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Abstract

A computational model has been developed using a current generation computer-aided engineering (CAE) package to predict total
knee replacement (TKR) kinematic in the sagittal plane. The model includes friction and soft tissue restraint varying according to the
flexion angle. The model was validated by comparing the outcomes of anterior-posterior (A-P) laxity tests of two contemporary knee
replacements against data obtained from a knee simulating machine. It was also validated against predictions from a computer model
reported in the literature. Results show good agreement in terms of A-P displacements. Further tests were performed to determined
the influence of the soft tissue restraints varying with flexion angle. This work represents the first attempt to use a sophisticated
commercial CAE package to predict TKR motions and the advantages of the modelling procedure chosen are discussed. © 2000

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Total knee replacement has become a routine surgical
procedure to relieve pain, restore alignment and to re-
store knee function. Even if, for some designs, survival
rates of better then 90% have been achieved at 10 years
(Knutson et al, 1994), three types of TKR failure have
been reported, (i) failure to reproduce normal knee func-
tion (Luger et al., 1997), (ii) bone-implant interface failure
leading to implant loosening and (iii) wear of the pros-
thesis itself (Blunn et al., 1997). These three types of
failure are clearly related to the motions and loads occur-
ring at the bearing surfaces of the prosthesis components.
Motions and loads govern in particular the implant wear
process which are an important concern as performance
requirements (both load level and lifetime) of TKR m-
plants increase.

Determination of knee prosthesis kinematics during
function is therefore important when addressing these
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problems. Computer models can be useful tools for pre-
dicting TKR kinematics and evaluating the mechanical
behaviour of the prosthesis components as a function of
their geometry. Three-dimensional computer models
have been developed to predict TKR kinematics and
have provided indications on how TKR designs, liga-
ment restraints or surface friction influence the joint
motions (Essinger et al., 1989; Garg and Walker, 1990;
Sathasivam and Walker, 1997). However, the models
reported in the literature all required a significant
amount of specific programming. Increasing the accuracy
and complexity of such models would require longer
computer programs. Such models may also be difficult to
transfer between researchers. From a design point of
view, the necessity to reprogram for each design iteration
make these cumbersome tools. None of the TKR models
reported in the literature were developed using computer
assisted engineering packages (CAE). CAE packages now
make it possible to perform rapid calculations and to
simulate motions of complex systems without requiring
any programming. Widely used in the automotive and
aircraft industries, suitably customised computer pack-
ages could also be useful in the biomechanics field. Com-
puter models developed on a current generation CAE
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package could be used to evaluate the influence of TKR
design on knee joint kinematics, reducing design time
and increasing the ability for pre-prototype evaluation of
designs. I-DEAS™ Master Series and ADAMS™ kin-
ematic solver are typical of modern CAE packages. In
order to asses their adaptability to biomechanics matters,
a simple model was developed to predict TKR kin-
ematics in the sagittal plane. The model was based on the
mechanical arrangement used in the Stanmore knee
simulator (Walker et al,, 1997) and in the model de-
veloped by Sathasivam and Walker (1997). In order to
validate the model, a series of anterior—posterior laxity
tests was performed on two prostheses, for which experi-
mental and numerical data are available (Walker et al.,
1997; Sathasivam and Walker, 1997). The software
was then used to improve the representation of the soft
tissue restraints described by Sathasivam and Walker
(1997).

2. Methods and materials
2.1. Description of the model

The kinematics of the Stanmore knee simulator de-
veloped by Walker et al. (1997) were modelled. The
Stanmore knee simulator allows six degrees of freedom,
the three translations and the three rotations of the knee
joint. However, as a first attempt to evaluate CAE pack-
age capabilities, the modelling was restricted to predic-
ting TKR motions in the sagittal plane. Thus, only three
motions were allowed between the components. The fem-
oral component was allowed to translate in the prox-
imal-distal direction and to rotate about its transverse
axis (Fig. 1), which was determined from previous experi-
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ments (Sathasivam and Walker, 1997 or Walker et
1997). The tibial component was allowed to translat
the anterior-posterior direction (Fig. 1).

The model was quasi-static. The principal loads b«
by the knee joint in the sagittal plane are a compres
force (F,) applied to the femoral component, parali
the tibia fixed axis, and an anterior—posterior force (
applied to the tibial component, as presented in Fig.
order to conform with the mechanical arrangemer
Stanmore simulator, the anterior—posterior motion o
tibial tray relative to the femoral component was
strained by two' non-linear springs (Fig. 1). The ante
non-linear spring represents the action of the soft tis
restraining the anterior displacement of the tibia rel
to the femur (Crowninshield et al., 1976). The poste
non-linear spring represents the action of soft tis
restraining the posterior displacement of the tibia rel:
to the femur (Crowninshield et al, 1976). The f
exerted by the anterior and posterior bumpers in
Stanmore simulator are defined by

F, = K;x* + kyx = 0.444x* + 2.334x,
F, = K3x? 4 kyx = 3.910x% + 7.960x,

where F, and F, are the forces exerted, respectively
the anterior and posterior springs, x is the compres
displacement of each spring, and ky, k3 and k, k, ar
stiffness constants of the springs, respectively, Wher
veloped by Sathasivam and Walker (1997), these e
tions did not vary with flexion angle.

Due to the effect of friction, TKR motions cat
unsmooth in contrast with the situation in a natural |
where the friction is so small as to be insignificant
predict TKR kinematics in a realistic way, friction
incorporated within the model.
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Fig. 1. Discription of the TKR motions in the sagittal plane when subject to a compressive force F, and an anterior shear force Fi,.
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2.2. Computer modelling

I-DEAS™ is an integrated package of mechanical en-
gineering tools and was used throughout this study. This
software is designed to facilitate a concurrent enginéering
approach to mechanical engineering product design and
analysis. Kinematic analyses can be carried out by cre-
ating a mechanism and solving its motions using the
integrated ADAMS™ kinematic solver. For a particular
load case, the solver calculates the motions of the mecha-
nism and forces as a function of time. The successive
positions of the rigid bodies are displayed in successive
configurations of the mechanism or frames.

To analyse the relative motions between the main
components of a TKR implant under different loading
conditions, a solid model was built to represent the
Stanmore simulator. The mechanism contains nine rigid
bodies, four to model the TKR components and their
contacting profiles and five to build the grounded frame
holding the TKR components (Fig. 2). Joints and con-
straints were incorporated into the assembly to restrict
the relative motions between the components of the
mechanism. The femoral component was allowed to ro-
tate about its transverse axis but this flexion motion was
controlled in order to simulate any desired activity. The
flexion angle of the joint was thus chosen and defined in
the initial configuration of the mechanism. The femoral
component is rotated about its transverse axis (axis of the
flexion bar) from its 0° flexion position to a chosen angle
o (Fig. 1). The lowest point of the lower femoral surface
was positioned to be in contact with the lowest point of
the tibial upper surface. Additionally, the femoral com-
ponent was allowed to translate in the proximal-distal
direction relative to the back wall using a translational
joint. The tibial tray was allowed to translate in the
anterior—posterior direction relative to the bottom wall
using another translational joint. The femoral and tibial
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Fig. 2. I-DEAS™ total knee replacement computational model.

components were constrained to remain in contact along
their sagittal profiles using a cam-cam joint. The
cam-cam constraint restricts a planar curve of one rigid
body to be in contact and tangential to a planar curve of
a second rigid body.

Non-linear springs were used to define explicitly the
forces exerted by the springs as shown in Egs. (1) and (2).
Springs forces F, and F, are defined by two negative
functions. This indicates to the kinematic solver that
these two forces act against the tibial tray displacements.
They restrain the anterior-posterior motion of the tibial
tray in the same way as two non-linear springs working
only in compression.

To incorporate friction, the friction force (f) was de-
composed into its horizontal (f,) and vertical (f,) compo-
nents and applied directly to the mechanism. To ensure
that the frictional force f opposes the prevailing motion,
the horizontal component f, is applied in the anterior
direction when F,, is an anterior force, and in the poste-
rior direction when F,, is a posterior force. The vertical
frictional component f, is always applied downwards for
any motion.

The mechanism was subjected to four external forces,
the compressive force F, applied to the femoral compon-
ent, the anterior—posterior force F,, applied to the tibial
tray, the force modelling soft tissue restraints and the
friction force. Since the kinematic solver does not solve
mechanisms only driven by forces, a constant velocity
translational motion was applied to the tibial tray, either
in the anterior or posterior direction. At each time step,
the kinematic solver displays the relative positions of the
TKR components and calculates the reaction forces
within the mechanism.

2.3. Validation studies

Anterior-posterior laxity tests were carried out using
the same loading conditions, soft tissue restraints, with
and without friction by Walker et al., 1997; Sathasivam
and Walker, 1997). In order to validate the model, the
two TKR designs tested previously by Walker et al.
(1997), the Kinemax Lowstress and the Kinemax Condy-
lar TKR from Howmedica, were tested at flexion angles
of 10 and 60°. A constant compressive force F of 1500 N
and an anterior-posterior force F,, ranging from
300N to -+ 300 N were applied. Friction was incorp-
orated into the model using static and kinematic coeffi-
cients of friction of 0.07 (Sathasivam and Walker, 1997).

2.4. Soft tissue constraint studies

In previous studies (Sathasivam and Walker, 1997;
Luger et al,, 1997), soft tissues were modelled as non-linear
springs whose stiffness did not vary with the flexion angle
(as presented in the validation results). However, in the
intact knee, soft tissue restraints vary significantly with
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flexion angles (Fukubayashi et al., 1982). In order to take
into account such variations, alternative values for the
constant ky, k,, k3 and k, were calculated based on
Fukubayashi’s data (1982) and tested at 10 and 60°
flexion (Table 1). The influence of varying soft tissue

restraints with flexion angle on the anterior-post
laxity of the two TKR designs was determined.

3. Results

3.1. Validation

Table Figs. 3 and 4 show the prediction at 10 and 60° fle
Spring stiffnesses k;, k3 (N/mm?) and k,, ks (N/mm) for varying flexion for the Kinemax Lowstress and Kinemax Condylar”
angles ' designs, with friction and no friction, compared wit.
TKR type Flexion ks ks predictions of the Sathaswgm model' (Sathas}ve}m
angles Walker, 1997). For cases with and without friction
force-displacement curves matched Sathasivan resul
Cruciate retaining 10° 0.44 676 0 both 10 and 60° flexion.
TKR kinemax ) Fig. 5 shows the validation results against data
i‘(’)‘;’:‘t;le:: Kinemax 60 037 4690 the knee simulating machine developed by Walker
(1997). Tests carried out with the knee simulator
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Fig. 3. A-P laxity results for the Kinemax Lowstress TKR at 10 and 60° flexion, predicted by I-DEAS™ (@) and by Sathasivan mode !

(Sathasivam and Walker, 1997).
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Fig. 4. A-P laxity results for the Kinemax Condylar TKR at 10 and 60° flexion, predicted by I-DEAS™ (®) and by Sathasivam model (x)

(Sathasivam and Walker, 1997).

cyclic and the anterior shear force had a maximum mag-
nitude of 250 instead of 300 N. Similarities in the data
between the model predictions and the cyclic tests were
expected when the anterior force is increased from 0 to
250 N and when the posterior force is increased from 0 to
— 250 N. These regions of interest for the cyclic curves
are highlighted in Fig. 5. Under these particular loading
conditions, predictions were in good agreement with the
displacements recorded by the simulator for both designs
and flexion angles.

Incorporating friction between the TKR components
produced a region of no displacement when the magni-
tude of the A-P force is less than 100 N. Similar observa-
tions were made with Sathasivam model (Figs. 3 and 4)
and in the experimental cyclic tests (Fig. 5), where the flat
line at the top and bottom of the curves showed that
there was no displacement between the TKR compo-
nents when the force direction changed.

3.2. Influence of varying soft tissue restraints with flexion
angle

Fig. 6 shows the force-displacement curves for the
Kinemax Lowstress and Kinemax Condylar TKR
designs, with friction and with constant and varying
soft tissues restraints. For both designs, modelling
the soft tissue restraints using constant stiffness leads
to the underestimation of both anterior and posterior
laxity of the TKR joint. Constant stiffness leads to
underestimation of tibial tray total A-P displace-
ments at 10 and 60° flexion 3.5 and 5%, respectively
for the Kinemax Lostress TKR, 6 and 8.5% for the
Kinemax Condylar TKR. The main differences between
the results obtained with constant or varying stiff-
nesses were observed in the evaluation of the an-
terior displacements of the tibial ray as shown in
Fig. 6.
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Fig. 5. A-P laxity results for the Kinemax Lowstress and Kinemax Condylar TKR designs predicted by (€) I-DEAS™ with friction coeff it = 0.0°
measured by (—) Walker knee simulating machine (Sathasivam and Walker, 1997).

4. Discussion

The close agreement between the experimental data
reported in the literature and the results obtained with
the model leads to the conclusion that such a model
provides an accurate description of the kinematics of
TKR in the sagittal plane, for the different geometries,
loading conditions, and soft tissue restraints. Despite the
assumptions made in the model, such as rigid-body be-
haviour and 2D motions, the good agreement between
the different results demonstrates the value of this ap-
proach. :

Soft tissues (ligaments and capsule) play a fundamental
role in the intact knee joint in restraining the relative
anterior—posterior motions between the femur and the
tibia (Crowninshield et al., 1976; Fukubayashi et al.,
1982; Gollehon et al, 1987; Beynnon et al, 1996). In
order to evaluate TKR kinematics realistically, the action
of soft tissues should be taken into account and introduc-
ed into the model of the knee joint. Sathasivam and
Walker (1997) modelled the soft tissue restrainsts by
non-linear springs. However, they did not take into ac-

count that soft tissue restraints vary with flexion a:
The model described in this paper presents prelimi
results of the effect of modelling soft tissue as non-li
springs with stiffness that vary with the flexion ang]
was shown that using constant soft tissue restraints 1
to underestimate the A-P laxity, in particular for
conforming designs, at 60° flexion. However, only a r
imum of 10% variation was obtained for total AP
placements predicted with constant or varying soft (i
restraints. It was therefore concluded that the effe
varying soft tissue restraints with flexion angle is nc
significant as it might be expected, at least for the fle:
angles examined.

The model presented in this study represents one o
very few attempts of using virtual prototyping softy
for modelling biomechanical systems. The model
developed without any requirement for computer
gramming, thus allowing rapid progress towards v
able results. The model can be readily utilised by o
researchers and parameters such as TKR geometry.
ternal loading conditions or soft tissue restraints cas
easily changed. Additionally, once the input parame
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-P Laxity of the Kinemax Lowstress and Kinemax Condylar TKR designs with constant (Sathasivam and Walker, 1997) and varying soft
raints (Fukubayashi et al., 1982).

en selected, the computational cost is low. The sagittal plane but its full version would be needed to
ive graphic-based environment allows users to model three-dimensional motions.

: the system modelled from any perspective, in To conclude, the computer model presented can be
figuration. used to predict the two-dimensional kinematic behaviour
nain limitations observed were related to the fact of TKR designs under simple and functional loading
iematic solver implemented is only a reduced conditions, taking into account friction and a realistic
of the full ADAMS™ solver and does not allow representation of soft tissues restraints that vary with the
amic analyses. It was therefore not possible to flexion angle. The preliminary 2D predictions obtained
nly external loads and te obtain directly the with a commercial solver are encouraging for further
ium position, i.e., at least one motion had to be development of 3D models using the more advanced

to the mechanism. Additionally, only one kinematic solver.

N constraint was available for defining contact
-the TKR components. This constraint can relate

> coplanar curves and did not allow to incorpor- Acknowledgements
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