constant 6 Increasing 3 Constant 1 Deceasing
6 Increasing 3 Increasing 6 Increasing 6 Deceasing
5 Increasing 5 Decreasing 5 Constant 5 Increasing

Table 4.5: General behaviour of the radio-carpal contact areas with increasing applied load
(140-300N) for models 1-6. The columns are arranged in descending order of magnitude
corresponding to the graphs (figures 4.11, 4.12, 4.13 and 4.14).

Table 4.5 summarises the behaviour of the models between loads of 140-300N for the
different contact area graphs presented in this section. The total contact area is constant
for Models 1-4, but increases for Models 5 and 6. The increase in contact area of these
models is constant with the increase in scaphoid to lunate contact area. The increase
Models 1-
4 also have the highest contact area magnitudes. All of these models have the lunate

supported by the BEFT. Therefore this method of support leads to the highest contact

in this ratio is due to the decrease in lunate contact area for these models.

area. The effect of cartilage material definition is the hyperelastic material ( Models 3 and
4) experienced a constant scaphoid contact area, with decreasing lunate area. The effect
of the ligament definition used was that for hyperelastic models definition A (Model 4)
had a higher contact area than B (Model 3). The case for when the linear elastic definition
was used is that definition A caused a higher total contact area and lunate contact area
than B. But definition A had a higher scaphoid to lunate ratio, due to the higher scaphoid

contact, than B.

The effect of lunate confinement is that the BEFT leads to the highest total, scaphoid and
lunate contact areas (Models 1-4). This is followed by the Model 6 where no constraint was
used and finally Model 5 where the lunate’s boundary motion was constrained. Models
that do not use the BEFT experience an increase in total contact area with increasing load.
The cause of the increasing total contact area for the model where no constraint was used
(Model 6) is the increase in scaphoid area. The lunate contact area for Models 5 and 6 also
decreased with increasing load, this decrease could be due to a slight downward movement

along the radius articular surface of the lunate due to the lack of constraint. The ratio of
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scaphoid to lunate contact area also increases with increasing load for this method. Moedel
5 whose motion down the radius articular surface is constrained experiences an increase
in total contact area and scaphoid to lunate ratio. These increases are completely due to
the increase in lunate contact area whilst the scaphoid contact remains constant. This
behaviour is due to this constrainment method not allowing the lunate to displace along
the radius, therefore it displaces proximally (in the direction of the load, perpendicular to

the joint surface) leading to an increase in contact area,.

Validation criteria 2 - Contact pressure on the radius-carpal articular surface

The contact pressure on the radius articular surface has been measured in many different
experimental setups. The work conducted by Veigas et al. [18] was chosen to validate
the maximum contact pressure value determined by the model on this surface. The loads
chosen to measure this value were at 50, 100, 200, 300 and 400N. The load application
is further discussed in section 3.7. The experimental response at 50N is unrealistic as a
negative contact pressure measured with pressure sensitive film is impossible. Therefore,
this point was not used for comparison. The results for the behaviour of the different
models at these loads is shown in table C.5 of Appendix C and figures 4.15 and 4.16.
Figure 4.15 shows that Models 1, 2, 3, 4 and 6 all fit well within the experimental response
corridor. Model 5 however experienced a maximum contact pressure at 200N that did not
fall with the corridor. At all loads model 5 experienced maximum pressure values that
were much greater than the other models, but these values were still close to or within the

experimental corridor.

Validation and parameter verification of the wrist joint model



4.2 Comparison of FE wrist model and literature expoerimental rosults 141

14 - . e

Experimamal respance cerrider

-k
L

Maximum contact pressure (MPa)

2

Load applied to metacarpals[N)
| WVeigaseial 1900 -1 <) w3 —a-d w5 -af|

Figure 4.15: Masximum contact pressure versus load applied Lo Lhe sevacarpals, comparod

v experimental work rom Veigas of sl |18, 87 .

Validution sud paranicter verification of the wrist jodnt medel



4.2 Comparison of FE wrist model and literature experimental resulta 14

=1 MU T
F2 LATeENA
=182 at+DE
=1.56Fet0A
=1 25%a+DE
4o, 40U+ 015
+E. A Tas Ol
+Z,1Z2¢ 405
#Z N e #000

Radius midline

(&} Model 1

S g P

(ki Alaclel & e} Meodel 6

Flgure 4.16: contact pressuve on e radins artienlar surlince at an applied lood of 140N,

Validativn and parameter verification of the wrist fodnt modiel



1.2 Comparison of FE wrist model and lterature experirnentat roesutts 1453

The contact pressure on the radius articular surface was further validated by determining
the contact presswre profile along the midline of the radius. The maximum values of
vantact pressure for the nudio-lunate and radio-scaphoid articalation were compared with
the maximim values determined [rom experimental work conducted by Teurlings et sl
s8], The loawding conliguration in the experiment invebved a 300N load being applied to
the wrist joint, The results of the study ol the different maodels behaviours ar this loard

are deseribied in fable .7 and 4.6 in Appendis O and figuve 417,

Mardels 1, 4 and 6 experiencead maxitnn cotttaes pressares for the vadso-lunate artioulation
that lay within the cxperimental corrideor.  The other maodels maximims are greater
then the corridors. Models 1. 5 and 6 are the models that expericnced maximum
contact pressure values [or the radic-sedphaid articulation that lay within the experimnental
response cortidar. The other moddels masdmum values are less than the corriders,
Therelore, Mades 1 and 6 ave the only models that experiences vilnes within hath

scaphoid and lunate corridors.
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Figure 4.17: Poak articular contact pressure along the radius midline versus distance along

the midline at a MON load, compared to experinental work from Teurlings et al. [58].
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The ratie ol radio-scaphold to radio-lunate maxirnnn contact pressure 5 ocowpared Lo
experimental work from Tevens et al. [4% and 2-0 RBSM reswits of Schwind ot al. |32
wig TTorrd et al. "33 The results Lo the cadaseric experimoental work of Blevens el ol
AR were acguired by the appleation of load throngh the wise tendons, The maximnm
cottuct pressare values reported i uhe work of Schaind et al. [32] and Horrt ef al. 43]
cottid not be comparcd «JDirectly as they wore reported in N/mm as they were 2-d models.
A corparison of the Jifferent models ratios to the cxperimental ralies s shown o Aguee
4080 Fimure 418 shows 1hiat only Models 3, 4 and 5 [all within this experimental response

corridor ab s lead ol 300N,
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Figure 415 Ratio of Scaphaid wo Lunale peak contact pressuee versus applicod lowd,
compared 10 cxper'menial work from Schoind of 2l 32]. Hormi et all [33 and Tlevens el

al. |42 .

Noted from Rgure 4,15 1s than at botl loads of 140 and 3003, the scaphoid contact prossure
iz mroater than the lnate contact pressure [Models 12,5 4 and 6), Therelore cven theugh
GEAT resnlls do ne Lall wichin the cxperimental baeundaries at all loads, most of the mwodels
beliave the same as these exporimental resales. This gualiialive comparison L5 501 valied,
The vewsen for the differences condd be due to the load application net oceurring through
Lhe tendons as was in Blovens ot al. 18] experimental work, The 240 model o Schoined

e al. |32 and Horri et al 3] would nol ioelude any ous of plane movement. Maodel 5
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experiences the opposite at both loads.

Total Peak scaphoid Peak lunate S/L peak pressure
Figure 4.15 Figure 4.17 Figure 4.17 Figure 4.18
Model | Behaviour | Model | Validation | Model | Validation | Model | Behaviour

boundaries boundaries
5 Increase 5 Greater 1 Within 2 Decrease
1 Increase 2 Greater 5 Within 1 Constant
6 Increase 3 Greater 6 Within 6 Increase
2 Increase 4 Within 2 Greater 3 Decrease
3 Increase 6 Within 3 Greater 4 Decrease
4 Increase 1 Within 4 Greater 5 Decrease

Table 4.6: General behaviour of the radio-carpal contact pressure with increasing applied
load (140-300N) for models 1-6. The columns are arranged in descending order of
magnitude corresponding to the graphs (figures 4.15, 4.17, 4.18).

Table 4.6 contains a summary of the contact pressure bebaviours for the different models
in the figures 4.15, 4.17, 4.18 within this section. The effect of the different methods
of defining the material properties of cartilage on the maximum contact pressure was
the same for both ligament definitions A (2 and 4) and B (1 and 3). The hyperelastic
cartilage definition (3 and 4) lead to lower maximum contact pressure than the linear
elastic definition (1 and 2). The difference caused by the ligament stiffness definitions was

that definition A lead to lower maximum contact pressures at all loads than definition B.

The effect of the cartilage definition was that the linear models experienced greater ratios
of scaphoid to lunate peak contact pressure than the hyperelastic models. For both of
these material definitions, an increasing load lead to a decrease in this ratio. Contact
pressure is related to contact area through equation 4.3, where contact pressure is the
stress component of equation and contact area the area. Contact pressure is inversely
proportional to contact area. Therefore the increase in maximum contact pressure seen
with increasing load, is associated with a constant or slight decrease in contact area with
this increasing load. Which is consistent with the constant ratio of contact areas in table
4.5 for Models 1-4 (lunate’s confined using BEFT).

Contact pressure was distributed on the radius articular surface shown in figure 4.16
for the models with the different lunate confinement methods. Model 5 experienced the

greatest Contact pressure of all the models, at a load of 140N, due to the movement of the
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lunate along the joint being confined, hence it can only displace proximally. The contact
overclosure in this region is large leading to an increase in contact pressure as noted in
figure 4.16.

A decrease of maximum contact pressure ratio with increasing load applied was noticed
for all models except for Model 6. All of the models that experienced the decrease had
their lunate bones confined. This increase for Models 1-4 is possibly due to the constant
contact area ratio shown in table 4.5. The contact area ratio for Model 5 was seen to
decrease over this load range, therefore a different reason for the contact pressure ratio
increase was needed. Not having the lunate’s motion confined along the joint would lead
to the movement of it down the joint, causing a decrease in the overclosure that would
occur if the lunate was confined and experienced a large proximal movement on the radius
articular surface. This overclosure would increase with increasing load, hence the increase

in contact pressure.
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WValidation eriterin 3 - Ligament behaviour

The Tigament behavionr was validated by eompieison with the belisviour of Bpauents
in the BREM of Sehind of wio 32) a0 o losd of 140N, The RBSA was o 2-dimensional
madel o the force iransmission was oot compared guaniiiatively, inslead a qualicative
comparison was corried out. This valdation work conziders Epament Lension bo only he
considered siznificant i is alwowe 3N, The Hgauend thal was Tonnd throneh this HBESA to
Lemrsmit the most Tovee was the Radio-lunate lgament, The lgamenes lnres eeansuissions
as a pereenlage of the doval Tosd cransuwdcted st 40N was deteormined, the resulis ace
prescatid notable 4.7 [t was noticed that the Lgamenl Aol consistently, mmonmst all $lic

models, dratsuitled vhe ozl oad was the Roadie-unste Hrament,

J_-i‘l-.',aI]‘.lE"Ili H:t.tu:r_'lnnent Percontage of VAN Toal applisd (%
L Liorned i 2 ! 34 - 4 3 I &
Tadius | Beaphoid © 075 131! 077 | QBT | 047 | 08t
Lunare Erugshand E .36 1045 I gA0 [ 136 | 040 [ 041

Ltiste Triquetram  S63 A 700 484 S99 | 195 | 1142
Capitate S phioid o7 x% o el | 033 [ Gus | o
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Talde 4.7: Ligawmwent load wwhew a 740N load s applicd to the metacarpals Zor mocdels 3-6,

The densile Tiehavivour of she Radio-lnnete iganent was further analysed in leires 409 and
4200 Fipure 419 shows the forco-displaccient bebasdonr of e Hadio-hyoae Gpament.
Figure 4.20 shows the wnoint of totas foree transmitted through the Radio-lunate Beammean
of the total applied load for cach model, Meadels 2 and 4 have tlis same Dipaauend, definition
and Models 1, 3, 5 wnd 6 all have the same Lgament delinition. Fignre 4.19 shows (e
Feree-displacement, believiour of the Radic-lunate lgament, Model & wronsmits the loast

torce of the total applicd force, due to the position o the e being fised. The lipgasnent

Valldation snd parametsr veriffedtion of e wrsd Joird modo]
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utidergoes the least amonnt of displacement figure 4,107,

Tor budb Ligmnend definilioos where Innale moveaend was conlined using the BEEFT.

Models 3 and 4 (Byperelastic eartilage) cxperienced & preaccr {oree transmission of the

total load and a groster displacoment thien rakdels T oand 2 (inear sarvtlage). Models 1,

I

5 oand 6 differed only by the method ased for the confinement of the lunate. Modsl G's

Radio-lunate Boament underwent the most displacerment, ag the lunate motion was not

cemlived Aodel 1 experiences o greater displacemen) that model 5, die to 1he elastic

springs (BEFT) allowing the lunate to displace based on the defined spring stifiness.
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Validation eriteria A4 - Foroe transmission through the radio-carpal joint

The forth wvaiidation eriteria was the percentage of total load fransmitted theongh the
wiied-earpal ated radicecarpal joints. Foe wodels 1020 30 4 and 6 the lead transmission
thromzh the individual boge conuectjon that male up These joiues was consistent amongse
them, The medel foree transmission and the experimental foree transmission ave presented
ity table 4.8 The models o this thess did oot inelude @ TRCC directly g0 the loree
teansmission Lheough the TECC-lunate connection conld not be compared, Therefore the
mndels differed fromn the experimental work slichtly in that the force will be distribated
hetween the seaphold-radius and nnate-rading articolations only. The experimentaily
applicd load caosen for this comparison was LN, as it was the oad applied Zor the
experitnental work o Majima el sl [34], Horrl et sl [33] and Schuind et al, [32. An
example of the lowd transmission for o 1408 load (FON in halt ssmumctry maodel) through

Models 1 und 2 s shown in frgoee 4,21,

Laoaed transmission Tor all the Modeis el within the experimental coeridaor for all the joints
except the radins to trapesoid and teapesinm artienlation, The [orce tranamitted through
this articulstion was sliphtly zrester for all the models, This difference is due to the

peomnel ric dillereness helween real bones and the bone approxitatiog.

Since the load transmission poreentages for cach looad were the same for Models 1 2,
g4 and 600 can be concluded that Boamenl definition and enrtilage malerial model
nacd hiwe very little cffeet an the magnitude of load transmission. Whether the lunaste
s nusnpported or supported wsing the BETT does not have an effect on this parsmeter
cither, A slight difference occurs between these models and Model 5. Constraining the

motion of the imate complately canses o <liphe dillerence in eee transtnission,
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Fignre 4.21: Yertical component of the load transmission through jiints of the wrist at o
LAY loadd,
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Distal Radio-carpal joint

Mid-carpal joint

Study Radio-scaphoid | Radio-lunate TFCC Triquetrum Capitate Scaphoid
lunate & triquetrum hamate Scaphoid&Lunate | Trapezoid&trapezium
(%) (%) (%) (%) (%) (%)
Majima et al. {34] 52 42 6 - - -
Horri et al. [33] 5249 37+6 2548 26+4 5947 3646
Schuind et al. [32] 63+9 4047 1145 1345 79+14 40-+5
Veigas et al. [18] 60 40 - - - -
Blevens et al. [48] 34 26 10 - - -
Experimental 34-72 26-47 6-40 8-30 52-93 30-45
corridor
Models 1, 2, 3, 4& 6 70 30 - 41 51
Model 5 68 32 - 43 50

Table 4.8: Load transmission through the wrist joint.
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Summary of validation criteria results for the Geometrically Simplified Model

A summary of the validation results of the GSM follows. The model that fits most of the
validation work’s parameters will be incorporated into the ABGM. The first validation
criteria considered was the contact area of the scaphoid and lunate bones on the radius
articular surface. Two parameters were considered for this criterion. The first parameter
being the ratio of total contact area on the radius articular surface to the total joint area.
These results were validated with work from Veigas et al. [18, .87j (figure 4.11). Models
1-6 all fell within the experimental boundaries for all the loads studied . The second
parameter studied was the ratio of scaphoid contact area to lunate contact area. This
was compared to work from Veigas et al. [18, 87|, Blevens et al. [48] and Tenser et al.
[88] (figure 4.12). The boundaries of the experimental response corridor for this work was
determined at a load of 100N. At this load Models 1, 2, 3, 5 and 6 all fit on or within the
boundary. At a load of 200N only Models 6, 3 and 5 fit within the boundary.

The second validation criteria considered was the maximum contact pressure on the radius
articular surface. There were three parameters considered for this criterion. The first was
the maximum contact pressure at increasing loads. These results were validated with
work from Veigas et al. [18, 87] (figure 4.15). Models 1, 2, 3, 4 and 6 all fell within
the experimental corridors. Model 5 fell within for all loads except for load 200N. The
second parameter was the magnitude of maximum contact pressure on the radius-lunate
and radius-scapheid articulation. A comparison was conducted with work from Tenser et
al. [88] at a load of 300N (figure 4.17). Models 1 and 6 were the only models that fell
within the experimental boundaries for both these articulations. The third parameter was
the ratio of scaphoid-radius and lunate-radius peak pressure. This was compared to work
from Blevens et al. [48], Schuind et al. [32] and Horri et al. [33] (figure 4.18). At a load
of 140N none of the models fell within the corridor. At a load of 300N, Models 2, 3 and
4 fell within the corridor. A qualitative comparison of the behaviour of these results was
also considered. All the results had ratio’s that were greater than 1. This was the case for
Models 1-4 and 6.

The third criterion was the a qualitative comparison as to which ligament carried the most
tensile force in the model. This comparison was compared with the results from Schuind et
al. [32] (table 4.7). The Radio-lunate ligament for all models carried the most significant

tensile force, which was consistent with the findings of Schuind et al. [32].

The final criterion was the force transmission percentages through the radio-carpal and

Validation and parameter verification of the wrist joint model
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mid-carpal joints. The comparison was made with results from Majima et al. [34], Horri
et al. [33], Schuind et al. [32], Veigas et al. [18] and Blevens et al. [48](table 4.8).
All the models load transmission percentages fit within the experimental corridors for
the radio-carpal, the triquetrum-hamate and the capitate-scaphoid and lunate joints. The

scaphoid-trapezium and trapezoid joint was slightly above the boundary for all the models.

Models 1 (lunate constrained using BEFT, ligament definition B [84], cartilage modelled as
linear elastic) and 6 (lunate unconstrained, ligament definition B [84], cartilage modelled
as linear elastic) fell within the most parameters of the criterions used for the validation.
Therefore these models were considered validated. Model 1 was chosen for the ABGM due

to the incorporation of the shock absorbing role of the TFCC.
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4.2.2 Accurate Bone Geometry Model validation

The lunate confinement and ligament stiffness definition parameters of Model 1 of the
GSM was chosen to be used in the ABGM. The ABGM geometry and bone material
properties were created from a volunteer’s CT-scan (Appendix D). These properties are
specific to the subject. The incorporation of Model 1 parameters into this model is a
method of further validating these parameters for a volunteer’s case. Two different carpal
confinement methods were considered for the ABGM. These methods are further discussed
in section 3.7. The parameters used for the two different models studied are summarised
in table 4.9. The stiffness of the bushing connector (section 3.7) and the contact pressure
value when the clearance is zero used for softening contact (section 3.5) were decided based
on which values gave results closest to the experimental validation results {as described in
fig. 4.1). The validation criteria used for the ABGM were the same as those used for the
GSM.

Model | Ligament stiffness | Lunate constraint method Carpal constraint method applied
number definition
(section 4.1.4) (section 3.7) (section 3.7)
7 B Lunate supported using BEFT Distal row carpal bones constrained

B

Lunate supported using BEFT

All carpal bones constrained at one

node using bushing conector

Table 4.9: Model definitions for the Accurate Bone Geometry Model.

Validation and parameter verification of the wrist joint model
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Validation eriteria 1 - Contact area on the radins-carpal arlicular surlace

The fitst validation eriteria chosen was the contact aren of the lnnate and scaphoid on
the radins artienlar serfee This criverion was compared with valoes measured from
experitnenls conductod by Veigas et all [T 87] at leads of 100, 140, 2000 and 300N, The
same loads were applicd to the metacarpals of the GEM, Ahe load application s further
tlimensmed o seetion 3.7, The resulls are presented in tables C12 of Appendis O aned figure
4,22 Figure 4 22 i the ratio of total comtact areg of 1he radius articular sorfaee divided by
the total radic-carpal joint arep. The totad joint arca used was measured 1o be L285%mm?,
Maslels T oand 8 Laath fall wilhio (e experirnenlal response corridors ot all applicd loads,
therefore the carpad confinement methed has ne significant effect on this variable, The

contact ared retalng constanl with tnereasing oads for both chese models,

0.k

Experimental responce corridor

04

0.3

n.

Radigcarpal jeint area ratiop

i -

Contact area of Scaphoid and Lunate to total

] 50 108 150 200 50 w0
Applied Load{N)
|—-I-‘-."9|gas ptal 1869 =7 -=§ |

Figure 4.22: Centact ares of scaphold and himate to laolal madio-carpal joint aren ratio
versts load applied to metacarpals. compared to experimental work from Veigas et al,
[18, &7].

Vialidation and parameter verificalion al e wrist joint el



1.2 Comnparison of FE wrist wadel and literature experimental resulis 157

The ratio of seaphoid 1o radins and Dinste 1o rading contact arca was alss used as a
vitlidation eriteria. Mxpetimental work from Veigas el all 180 870 Tevens of al 35|
amd Tenser ot al. [25] was used to determine the experimental response cocridor used. A
comparisan between che oxperimental and madel alios s prosented in figure 4223, The
actual vontaet areas for cach preseatoed in tables G2 and C8 of Appendiz O and lgures

4. andd 4.24

3
m
o
“2_5 e e e o A e — === T P i s —
a
o
3
c
&%,
o
2
m
£
3 o
B 15 g Experimental
o responce corrder
o !
2 » 2 = - 1
(= 8 44
L]
o |
]
[ |
o i
r) i
'ﬁu'ﬁ e o e M P St N R i S ST R R e e
o I
e : e VSRR | o
0 50 gLt 150 i) 250 T

Load applied to metacarpals(M)
r o Vaigac et al 198% @ Blevens el al. 1582 & Tenges et al. 1088 -7 =8 |

Figre 4,230 Ratic of Scaphoid fio Lunate contact arca versus load applied o the
metacarpals, comparcd to experimental work o Velgss et ol |18 87 THevens o al,

48] aud Tenser o al. 58]
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735 |
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*2E
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] *__-__-
5 i /

M ———— . x LY

Contact area of the Scaphold to Lunate

W

100 150 200 250 R
Load applied te metacarpals(N)
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Figure 4.24: Scaphoid and Lunate contact sres versus loawd applied o the metacarpals,
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Model | Total/joint | Scaphoid/Lunate Ratio | Scaphoid Lunate
Figure 4.22 Figure 4.23 Figure 4.24 | Figure 4.24

Constant Increase Increase Decrease

Constant Constant Increase Increase

Table 4.10: General behaviour of the radio-carpal contact areas with increasing applied
load (140-300N) for models 7 and 8.

Table 4.10 contains a summary of Models 7 and 8 results for the different graphs within the
section. The models both fall within the experimental corridors of the total contact area
and scaphoid to lunate ratios. The increase in the scaphoid to lunate contact area with
increasing load for Model 7 seen in figure 4.23 is consistent with the increase in scaphoid
contact area and decrease in lunate contact area. The scaphoid to lunate contact area
ratio in Model 8 remains constant with increasing load. This behaviour is due to the

increase of scaphoid and decrease of lunate contact area.

Validation and parameter verification of the wrist joint model
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Validation criteria 2 - Clonlact pressure on Lbhe radions-carpal artienlar <urface

The work conducted by Veigas of all |3 857 was choses to validate the masimim coond ace
pressuee valune determined by Ahe model o s rading articnlar surface. The londs ehosen
toopeastre this valoe woere ot [JHL 100 200 and 300N, The load appication is luriher
disensaed in section 3.7, The reaults lor the beliavione ol 1he diferent models a1 these

loails 1% shown i dalde ©11 of Appendiz O and fgares .23 and 4,29,

T —

“ Experimenta! resFon ce corridor
i

-
a

Maximum contact pressure (MPa)

R S 1 - L R \ e e T

5C ro_c_,___.,.‘l'i.p-'-su """" "0 250 e

Load applied to metacarpals{N]
—m=\eigas etal 1989 =7 =0

Figure 4.225: Maxinm contact prossure versos oad applied o che metacarpals, comparcd

ro experimental wark [ram Veigax ot al, 18 87).

Figure 425 shows that the maximum eontast prossure for Models 7oand 8 fic within
the experimental corridar,  The simmlation rosalt values Jollise Ahe same dresd as the
cxporimental work, of an inereasivg contact pressuee wich inercasing load., Bach odel
resulis fall above the ceperimenial aversge values al all loads. The possible teason for
this oeenrrewee is that the contact pressure-clearance relationship defined 1o ropresen
el ilage i coslact s based on how cartilage hehases at high losding rates, Ar these

tvpes of limding rates eartilage is stiffer than at equilibrinm,  The experiment al resulis
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wore callorted af cguilibrimmn. hense the differcpee.

The masinnun values of conlact pressice Lo oche radio-lunede and  cadio-seaplioid
articulation were compared with the maximom values determined from experimental work
eonducted by Teuriings el al. [38]. The contact pressure on Lhe radine actienlar siclaee wes
further vulidated by detennining the contact pressure prolile at so apphed load of 300N
along the mdline of the radiug, The pach chosen s descnbeed in figure 40260 The results
of the study of Maodel 7 and % behaviours are deseribed in rable C11 in Appendix © and
fpnre 4,27, Iigure 4.27 shows that che scaphoid masamoes conlace peessuce [alls within
the experimental corridors. The lunate maximum cottact pressure however (s greatcr thar

the experimental corridors.

Fizure 1.26: Path chosen along radius articular surface to represent the midline,
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o

em
L

-

midline{MPa)

L]

.

-

Peak articular contact pressure along radius

0 " Ll Il Al &0
Scaphoid Fossd  piesanee along radius midiinetmm) Linate Fossa
- Expermeantal responae comidor for Kadius - Seaphoid - - -Experimertal response comidar forRadius - Lunate

Figire 4,27 Peak srticttiar contact presswee along the radins midline verans distanes along

the midline at & 300N load, compared to experimental work {row Teurlings et al. [85.
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cxperimental work from Blevens of al. [38) and 2-d RBSAT results of Schnind L al, [32]
and Horrl et al 33, A comparizon of the diferent models ratios to the experimental
ratios s shown in figure 428 Figure 428 shows that both 3odels 7oand % Gl within the

experinentil response cortidor At a losds of 140 aad SO0N,

The scaphoid/lunate Contact Pressure ratio for both meedels decrenses wilh moereasing
load: This decresse s consistenl with the inerease in seaphoid/ lunate contact area ratia
for Model T secn in table 4, U0, due to contaet ares aned pressure being directly proportional.
This talile alsa shows that Madel 8% scaphoid /lunste condact area ratio remalng constant
with inereasing lond. Therelore the incressc o contact pressurc ratio associated with
Model 8 is due to the pressurc-clearance relationship. At o higher load (300N) Wlodel 25
scaphold underpoes 4 greater proscimal displacernent than ol a load of 140N, causing a

clearance that is smaller leading to an increase in contact pressure.

2.5
E I
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o
e F
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= i
E o h- —————— Frmem e B i e E————— e o
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o

| - ARt S, i f v R T -

100 140 R 180 i) FF.i) FL | 20 oo 0 0

Applhed Load{MNj

i OSchund et al 1285 oHarr et &l 1962 & Bevens et &l 13969 ) ®E

Figure 4,28 Ratio of Scaphedd to Tornate peak contict pressure wversas applied load,
corpared to experimental work from Schaind ot al, [32], Horrd ot al, [33] and Blevens ot
al. 48],

Validation and parameter verification of the wrist joint mode!



4.2 Comparison of TE wrist model and literaiure experimental resulls 164

The contact prossare proliles ave shown o Agare 220 This Aeaes contains o comparizon of
madels L, Toand & at loads 1440 and 3005, These profiles are the same tor Maodels T and & ar
levmds of 1400 The distribntion ol high aved low pressaee o Model 13 econsistont with the
olher models an this load. The masiommm conlact pressare an the scaphoid aeionlalion
i slightly less in model 1 than the other e medels ot this loed. Bor the 3000 loacd
Lhe maximum pressare lor doedel & is slighely higher than that for Maodel 7. A larger
distribution of the ynaxdmmm contact prossure is seon o 3odel 7 chan Model & o Modol
1. The distribution of eonlaet preessiaee Lo the soaphold conbacl noche ABGR 1< oot
svmmetrical, betacen the palmar and darsal aspects, This was noticod for bath Maocels 7
and . The pressure profles for the G337 and ABGM Qidleeer wilh resard to this as o

GShl iz a hall symmetry medel wich no distinetion between dersal and palmar sides.

The movemenl al the seaphaicd and the Tuoate in Maddel 7 18 nneonstrained i oall divcetions,
This movemoent in Model B s goeonsteained o Vhe direetion of the Toad b movement andd
ratation in the aother direetions depend on the stitess of the contrally lacated conneetor
elomens within the carpal bones. The slPebd maximoom contacd peessire distribalion
differences betwern both these madels could be due to slight differences in movemens of

thi senphoid and hae

Valicdation and parameter verification of e wrist joint model
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Clonfoct pressure 10 e mid-corpal srtionlefion

The oomtart pressure distribution in the mid-rarpal ardiculation has boen compared
gualilindively Lo that seen in the work of Majima et al. [34]. Models 7, 8 and the RS
of Majima weore loaded with 140N, Fipure 43 shows these prossure distributions. The
cenelal ncdalions ol eontaed pressorve fo el Models T oamel 8 maceh thsd o Lhe BTSML
Madel T however experiences a greater arca of maximum pressure on the triquetrum aned
lunate then Madel 80 This 1= the ease die o the bhones of the distal carpal row in WModel
T being only aliowed o move in e divection of the load The carpat bones ol Model §
can nderan movornent Inoall divections, the tnaenitude of this movemenn is controlled by
the specibed stiffness of the oternal connector element, Dae 1o this che confact aren of

the articylar surfaces of Model 8 arve sliohely sioaller than Madel 7.

Vialidation aud parateeter vecifioation of Ue wast joim model
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Validation criteria 3 - Ligament behaviour

The ligament behaviour was validated by a qualitative comparison with the behaviour of
ligaments in the 2-d RBSM of Schuind et al. [32] at a load of 140N. The ligaments force
transmissions as a percentage of the total load transmitted at 140N was determined, the
results are presented in table 4.7 of Appendix C. Both the dorsal and palmar ligament
behaviours are presented for Models 7 and 8. This validation work considers ligament
tension to only be considered significant if it is above 5N. Table 4.11 contains the ligaments
of the ABGM that carry significant tensile forces. Not all of the ligaments of the ABGM
were modeled in the RBSM and vice versa. For both Model 7 and 8 the dorsal and palmar
ligaments both carry significant tensile forces. This behaviour is consistent with the RBSM

results.

The ligaments of the RBSM that carried significant loads were (in ascending order) the
palmar Radio-lunate, palmar and dorsal Hamate-capitate, the palmar and dorsal Capitate-
trapezoid. The ligament that carries the most significant load for both Model 7 and 8 is
the Hamate-triquetrum ligament. The lgament that carries the second most load is the
Lunate-hamate ligament. Both of these ligaments are related to the hamate so therefore
the hamate must undergo a large amount of movement that needs to be restrained. This
behaviour is inconsistent with the RBSM and GSM results, which both have the Radio-
lunate ligament carrying the most significant load. Both of these 2-d models did not

included the 3-d real bone geometry and constrained out of plane movements.

The proximal row of carpal bones of Model 7 had no constraint, and therefore could
undergoe random motion. The ligaments attached to these bones were the only restraint
applied to them. Carpal bones of Model 8 were only constrained at a single node, this
constraint was not enforced for motion in the direction of the applied load. These bones
could undergo displacement and rotation in all directions, based on the stiffness value of
connector used at this single node. Due to these carpal motions of both the models the
ligaments carry significant tensile loads for a greater number of ligaments than the RBSM
and GSM.

It is difficult to distinguish whether the ligaments of Model 7 or 8 carry more tensile forces.
The most prominent difference is seen for the Trigquetrum-hamate ligament. Whereby in
Model 7 this ligament carries more than double the tensile load. Therefore this bone

undergoes significant displacement in this model.

Validation and parameter verification of the wrist joint model
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Ligament attachment Model 7 Model 8
Ligament Ligament
Tensile load (N) | Tensile load (N)
Bonel Bone2 Dorsal | Palmar | Dorsal | Palmar
Radius Scaphoid - 6.04 - 7.87
Lunate Scaphoid 59.77 6.44 73.88 29.91
Lunate Triquetrum | 41.38 - 71.46 ~
Capitate Scaphoid 6.02 13.57 - 13.58
Capitate Triquetrum - 2.68 38.23 21.57
Capitate Hamate 19.08 - 39.87 11.10
Capitate Trapezium - - - -
Scaphoid Trapezium | 25.35 50.35 35.25 20.40
Scaphoid Trapezoid 43.61 - 7.06 10.57
Triquetrum Hamate 221.39 | 205.67 | 90.78 63.67
Lunate Hamate 77.71 132.24 | 99.30 | 120.94
Lunate Capitate 7.16 20.43 11.72 7.36
Capitate Trapezoid - 48.31 - 28.70
Trapezoid Trapezium - 5.54 37.15 16.37
Lunate Radius 37.93 75.34 51.29 67.03

Table 4.11: Ligaments that carry significant tensile load when a 140N load is applied to

the metacarpals for models 7 and 8.

Validation and parameter verification of the wrist joint model
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Validation criteria 4 - Force transmission through the radio-carpal joint

The forth validation criteria was the percentage of total load transmitted through the mid-
carpal and radio-carpal joints. The comparison between the stimulated and experimental
force transmissions are presented in table 4.12. A load of 140N was chosen for the
comparison as this is the load that was used for most of the experimental work. The
load transmission between the radius-scaphoid and radius-lunate for a transmitted load
of 140N is shown in figure 4.21. Table 4.12 shows that force transmitted through the
radius to scaphoid and capitate to scaphoid and lunate articulations for both models falls
within the experimental corridors. For the force transmitted through the radius to lunate
articulation, only Model 8 falls within the experimental corridor. The force transmission
through the scaphoid to trapezium and trapezoid articulation is smaller than the lowest
boundary of the experimental corridor. The effect on load transmission ratios of the carpal
constraint method used was that the constraint of a single node with carpal bones (Model

8) lead to a lower force transmission through the radio-lunate articulation.

Distal Radio-carpal joint Mid-carpal joint
Study Radio-scaphoid | Radio-lunate | Triquetrum to | Capitate to | Scaphoid to
Scaphoid Scaphoid Trapezoid
&Lunate | &Trapezium
(%) (%) (%) (%) (%)
Majima et al. 52 42 - - -
[34]
Horri et al. 52=9 37+6 - 5947 3616
133]
Schuind et al. 63+9 407 - 79+14 4045
(32]
Veigas et al. 60 40 - - -
18]
Blevens et al. 34 26 - - -
48]
Experimental 34-72 26-47 - 52-93 30-45
corridor
Models 7 50 50 6 76 18
Model 8 68 32 8 80 12

Table 4.12: Load transmission through the radio-carpal and mid-carpal joints.
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Seaphoid Mfoss5a

Lunate fo553a 54 Lunate fo55a
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Fignre 431 Vertical component of the load transmission through the radins-carpal joint

at a8 140N loadd.
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Summary of validation criteria results for the Accurate Bone Geometry Model

The ABGM was constructed using the modelling parameters (BEFT and ligament stiffness
definition B) used for GSM Model 1. The ABGM was constructed using data from a
volunteer’s CT scan (Appendix D), by validating this model the modelling parameters are
further validated. The validation criteria used were the same as for the GSM. The first
validation criteria considered was the contact area of scaphoid and lunate on the radius
articular surface. Model 7 (distal carpal rows motion confined to only in the direction of the
applied load) and 8 (single node in all the carpal bones translational and rotational motion
in directions other than the applied load direction constrained using spring connectors)
results fit well within the experimental corridors for the two different parameters of total
contact area/joint area ratio (figure 4.22) and scaphoid/lunate contact area ratio (figure
4.23).

The second validation criteria considered was the maximum contact pressure on the radius
articular surface. Models 7 and 8 fit within the experimental corridors for two parameters
of the three used in this criterion. These two parameters were total maximum contact
pressure with increasing load (figure 4.25) and ratio of scaphoid to lunate maximum
pressure (figure 4.28). There were three parameters considered for this criterion. The
third parameter was the individual maximum contact pressures of the radius-scaphoid and
radius-lunate articulations, both models only fell within the boundaries for the radius-
scaphoid (figure 4.27). Both models were greater than the maximum value boundaries
for the radius-lunate. The contact pressure distribution in the mid-carpal joint was
qualitatively compared to the work of Majima et al. [34]. The general locations of contact

pressure match.

The third criterion was the a qualitative comparison as to which ligament carried the most
tensile force in the model (table 4.11). This ligament that carried the most tensile load
was the hamate-triquetrum ligament for both models. This was not the ligament that
carried the largest tensile load in the validation work. The difference is thought to be due
to the validation work being a 2-d model therefore significant out of plane movement that

occurs realistically is restricted.

The final criterion was the force transmission percentages through the radio-carpal and
mid-carpal joints (table 4.12). Model 7 and 8's radio-carpal force transmission percentages
are within the experimental boundaries. The capitate-lunate and scaphoid percentages are

also within the boundary. The scaphoid-trapezoid and trapezium force transmission for

Validation and parameter verification of the wrist joint model
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both models is below the lower boundary of the experimental work.

Models 7 and 8 fell within or close to the most parameter boundaries of criteria one,
two and four. Validation criteria three was decided to be ineffective as a comparative
criterion. Ewven though both Models 7 and 8 are considered to be validated, Model 7

allows unconstrained movement of the scaphoid and lunate which occurs realistically [42].
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4.2.3 Comparison between Geometrically Simplified and Accurate Bone

Geometry Model results

The GSM and ABGM were developed to simulate wrist joint injury resulting from falis
onto the outstretched hand. A Colles’ fracture (fracture of the distal radius, section 2.8.3}
was the injury most interested in, as this was noted to be the injury that had the highest
occurrence after a fall. von Mises and Maximum principal stress can be used to predict
the regions where radius bone failure may occur [37]. Therefore, a comparison between
the GSM and ABGM results for these two output variables was conducted, to investigate
how advantageous geometrical complexity was in predicting these variables. The GSM
was developed as the run time and costs that would be associated with accruing a CT-
scan for each individual subject for the ABGM, are high. The comparison between these
two models was undertaken to identify how much the results of the GEM and the ABGM
differed.

The GSM and ABGM were validated under physiological loads. The main validation
criteria considered were maximum contact pressure and contact area on the radius articular
surface (Veigas et al. [18, 87]). Validating these criteria shows that the models were
undergoing contact interactions realistically. Models 1 (GSM) and 7 (ABGM) were chosen
for the comparison study as these were models that behaved most like the experimental
work (Veigas et al. [18, 87] average values). Table 4.13 contains the results of the
comparative study between the two models at applied loads of 100 and 200N. The values
in the table are the maximum values for the radius bone. A ratio of 1 would indicate an

exact match.

The contact area and maximum radius Maximum principal stress values compare very
well between the two models at both Joads. The contact area difference at a load of 100N
between the models and the experimental results (Veigas et al. [18, 87] average values) for
both the GSM and ABGM, is due to cartilage being modelled as nearly incompressible

and the experimental work’s cartilage would have been at equilibrium, hence compressible.

A comparison of the Maximum principal stress in Model 1 with the result from
Pietruszczak et al. [37] was carried out at a load of 700N (the minimum boundary of
fracture loads). Figure 4.32 has this result, the GSM maximum Maximum principal stress
are in similar locations on the medial side of the radius in the distal portion where the
diameter changes and at the bottom near the supports. This is the location of a typical

Colles’ fracture (figure 2.39). This comparison was undertaken to see the difference in
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Load{N) 100 200

Model M1/Exp | M7/Exp | M7/M1 || M1/Exp | M7/Exp | M7/M1

Contact Pressure 1.10 1.77 1.62 1.37 1.44 1.05
(Mpa)

Contact area/total joint area 2.17 2.00 0.92 1.82 1.68

von Mises Stress - - 1.35 - -

(Mpa)
Maximum principal stress - - 0.99 - -

(Mpa)

Table 4.13: A comparison of Model 1 and 7 radius results. Exp, is the average experimental

value from Veigas et al. [18, 87]

Maximum principal stress between loading through the metacarpals (Model 1) and directly
applying load to the radius (Pietruszczak et al. [37]). The GSM lead to a a lower maximum
stress value (93MPa compared to 120MPa). Stress distributions for the ABGM at a load
of 200N is shown in figures 4.35, 4.33, 4.34. The region of maximum in the radius, shown
by the red circle in figure 4.33 is the same location as that in figure 4.32. The maximum
von Misses stress (figure 4.34) located in the radius corresponds well with that of the
radius in the GSM (figure 4.8). This is the lateral side of the radius, where the diameter

of the radius decreases and maximum compression is seen.

There is satisfactory correlation between the location and magnitude of Contact, von Mises
(maximum on lateral side of radius undergoing compression) and Maximum principal stress
(maximum on medial side of radius undergoing tension) between the GSM and the ABGM.
The GSM (Model 1) and the ABGM (Model 7) can predict transfer forces and undergo
contact interactions in the wrist joint. Both can also give an indication of the location

and load magnitude that would cause a Colles’fracture.

Validation and parameter verification of the wrist joint model
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Chapter 5

Summary

A Colles’ fracture (fracture of the distal radius, section 2.8.3) has been determined
statistically to be the most common type of injury to occur following a fall onto the
outstretched hand [2, 3, 4, 5, 6, 7, 8, 2, 9, 10]. Forces applied to the hand during a fall
are transmitted to the radius through the wrist joint. The bones involved in this force

transmission pathway are the metacarpals, carpals and finally the radius.

The magnitude of force applied to the wrist after a fall have been studied experimentally
(subjects falling onto force plates) [11, 12, 13, 14, 15, 16] and through the use of Rigid
Body Spring Models [11, 14, 30, 31, 32, 33, 34]. The pressure and force transfer through
the wrist joint has also been studied through various loading methods of cadaveric wrist
joints [18, 19, 20, 21]. These studies have been used in the validation of finite element
wrist joint models developed previously [22, 23, 24, 25, 26, 27, 28, 29].

The work conducted for this thesis involved developing two models to simulate the force
transmission from the metacarpals, through the wrist joint, to the radius bone. These
models also give insight into the contact stress distributions within the wrist joint.
The finite element models developed were a geometrically simplified model (GSM) and
a geometrically complex model (ABGM). The ABGM involved geometry and material

properties acquired from a volunteer’s CT scan (Appendix D).
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Summary of the GSM results

The GSM involved an approximation of real bone geometry, with material properties that
could be varied. The model was loaded and the results were compared to experimental
work from the literature as a means of validating the model. Prior to the validation study,

a material sensitivity study (cartilage, cortical and cancellous bone) was undertaken.
Summary of material sensitivity study results

This study considered the effects of changing the parameters of each individual material
property (cartilage, cancellous and cortical bone) on the maximum stress and pressure
outputs of the model (von Mises stress, Maximum principal stress, Contact stress and
contact area). The material properties chosen for these validations were based on the
range of values presented in the literature (table 4.2). Linear elastic material properties
were defined for bone. Both hyperelastic and linear material properties were defined
for cartilage. For studies that involved linear material properties the effects of changing
the Young’s modulus or Poisson’s ratio of each individual property was studied whilst
keeping the other model parameters constant. For studies that had a hyperelastic cartilage
definition the effect of changing the Mooney-Rivlin constants was undertaken. The

conclusions drawn from these material studies were as follows:

When linear elastic material properties were used for cartilage, an increase in Young’s
modulus (figure 4.3) of the cartilage lead to an increase in contact pressure and a slight
decrease in the radio-carpal contact area. This increase had no effect on the location and
magnitude of von Mises, Maximum principal stress. The location of these maximum stress
values was consistent with the region of the radius bone were Colles’ fracture typically
occurs. A variation in Poisson’s ratio of cartilage had no significant effect on the magnitude

or location of any of the maximum stress, pressure or contact area variables.

The Mooney-Rivlin hyperelastic cartilage definition was used. The effect of varying the
Mooney-Rivlin constants (figure 4.6) were carried out. An increase in the magnitude of
both constants had the same effect as the increase in Young’s Modulus of the cartilage.
The only variable with a substantial increase was the contact pressure. The magnitude
and location of the maximum stress, pressure and contact area variables remain relatively

constant.

An increase in the Young’s Modulus of cortical bone (figure 4.7) lead to an increase

Summary
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in the magnitude of maximum von Mises stress. The location of maximum stress was
consistent among the cartilage and the cortical bone studies. Where maximum von Mises
and Maximum principal stress was located in the cortical bone region of the radius were
typical Colles’ fracture occurs. The maximum contact stress was located consistently on

the radial articular surface.

An increase in the Young’s modulus of cancellous bone (figure 4.9) lead to a decrease in
magnitude of von Mises, Maximum. The location of maximum von Mises stress in these
studies occurred on the scaphoid and the cortical bone region of the radius were typical
Colles’ fracture occurs at low values of Young’s modulus. At higher values only the cortical
bone region of the radius were typical Colles’ fracture occurs. A decrease in Poisson’s ratio
of cancellous bone did not lead to a significant decrease in magnitude or location of any

of the output values.
Summary of validation results

Six different versions of the GSM were studied. Variations in ligament stiffness and
cartilage material property definitions and lunate constrainment methods were studied
(table 4.4). The validation of the GSM was conducted by a comparison of the models
results with experimental work conducted on cadavers and RBSMs (table 4.1). The
cadaveric experimental work involved the measurement of contact pressure and area
through the radio-carpal joint using pressure sensitive film. The validation criteria chosen
for comparison were the contact pressure and area in the radio-carpal articulation, the
ligament behaviour and the force transmission ratios in the radio-carpal and the mid-

carpal articulations.

The first validation criteria considered was the contact area of the scaphoid and lunate
bones on the radius articular surface (figures 4.11 and 4.11). Validation was carried out
by comparison with experimental work from Veigas et al. [18, 87], Blevens et al. [48] and
Tenser et al. [88]. The second validation criteria considered was the maximum contact
pressure on the radius articular surface (figures 4.15, 4.17 and 4.18). Validation for this
criterion was carried out with work from Veigas et al. [18, 87], Tenser et al. [88], Blevens
et al. [48], Schuind et al. [32] and Horri et al. [33]. The third criterion was the force
transmission through the wrist ligaments, compared with results from Schuind et al. [32]
(table 4.7). The final criterion was the force transmission percentages through the radio-
carpal and mid-carpal joints. The comparison was made with results from Majima et al.
[34], Horri et al. [33], Schuind et al. [32], Veigas et al. [18] and Blevens et al. [48](table

Summary
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4.8).

The parameters of Model 1 were chosen to be used in the ABGM. The reason was
this model’s results fell within or close to all four validation criteria boundaries. The
parameters of Model 1 were; the ligament stiffness definition of Fischli et al. [84], linear
elastic material property definition for cartilage and the lunate was supported using beam

on elastic foundation theory {simulating the shock absorbing capabilities of the TFCC).

Summary of the ABGM results

The ABGM was constructed using the modelling parameters (ligament stiffness definition,
cartilage definition and lunate confinement method) of Model 1. The ABGM bone
geometry and material properties were determined from a volunteer’s CT scan (Appendix
D). The four validation criteria used were the same as for the GSM. The first validation
criteria is shown in figures 4.22 and 4.23, the second shown in figures 4.25, 4.28 and 4.27,
the third in table 4.11 and the final in table 4.12.

There were two ABGM models studied that differed in the method used for the constraint
of the carpal bones (Table 4.9). Model 7’s distal row’s motion was constrained so that
only movement in the direction of the load was allowed. Model 8 had only a single node
in the center of each of the carpal bones constrained such that motion (in directions other
than the load application direction) of that node was controlled by springs of defined
stiffness(translational and rotational). Models 7 and 8 fell within validation criteria one,
two and four boundaries. Validation criteria three was decided to be ineffective as a
comparative criterion for the 3-d ABGM as it involved a 2-d model therefore significant out
of plane bone movement was restricted. Even though both Models 7 and 8 are considered
to be validated, Model 7 allows unconstrained movement of the scaphoid and lunate which

occurs realistically [42].

Summary of comparison between the GSM and ABGM results

A comparison between the GSM and the ABGM was carried out to investigate how
advantageous geometrical complexity was in predicting the model output variables (von
Mises and Maximum principal stress in the radius) and the location of a Colles’ fracture.

The GSM and ABGM were validated under physiological loads. Validation criteria one

Summary
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and two were the validation criteria used for the comparative study. These were the
maximum contact pressure and contact area on the radius articular surface (Veigas et
al. [18, 87]). Validating these criteria shows that the models were undergoing contact
interactions realistically. Models 1 (GSM) and 7 (ABGM) were chosen for the comparison
as these were models that behaved most like the experimental work (Veigas et al. [18, 87]
average values). Table 4.13 contains the results of the comparative study between the two

models.

von Mises and Maximum principal stress were output variables considered most important,
as these indicate the regions where radius bone failure may occur [37]. A comparative
ratio of one indicates that Models 1 and 7 behave exactly the same. Model 1 and 7
had comparative ratios close to one for contact pressure (validation criteria two), von
Mises and Maximum principal stress. The contact area (validation criteria one) compared
well between the two models and the experimental work at the greater load. At lower
loads the contact area comparative ratio was two for both the GSM and ABGM (both
FE-models results were almost double the experimental results), this is due to cartilage
being modelled as nearly incompressible and the experimental work’s cartilage would have
been at equilibrium, hence compressible. Another reason could be due to the geometry
differences between rounded contacting regions of real bones and the flat contacting regions
of the GSM. Both these reasons would cause the experiential work to have a lower contact

area than the model.

The conclusion drawn was that both Model 1{GSM) and 7 (ABGM) give good predictions
of the location of Colles’ fracture, undergo contact interactions realistically and compare
satisfactory in their prediction of the magnitude of von Mises and Maximum principal
stress. Therefore, the geometric complexity of the ABGM is advantageous in that the
distribution of stress and pressure can be seen in a subject’s actual bone geometry and
material property distribution, allowing an exact indication of what applied load and load
direction leads to the location region of the subject’s bone that is experiencing a high
stress. The GSM however can be used in cases where a CT scan is unattainable and the
overall material properties of the subjects joint are known, allowing the prediction of the

magnitude of maximum stress within the joint, for a given set of material properties.

Summary



Chapter 6

Recommendations

The models developed in this thesis can be used in a study of impact loading that would
occur during a fall onto the outstretched hand scenario. Future studies should look at
the contribution of muscle action to the biomechanics of the wrist. The load dissipation
effects of the palmer soft tissue should also be incorporated into the model. The mechanism
between a distal radius fracture and a scaphoid fracture is not well understood. These
are the fractures to occur most frequently in statistical data gathered from falls onto an
outstretched hand. This model could be used to look at the fracture mechanisms of these
two bones. The incorporation of a isotropic failure theory or a complex bone material

model to study these failure mechanisms could be of benefit.

The wrist joint in these models was created with the wrist in the neutral position which is
not the normal position during a fall event. An improvement would be to model the wrist
in an extended position as this is the more likely scenario during a fall. Future modeling
should be conducted with a CT-scan with the wrist in the extended position to eliminate
any doubts of the effect of wrist position on its ability to bear compressive forces. During
an analysis of an actual fall event, a dynamic or quasi-static analysis should be employed
and the notion of the rate-sensitivity of the material properties needs to be looked at. A
dynamic analysis should be carried out due to the significant inertial forces experienced
from the wrist’s acceleration over a very short period of time. Strain rate dependent
material and ligament behaviour should be incorporated into the model. Bone mineral
density factors relating to falls should be studied with reference to the case of osteoporotic

bone of postmenopausal women and young girls.
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The bone geometry for an individual should be determined using both a CT-scan and an
MRI-scan to determine accurate ligament attachment sites and the soft tissue geometry
(cartilage and fascia) of the joint. The MRI-scan provides details of soft tissue properties.
The purpose of improving the model to include all the biological tissue occurring in a real

joint, is for more realistic stress to be predicted.

Recommendations
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Figure A.2: Carpal geometry, thickness=7mm.
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Figure A.4: Carpal geometry, thickness==7mm.
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Bone Average volume[85] | Measured volume
(mm?) (mm?)

sScaphoid 2390.1+673.6 2809

Lunate 1810.1£578.5 1608

Table A.1: Comparison of scaphoid and lunate volumes to average volume values from

Crisco et al.[85].
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Figure B.1; Meshed metacarpals.
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Appendix C

Simulation results

This appendix contains the simulation results of the GSM and the ABGM. The results

are presented in the form of tables.

C.1 Material property parameter variation results

Name | Young's | von Mises | Max Principal | Contact | Contact
Modulus Stress Stress Pressure Ares,
(MPa) (MPa) (MPa) (MPa) | (mm?)
Cort-1 5.70 16.70 10.86 1.33 86.28
Cort-2 7.30 16.80 10.89 1.33 84.29
Cort-3 10.00 17.60 10.93 1.33 83.64
Cort-4 13.80 19.50 10.96 1.33 80.96
Cort-5 15.00 19.90 10.96 1.33 80.69
Cort-6 18.00 20.80 10.98 1.33 80.09
Cort-7 20.70 21.50 10.99 1.33 79.50
Cort-8 22.70 21.90 11.00 1.33 79.50

Table C.1: Cortical bone material parameters and model maximum stress values.
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Name | Young's | Poisson’s | von Mises | Maximum Principal | Contact | Contact
Modulus Ratio Stress Stress Pressure | Area

(MPa) (MPa) (MPa) (MPa) | (mm?)
cartl 3.50 0.05 19.360 10.770 1.030 239.700
cart? 3.50 0.15 19.390 10.790 1.016 230.289
cart3 3.50 0.20 19.410 10.790 1.000 240.968
cartd 3.50 0.25 19.430 10.800 0.978 240.822
carth 3.50 0.30 19.410 10.780 0.970 238.550
cart6 3.50 0.35 19.520 10.830 0.903 240.356
cart? 3.50 0.45 19.670 10.890 0.830 239.163
cart8 3.50 0.49 19.780 10.920 0.961 214.480
cart8 3.50 0.49 19.780 10.920 0.961 214.480
cart9 4.00 0.49 19.760 10.900 0.972 214.248
cart10 5.00 0.49 19.800 10.940 0.992 205.660
cartll 7.50 0.49 19.840 10.950 1.020 194.168
cart12 10.00 0.49 19.860 10.950 1.030 191.200
cartl3 30.00 0.49 19.890 10.960 1.200 168.320
cartl4d | 48.00 0.49 19.900 10.960 1.330 161.200
cartls | 100.00 0.49 19.900 10.960 1.600 157.622
cart16 | 500.00 0.49 16.900 10.970 2.730 142.020

Table C.2: Cartilage linear elastic material parameters and model maximum stress values.
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Name C1 C2 von Mises | Maximum Principal | Contact | Cartilage stress
Stress Stress Pressure | at 30% strain
(MPa) | (MPa) (MPa) (MPa) (MPa) (MPa)
hyperl 4.1 0.41 60.210 30.700 5.000 12.565
hyper2 | 6.15 0.615 60.700 31.000 5.000 18.848
hyperd | 10.25 | 1.025 61.090 31.240 5.335 31.413
hyperd | 14.35 | 1.435 61.260 31.340 5516 43.979
hyper5 | 45.1 4.51 61.570 31.530 7.111 138.219

Table C.3: Cartilage hyperelastic material parameters and model maximum stress values.
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Name | Young’s | Poisson’s | von Mises | Maximum Principal | Contact | Contact
Modulus Ratio Stress Stress Pressure |  Area

(MPa) (MPa) (MPa) (MPa) | (mm?)
can-1 0.10 0.20 67.10 38.30 2.11 69.45
can-2 0.15 0.20 59.50 33.90 1.95 73.55
can-3 0.35 0.20 42.50 23.80 1.63 79.55
can-4 0.69 0.20 29.70 15.70 1.40 78.00
can-5 1.40 0.20 28.40 12.30 1.33 76.70
can-6 1.40 0.3 28.30 12.30 1.33 76.69

Table C.4: Cancellous bone material parameters and model maximum stress values.
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C.2 Geometrically Simplified Model parameter variation

results
Load (N) Contact Pressure (MPa)
Model 1 2 3 4 5 6
(N) (Mpa) | (Mpa) | (Mpa) | (Mpa) | (Mpa) | (Mpa)
50 1.002 | 0.8828 | 0.8576 | 0.678 | 1.637 | 0.9733
100 1.775 | 1.793 | 1.465 | 1.304 | 2.612 | 1.811
140 2.618 | 2317 | 2273 | 1692 | 3.751 | 2.631
200 3.891 | 3.191 | 2935 | 2.362 | 6.164 | 3.464
300 5.252 4.73 4.755 | 3.589 8.71 5.016
400 6.677 | 6.323 6.06 4.912 | 10.09 6.66

Table C.5: Contact pressures at different loads applied to the metacarpals for models 1-6.

Applied Radio-lunate
Load (N} Displacement {mm) and Load (N)
Model 1 2 3 4 5 ]
(mm) | (N) | (mm) | (N) | (mm) | (N) | (mm) | (N) | (mm) | (N) | (mm)  (N)

50 0.18 3.27 0.06 4.84 0.20 3.66 0.07 5.29 0.14 1.84 0.23 4.65
100 0.29 7.19 0.13 9.46 0.32 8.25 0.14 | 10.57 | 0.21 4.13 0.34 9.21
140 0.38 | 11.23 | 0.19 | 13.92 | 0.39 | 1207 | 0.20 | 1470 | 0.29 6.88 042 | 13.57
200 049 | 1734 | 027 | 2029 | 050 | 1836 | 0.28 | 21.20 | 0.39 | 1157 | 0.53 | 19.70
300 062 | 2486 | 038 | 2826 | 068 | 2863 | 043 | 32.09 | 051 | 1855 | 066 | 27.16
400 0.73 | 3200 | 048 | 3571 | 084 | 3982 | 057 | 43.07 | 062 | 2524 | 0.76 | 34.24

Table C.6: Load and displacement values for the Radio-lunate ligament at different loads

applied to the metacarpals for models 1-6.
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Model

Maximum contact pressure on Radius

Scaphoid fossa

Lunate fossa

S/L

Loa

[T L S

Loa

G DY s W b

(MPa) (MPa)

d applied to the metacarpals=140N
2.2 1.02 2.15
2.13 0.88 2.41
1.97 1.18 1.70
1.69 1.02 1.66
2.15 2.52 0.90
2.17 1.22 1.78

d applied to the metacarpals=300N
4.63 2.26 2.05
4.07 2.84 1.43
3.96 2.84 14
3.46 24 1.44
4.57 8.67 0.53
4.31 2.31 1.86

Table C.7: Maximum contact pressure values for the articular surface of the radius at

different loads applied to the metacarpals for models 1-6.

Simulation results
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Applied Contact area ratio’s
Load (N)
Model 1 2 3 4 5 6
S/L | Total/Joint | S/L | Total/Joint | S/L | Total/Joint | S/L | Total/Joint | S/L | Total/Joint | S/L | Total/Joint

50 2.36 0.39 2.19 0.39 1.91 0.34 2.59 0.44 2.21 0.23 1.63 0.30
100 2.54 .39 2.33 0.40 1.91 0.34 2.59 0.44 2.24 0.25 1.83 0.31
140 2.74 0.40 2.45 0.41 2.00 0.33 2.64 0.43 2.16 0.28 2.03 0.32
200 2.91 0.40 2.63 0.41 2.12 0.34 2.71 0.43 2.03 0.28 2.23 0.33
360 3.20 0.41 2.77 0.41 2.23 0.33 2.85 0.44 2.04 0.30 2.52 0.34
400 3.41 0.41 3.01 (.42 2.50 0.34 3.09 0.44 2.24 0.31 2.77 0.34

Table C.8: Contact area ratios for scaphoid-radius and lunate-radius articulation on the radius articular surface at different loads applied

to the metacarpals for models 1-6.
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Applied Contact area ratio’s
Load (N)
Model 1 2 3 4 5 6
Load Scaphoid | Lunate | Scaphoid | Lunate | Scaphoid | Lunate | Scaphoid | Lunate | Scaphoid | Lunate | Scaphoid | Lunate
50 117.32 49.76 115.84 52.90 95.15 49.79 135.33 52.27 63.89 31.21 79.65 48.80
100 120.80 47.64 120.33 51.70 95.15 49.79 135.33 52.27 74.59 33.33 85.96 46.88
140 126.37 46.15 123.49 50.37 95.05 47.54 134.76 51.02 81.26 37.70 91.94 45.37
200 128.55 44.16 128.38 48.73 97.86 46.22 135.65 50.04 81.68 40.23 96.65 43.41
300 133.94 41.81 129.84 46.92 98.69 44.30 138.32 48.52 85.90 42.15 103.13 40.99
400 135.50 39.69 135.43 45.07 103.27 41.31 142.25 45.97 91.12 40.65 108.30 39.10

Table C.9: Contact area for scaphoid-radius and lunate-radius articulation on the radius articular surface at different loads applied to

the metacarpals for models 1-6.
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C.3 Accurate Bone Geometry Model variation results

Load (N) | Contact Pressure (MPa)
Model 7 8
(N) (Mpa) (Mpa)
100 2.875 2.862
140 3.34 3.475
200 4.09 4.226
300 5.403 6.014

Table C.10: Contact pressures at different loads applied to the metacarpals for models 7

& 8.

Model | Maximum contact pressure on Radius

Scaphoid fossa

Lunate fossa

S/L

(MPa) (MPa)
Load applied to the metacarpals=140N
3.23 2.14 1.51
3.07 1.94 1.60
Load applied to the metacarpals=300N
5.33 4.63 1.15
5.67 4.26 1.33

Table C.11: Maximum contact pressure on the radius articular surface at different loads

applied to the metacarpals for models 7 & 8.

Simulation results
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Applied Contact area ratio’s
Load (N)
Model 7 8
S/L | Total/Joint | S/L | Total/Joint

100 1.12 0.36 1.11 0.35
140 1.14 0.36 1.12 0.36
200 1.15 0.37 1.12 0.36
300 1.19 0.37 1.13 0.37

Table C.12: Contact area ratios for scaphoid-radius and lunate-radius articulation on the

radius articular surface at different loads applied to the metacarpals for models 7 & 8.

Applied Contact area’s
Load (N)
Model 1 2
Load Scaphoid | Lunate | Scaphoid | Lunate
100 244.39 | 217.94 | 239.23 214.69
140 248.86 | 218.85 242.56 217.24
200 251.46 218.61 246.36 219.35
300 254.90 | 214.64 | 250.96 222.67

Table C.13: Contact area for scaphoid-radius and lunate-radius articulation on the radius

articular surface at different loads applied to the metacarpals for models 7 and 8.

Simulation results
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Ligament attachment Model 7 Model 8 Ligament

Ligament Percentage of 140N Ligament Percentage of 140N | force at

Tensile load (N) | load applied (%) | Tensile load (N) | load applied (%) e =3%
Bonel Bone2 Dorsal | Palmer | Dorsal Palmer Dorsal | Palmer | Dorsal Palmer Both
Radius Scaphoid 3.98 6.04 2.85 4.32 0.16 7.87 0.11 5.62 1.49
Lunate Scaphoid 59.77 6.44 42.69 4.60 73.88 29.91 52.77 21.36 8.36
Lunate Triguetrum | 41.38 1.54 29.56 1.10 71.46 1.84 51.05 1.31 16.61
Capitate Scaphoid 6.02 13.57 4.30 9.69 0.73 13.58 0.52 9.70 3.18
Capitate | Triquetrum | 2.76 2.68 1.97 1.91 38.23 21.57 27.30 15.41 17.61
Capitate Hamate 19.08 1.72 13.63 1.23 39.87 11.10 28.48 7.93 27.36
Capitate Trapezium 0.42 0.33 0.30 0.24 2.59 3.70 1.85 2.64 40.06
Scaphoid Trapezium | 25.35 50.35 18.11 35.97 35.25 20.40 25.18 14.57 6.62
Scaphoid Trapezoid | 43.61 1.03 31.15 0.74 7.06 10.57 5.04 7.55 6.62
Triquetrum Hamate 221.39 | 205.67 | 158.14 146.91 90.78 63.67 64.84 45.48 11.26
Lunate Hamate 77.71 | 132.24 | 55.51 94.46 99.30 | 120.94 | 70.93 86.39 12.26
Lunate Capitate 7.16 29.43 511 21.02 11.72 7.36 8.37 5.26 12.14
Capitate Trapezoid 0.59 48.31 0.42 34.51 3.05 28.70 2.18 20.50 12.58
Trapezoid | Trapezium 1.11 5.54 0.80 3.96 37.15 16.37 26.53 11.69 9.11
Lunate Radius 37.93 75.34 27.10 53.81 51.29 67.03 36.64 47.88 9.77

Table C.14: Ligament load when a 140N load is applied to the metacarpals for models 7 and 8.
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C.4 Comparison between the Geometrically Simplified and

the Accurate Bone Geometry Model results

Load(N) 100 200
Model Explavg) | M1 M7 || Exp(avg) | M1 M7
Contact Pressure(Mpa) 1.62 1.78 | 2.88 2.84 3.89 | 4.09
Contact area/total joint area 0.18 0.39 | 0.36 0.22 0.40 | 0.37
von Mises Stress(Mpa) - 28.57 | 38.67 - 59.71 | 72.05
Maximum Principal Stress(Mpa) - 17.50 | 17.39 - 33.73 | 32.56
Minimum Principal Stress(Mpa) - 1.50 | 5.20 - 2.91 | 9.78
Hydrostatic Stress(Mpa) - 13.52 | 41.64 - 28.26 | 77.50

Table C.15: A comparison of Model 1 and 7 results. Exp(avg) is the average experimental
value from Veigas et al. [18, 87]

Simulation results
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Appendix D

Volunteer’s CT scan details

Computer tomography (CT) images of the left wrist joint were acquired from the
Department of Radiology at the Groote Schuur hospital. The scan was conducted on
a forty year old mixed race male volunteer. The images present within the data set were
from the distal portion of the radius to the proximal portions of the metacarpals. A slice

of the volunteer’s CT scan is shown in figure D.1.
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