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Force Analysis of Wrist Joint to Develop Wrist Implant and
Mechanical Hand Using Optimization Technique
and Finite Element Method
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ABSTRACT

Many mathematical techniques have been developed to determine the muscle forces and force distribu-
tion in biomechanical human model, because it is so important to understand internal forces resisting
external loading. However, a three-dimensional mathematical model of wrist joint, which is essential to
develop solid modeling and artificial wrist joint, has not been well developed. This study proposed to
define three-dimensional mathematical model of distal radius and ulna of the human wrist and to develop
a detailed two-dimensional finite element through comparisons to existing analytical models and ex-
perimental tests.

This mathematical model were accurately recreated, allowing the internal tendon force as well as force
transmission and distribution through the distal radius and ulna during dynamic loadings. The results
found in this study indicate and support the findings of other investigator that cyclic loading condition
results in higher compression force on distal radius and ulna and may be source of wrist disorder.
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1. INTRODUCTION

Hand and wrist injuries are very much common
of general athletic and musician injuries. In spite
of wrist pain and injury being a common affliction,
its exact precipitating mechanism still eludes clini-
cians and researchers alike. Epidemiological stu-
dies have shown that mechanical factors play a
significant role in the onset of these symptoms.
One such factor is the exposure of the wrist to
The
the force in the wrist were a rigid body spring

model'” ",

gages™", applied the
load cell The internal

mechanics of the human wrist are poorly under-

repetitive work. methods used to determine

pressure sensitive film™', and strain
Several other studies’ '

to radius and ulna directly.

stood due to the complexity of its small irregular
hones and connecting ligament structures. Detailed
information 1s not known about the stress distribu-
tion within carpal bones, contact pressures between
bones or carpal displacement and ligament and
forces when the carpus is loaded.

In this study, a three-dimensional nonlinear opti-
mization based model™ was formulated to predict
forces in the tendon and force transmitted through
the distal radius and ulna of wrist during dynamic
loading and to develop a detailed two-dimensional
finite element through comparisons to existing
analytical models and experimental tests.

2. METHOD AND MATERIALS

2.1 A Three-dimensional Nonlinear Optimiza-
tion Model
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were formulated to predict

A total of three mathematical models (23
and 6 tendons model)
tendon force as well as the compressive force on
distal radius and ulna. 23 tendons model consists
of all of tendons crossing the wrist including 6
prime wrist motors, 4 thumb motors, and 13 extrin-
However, 6 tendons model re-
cruited prime wrst mover motors only (ECRI.,
ECRB, ECU, FCR, FCU, and APL). 10 ten-
dons model includes EPL, FPL, APL, EPB
along with 6 prime wrnst mover motors. The for-
mulation of a mathematical model to predict forces

sic finger motors.

in the force transmitting structures spanning a wrist
(a)

action of the structures and their points of applica-

joint requires the following data : lines of
tion with respect to global axis system, (b} phy-
siological areas of cross-section of the tendon, and
(c) their permissible intensities. The point of ap-
plication point (moment arm) and cross-sectional
areas of tendon were obtained from previous
studies™.

The wrist external loading conditon {flexion and
extension moment) required to move the wrist can
be obtained using Lagrangian dynamics model,
since the wrist torque is related to the wrist posi-
tion . The required wrist trajectories with function
of time t were 60°cos(27t) for flexion-extension
and —20°sin(27t) for radial-ulnar deviation during
for 1 second. The Lagrangian dynamic model used
in this study is the following; T=H(8)}# +N( 4,
6) where H : inertia moment matrix, N :

vector due to Coriolis and centripedal acceleration,
13)

torque

friction, and gravity

{Mathematical Model)
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Using the above data set, the six equilibrium
equations and a set of constraints were formulated
by considering the free body diagram of the distal
radius and ulna.

Mx=mi Zi Fi_Tx=0

M,=(} Z; n; X, )F;=0

M,=m; X; F,+T,=0

Fx:li Fi+Furx=0

Fy=m; F;+F,,=0

F,=n, F+F,,=0

F, > =0

F/A—S < =0

where F;-force in the ith tendon; l;, m;, n;-the
direction cosines of the ith tendon; X;, Z;-coordin-
ates of the centroid of the ith tendon; S;-maximun
intensity of the ith tendon : A;-cross-sectional areas
of ith tendon; Ty, T,-external flexion/extension
and radial/ulna moments; and F,., Fuy» Fue-
force contributions of distal radius and ulna. The
problem was indeterminate and a solution was
sought using a nonlinear optimization algorithm.
The function { (F/A;—S;)%} 3 was minimized

to find an optimum solution'?.

2.2 A Two-dimensional Finite Element Model

A simple FEM consisting of the radius(r), ulna
(u), scaphiod(s), lunate(l), capitate(c) and
triangular fibrocartilage complex (TFCC) was con-
structed of the wrist in the neutral position. This
simple model is composed of 4573 4-node plane-s-
tress linear quadrilateral elements, 24 tension-only
spring elements and 143 slideline interface elements
generated using the ABAQUS finite element soft-
ware package(HKS, Pawtucket, R.1 ).

Once the simple model was completed and
analyzed, a more complex FEM of the wrist in the
natural position, consisting of the radious, ulna,
scaphoid, lunate, capitate, triquetrum(tq), hamate
(h), trapezoid(tz), second through fifth metacar-
pals(mc) and triangular fibrocartilage complex
(TFCC), was generated. This complex model is
composed of 8538 4-node plane-stress linear
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quadnlateral elements, 175 tension-only spring ele-
ments and 280 slideline interface elements also us-
ing ABAQUS.

The proximal ends of the radius and ulna were
rigidly fixed in both models. The distal edge of the
capitate in the simple model and distal edges of the
metacarpals in the complex model were fixed
against radial-ulnar deviation.. The medial and
lateral slides of the capitate were constrained by
slideline elements which acted as through the ha-
mate and trapezoid were still present and the distal
edge of the TFCC was restrained in the proximal-
distal direction to represent the missing triquetrum
in the simple model. In the complex model, the
radial edge of the trapezoid was fixed against
radial-ulnar deviation(modeling as if the trapezoid
carpal bone and the first metacarpal, which overlap
the trapezoid in the natural position, were still
present).

Loading conditions used in this study for both
models were the following | The capitate was
loaded with a 100N distributed load across its distal
edge in the simple model. The netacarpals were

-load in complex model, as if the hand were grasp-

ing with a force of 1kg, along their mid-axes with
compressive loads of : 33.0N second metacarpal,
42.2N third metacarpal, 25.6N and 19.7N fourth
and fifth metacarpals as reported by Horii, et al
(1990).

The FEM material properties (cortical bone :
Young’s Modulus (E)=17.0 Gpa, possion’s ratio
(V)=0.31; cancellous bone : E=1.5 GPa, v=0.
25 articular cartilage . E=11.5 GPa, v=0.40:
TFCC . E=23.0 MPa, v=0.40) and ligament
stiffnesses (ranging between 40-350N/mm) were
based on values reported in literature!* 17, Fric-
tionless interface were assumed between articular
surfaces. The Young’s Modulus for TFCC is pre-
sently unknown. We estimated the modulus to be
double that of cartilage since the TFCC is a com-
position of cartilage and ligaments.

3. RESULTS
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In the Opitimization based model, the profile of
distal radius/ulna compression and tendon forces
during flexion/extension and radial/ulnar deviation
were shown in Fig. 1~Fig. 4. The maximum
forces transmitted through radius and ulna during
dynamic loading were listed in Table 1.
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Fig. 1 Compressive Force Transmitted Through Radius
During Dynamic Flexion/Extension Motion
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Fig. 2 Compressive Force Transmitted Through Radius
During Dynamic Radial/Ulnar Deviation Motion

Tabte T The Maximum Forces Transmitted through
radius and Ulna during Dynamic Loading with
Three Different Models

Model Maximun Force (N)

Tg:;on Flexion Extension I;i:;al g:/ar
23 174 188 53 51
10 184 236 48 S0
6 164 241 39 42

Mean 174 222 47 47
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Fig. 3 Tendon Force Required During Dynamic
Flexion/Extension Motion
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Fig. 4 Tendon Force Required During Dynamic
Radial/Ulnar Deviation Mction

Regardless of the number of tendon formulated
in the mathematical model, the greater force on
radius and ulna was found during extension rather
than flexion. The extension mode induced distal
radius and ulna compression that was about 27%
higher than the flexion mode. However, during
radial/ulnar deviation, there was no much differ-
ence between compression forces. During the cyc-
lic flexion/extension loading, either ECU and
ECRB or FCR and FCU play a important role in
resisting the external load. However, for radial/
ulnar deviation, greater forces were required from a
combination of either ECU and FCU or APL and
ECRL, respectively.

In the finite element method based model, a
noticeable shifting of the carpal bones downward
towards the ulna was observed. This shifting is
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Fig. 6 Stress Distribution/Contours in Complex FEM
Model
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Fig. 7 Comparison of Average Contact Stresses with
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Other Studies

expected with compressive loading of the carpus'®.
Stress-contours of both models show concentra-
tions of stresses through the capitate and down into
the scaphoid and lunate(Fig. 5~Fig. 6). This
finding was expected because the majority of carpal
fractures occur in these bones!”. Maximum contact
stresses were comparable to those reported by other

3.18.19) Average contact stresses were

researchers
comparable to previous reports™'#*"(Fig, 7). The
ratio-lunate ligament experienced a tensile force of
29.45N in the simple model and 1.83N in the
complex model. The scapho-triquetral ligament ex-
perienced no tensile force in the simple model
(Fig. 5) but, a 0.79N tensile force in the complex
model(Fig. 6). The complex model compares
more favorably than the simple model with other

1618 The differences between the

reported results
simple and complex models are most likely due to
loading and boundary condition which were not
present in other reported analytical and ex-
perimental models. The percentage of axial load
distribution across the radius {77.0%) and ulna
(23.0%) corresponded to that of work performed

by Palmer and Werner".

4. CONCLUSION

This results indicate and support the findings of
other investigator that cyclic loading condition re-
sults in higher compression force on distal radius
and ulna and may be source of wrist disorder.

Simple and complex two-dimensional finite ele-
ment models of the wrist joint were developed and
verified with previously published work. This
study is being continued to include experimental
vertification. Once the two-dimensional models are
vertified experimentally, the knowledge gained can
be applied to more complex and accurate
three-dimensional finite element wrst model.

This work was funded by grants from Korea
Research Foundation (¥ 7€ &&z3A
ATFANYFoE FYPHAUL).
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