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Abstract—The tibial insert conformity is one of the essential parameters con-
cerned with the contact stress distribution of biomechanics characteristics in total
knee arthroplasty (TKA). This study aimed to evaluate the effect of tibial insert
conformity design on contact stress distribution using Finite Element (FE) anal-
ysis. The three-dimensional (3D) FE model of the posterior stabilized type of
TKA was analyzed according to the standard knee implant loading. The 3 fac-
torial experimental design was performed for the response surface of different
insert curvatures consisting of the curve, partial flat, and flat insert conformity in
sagittal and coronal planes. According to the result, the coronal and sagittal plane
conformity displayed the effect of the change on the contact stress, including the
contact area for the flexion angle of the knee joint. The maximum contact stress
increased while the contact area value decreased during the flexion angle of the
knee joints raised. The changing insert conformity value in the sagittal plane dis-
played higher sensitivity to contact stress than the changing conformity in the
coronal plane. The relationship between the contact stress and tibial insert con-
formity under knee flexion angle indicates highly regression suitable for the pre-
diction. In addition, the FE simulation result was then verified by compared to
mechanical testing using the Fujifilm technique. The result of FE analysis exhib-
ited similar to that of the mechanical test. The study indicated that the different
geometric designs of the insert conformity played a crucial role that influenced
and relationship to the contact stress of TKA.

Keywords—insert conformity, total knee arthroplasty, contact stress, finite ele-
ment analysis

1 Introduction

Total knee arthroplasty (TKA) is an orthopedic surgical procedure widely used to
treat osteoarthritis to relieve pain by repairing the weight-bearing surfaces of the knee
joint. However, there are still reports of complications from patients after surgery due
to problems, such as implant loosening, pain, and weight-bearing surface wear [1]-[3].
The surface wear of the insert component is an essential factor for the shortening life-
time included the loosening of TKA [4]-[7]. In extreme situations, revision surgery may
be required because of material damage, which generally uses Ultra-High Molecular
Weight Polyethylene (UHMWPE) material. Previous studies have found that the wear
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rate of the tibia insert is related to the changing of the contact stress on the articular
surface [4]-[6]. The contact mechanics on the tibial insert of TKA is caused by various
factors, including material, geometry design, patient activity levels. The geometric con-
formity related to the radii ratio between the femoral component and the tibial insert is
an essential factor influencing contact stress and area in TKA design [8]-[10]. The tibial
insert conformity is a crucial parameter related to both the coronal and sagittal plane
for TKA, which should be considered in both biomechanics contact and wear perfor-
mance [4]-[7]. The high conformity design of TKA produces low contact stress pro-
vided does not exceed the fatigue limit of the material, including a wide contact area
reducing surface wear. In addition, the contact stress distribution correlates inversely
to the contact area of the insert component related to the load under the flexion angle
of the knee joint. It was discovered to directly affect contact pressure under various
loads, resulting in material wear [11].

The effect of conformity is significant in the determination of TKA wear, including
biomechanical performance, according to the previous study with the computational
model using Finite Element (FE) analysis and experiments [12]-[16]. Using FE analy-
sis, the biomechanics contact between the articulating against of insert and a femoral
component could be described as reliable as the experimental study. In addition, in vitro
study of contact pressure distribution in the tibiofemoral using Fujifilm technique or
Tekscan pressure sensor was a standard instrument, which helps to understand the im-
pact of geometric design of TKA [17],[18]. However, the experimental studies still
have a high cost and long-time limitation. According to the knee contact pressure test,
the purpose of the standard was to evaluate the pressure distribution and total contact
area on the tibiofemoral joint of the TKA system based on the bodyweight load in each
different flexion angle [19]. The bearing load in each flexion angle of 0 to 90 degrees
with the loading in the range of 4 to 5 times of body weight was used to determine the
knee contact pressure. The results can be used to develop optimized geometries that
include the insert conformity.

The design of experiments (DOE) was generally used to evaluate the main factor
affecting the output, leading to the optimized output response and explanation of the
interaction between the factors [20]. The purpose of responses surface methodology
(RSM) was to determine the optimal condition system by analyzing multi-factor data
that evaluated the level of factors that optimize the response. Previous studies have used
an optimization method to determine the positioning parameters of TKA. The relation-
ship of biomechanical parameters such as varus angle, posterior slope angle, and exter-
nal rotation angle reduces the peak value of pressure [21]. This study hypothesizes that
the various conformity ratio in TKA changes the insert curvature effect on the contact
stress and area.

Therefore, this study aimed to investigate the effect of insert conformity design to
the contact stress based on FE analysis. The full factorial DOE was performed with a
different design of conformity consisting of a curved, partial flat, and flat in the sagittal
and coronal planes. The surface response analysis was also evaluated between the con-
tact stress distribution and the tibial insert conformity. In addition, the mechanical test
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was performed to validate of FE simulation. The results of this study provide infor-
mation concerned with the relation of contact stress and conformity design of the TKA
tibial insert component.

2 Materials and methods

2.1 3D finite element model

This study created the 3D computational model of a posterior-stabilized TKA con-
sisting of the femoral and tibial insert components, as shown in Figure 1(a). The tibial
insert conformity was defined by the ratio of geometric curvature radius between the
femoral and tibial insert components in the sagittal plane (Cs) and the coronal plane
(Cc), as illustrated in Figure 1(b). Table 1 shows the three-level experimental design of
the conformity parameter in the coronal and sagittal planes, consisting of the curve,
partial curve, and flat.
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Fig. 1. (a) The 3D model of femoral (left) and tibial insert component (right); (b) The tibial in-
sert conformity consisted of the coronal plane (Cc) and sagittal plane (Cs)

Table 1. The tibial insert conformity values according to the sagittal and coronal planes

Parameters Abbreviation Values
Curve Climax 0.80
Coronal -
Conformity (Cc) partial flat Camig 0.40
Flat Cloin 0.00
curve CSmax 0.70
Sagittal - -
Conformity (Cs) partial flat Csmig 0.35
ﬂat CSmin OOO

The FE model of a rigid body femoral component and the deformed body of the
tibial insert component was created and analyzed using the computer simulation soft-
ware (Abaqus Knee Simulator-SIMULIA, Johnston, USA). The mechanical properties
of the tibial insert component were considered by the elastic modulus of 685 MPa,
Poisson ratio of 0.47, and the density of 0.94 g/cm? [22].
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This study performed mesh convergence testing to verify that the FE result was sig-
nificantly independent according to mesh refinement. The element size was considered
between 3.5 mm to 0.5 mm until the different percentages changing of maximum con-
tact stress was less than 2%, as shown in Figure 2. The convergence results indicated
that the mesh density utilized for these insert components was an acceptable range rel-
ative to that obtained in a previous study [23], [24].
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Fig. 2. The mesh convergence test for the FE result of maximum contact stress

2.2 Boundary and loading conditions

Figure 3 shows the boundary conditions of FE analysis. The vertical load was per-
formed on the surface of the femoral component based on the equal distribution on the
medial and lateral sides. The bottom surface of the tibial insert component was consid-
ered fully constrained with no translation and rotation. The femoral component was
allowed free moving in the medial-lateral (ML) translation, including the internal-ex-
ternal (IE) and varus-valgus (VV) rotations. The friction coefficient between the fem-
oral and tibial insert components was 0.04 [13].

T113%
Fixed all DOF
Fig. 3. Boundary and loading conditions
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The FE analysis was performed under various flexion angles between the femoral
and tibial insert components. Table 2 displays the applied load according to the flexion
angle of the knee joint according to the standard specifications for testing a knee re-
placement prosthesis (ASTM F2083) [19].

Table 2. The load and flexion angles according to the standard testing [19]

Flexion angle Load
(degrees) (kN)

0 2,901
15 2,901
30 3,267
60 3,626
90 3,267

2.3 Response surface methodology

The design of experiment (DOE) affected the statistical design and analysis process,
including the screening design and optimization [20]. The optimization design method
is generally analyzed for finding a response optimizer to determine the optimum factor
value. In this study, response surface methodology (RSM) was performed based on a
three-level (3X) full factorial design. The data were examined to determine the optimal
tibial insert conformity based on the average pressure distribution and gait cycle pres-
sure level. The previous studies revealed that the magnitude of contact stress distribu-
tion on the tibiofibular joint was in a range of 15 to 30 MPa [21],[23],[25].

2.4 Experiment for the validation of FE results

For the FE validation, the customized design of TKA consisting of femoral and tibial
insert components obtained from our previous study was used [10]. The universal test-
ing machine (UTM) (INSTRON-5565) and a specifically designed jig consisting of the
upper and lower fixtures were used, as shown in Figure 4. The upper fixture could be
the freedom of movement in translational and rotation varus and valgus. The applied
load was controlled with equal distribution evenly in the medial and lateral parts of the
tibial insert. The mono-sheet type of Fuji film (Medium pressure, Fuji Photo Film, To-
kyo, Japan) was used with an operating capacity range of 10 MPa to 50 MPa, and a
temperature range of 20° to 35°C. The compression load was performed withheld for 2
minutes and repeated three times.

The obtained Fuji film sheet was then used to scan under the high resolution of 1,000
dpi using color image scanner Epson A4 Perfection V37 (Epson, Perfection VV37). The
pressure distribution data were analyzed using the mapping system software (FPD-
8010E, Fuji Photo Film, Japan) to quantify the contact stress and positioned on the
contour outline of the tibial insert surface.

100 http://www.i-joe.org



Paper—Finite Element Analysis of Contact Stress Distribution on Insert Conformity Design of Total...

Fig. 4. The universal testing machine for experiment of contact stress distribution using Fuji
film technique

3 Results

3.1  The contact stress distribution of various conformity

Figure 5 and Figure 6 illustrated the contact stress and the contact area in various
flexion angles (0, 15, 30, 60, and 90 degrees) according to the changing conformity
value of sagittal and coronal planes, respectively. The magnitude of contact stress in-
creases when conformity decreases both in the sagittal and coronal planes decreases,
including the increase of knee flexion angle. In contrast, the decrease in the contact area
occurred in the case of low conformity at an increase in degree. The high conformity in
the sagittal plane exhibited a low contact stress value, as shown in Figure 5(a). Accord-
ing to the contact area, the result was found that the flat conformity displayed high
contact area. In contrast, the flat conformity revealed the high contact stress, as shown
in Figure 5(b). In addition, the results showed that the tendency of changing contact
stress and contact area following the conformity of the coronal plane displayed in Fig-
ure 6 similar changes in the conformity of the sagittal plane.
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Fig. 5. The results of (a) contact stress and (b) contact area with changing sagittal conformity
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Fig. 6. The results of (a) contact stress and (b) contact area with changing coronal conformity

Figure 7 shows the result of contact stress distribution on the surface of the insert
component according to the change of conformity at a flexion angle of O degrees. The
contact stress distribution changed following the value of conformity which occurred a
high value in a case of flat shape. Low conformity leads to high contact stress; however,
it decreases with curved conformity. In a case of high conformity in the sagittal plane,
the contact stress distribution exhibited the elongated elliptical shape in the anterior-
posterior direction. Similarly, the contact stress was distributed laterally as an elliptical
shape regarding the increase of coronal conformity.
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Fig. 7. The FE result of contact stress distribution on the tibial insert component with a change
of conformity at a flexion angle of 0 degrees

3.2 Analysis of variance and response surface methodology

Table 3 shows the typical analysis of variance on the contact stress with the R-square
value of 98.14 %. The Adj-R-square value of the contact stress indicating that the stud-
ied data was sufficient for analysis of the experiment was also similar to R-square. The
variance analysis of insert conformity revealed that the Cc and Cs had a significant
statistical (p < 0.05) effect on the contact stress. In addition, the interaction between the
parameter of Cc and Cs was not statistically significant (p > 0.05) to the contact stress.
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Table 3. Variance analysis of contact stress

Source DF Adj SS Adj MS F-Value P-Value

Model 5 525.35 105.07 31.64 0.008
Linear 2 505.65 252.82 76.14 0.003
Cc 1 143.16 143.16 43.12 0.007
Cs 1 362.48 362.48 109.17 0.002
Square 2 17.18 8.59 2.59 0.222
Cc*Cc 1 16.20 16.20 4.88 0.114
Cs*Cs 1 0.97 0.97 0.29 0.626
2-Way Interaction 1 2.52 2.52 0.76 0.447
Cc*Cs 1 2.52 2.52 0.76 0.447
Error 3 9.96 3.32

Total 8 535.31

S =1.82221 R-sq = 98.14% R-sq(adj) = 95.04% R-sq(pred) = 79.63%

Tables 4 show the regression analysis between the contact stress and insert conform-
ity in various flexion angles. The R-square value of the relationship equation between
Cc and Cs correlated to the contact stress was in the range of 97.34% to 98.16%. Figure
8 demonstrates the main effect of contact stress between coronal and sagittal planes
conformity. The results showed that the Cs were more significantly related to contact
stress than Cc. It can be drawn that the conformity change in the sagittal plane was
more sensitive to changes in contact stress than the coronal plane.

Table 4. Regression analysis of contact stress and insert conformity

Flexion angle . R-square
(degrees) Equation (%)
0 44.12 + 0.03 Cc - 20.50 Cs - 17.79 Cc*Cc - 5.7 98.14
Cs *Cs + 5.68 Cc *Cs '
45.41-6.04 Cc-6.46 Cs-17.51 Cc*Cc-17.1
5 Cs*Cs + 12.56 Cc*Cs o734
46.34 + 0.95 Cc- 23.66 Cs - 23.57 Cc*Cc + 8.73
30 Cs*Cs + 6.43 Cc*Cs 97.98
50.39 - 2.04 Cc - 10.13 Cs - 20.27 Cc*Cc -
60 3.05Cs*Cs + 4.55 Cc*Cs 98.16
46.74 - 8.2 Cc - 2.1 Cs-25.9 Cc*Cc + 36.8
%0 Cs*Cs +9.7 Cc*Cs 98.08
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Fig. 8. The main effect plot for contact stress between coronal and sagittal conformity

Figures 9(a) and 9(b) displayed the response surface contour plots of Cs and Cc to
contact stress and contact area, respectively. The results indicated that the contact stress
could be reduced by increasing Cs and Cc. At the same time, the decrease of Cs and Cc
has decreased contact area. From previous studies, the average maximum contact stress
was approximately 30 MPa [25]. This consistency to Cs and Cc values was between
0.5 to 0.7 and 0.4 to 0.8, respectively. Also, the contact area to be valued was in the
range of 220 mm? to 340 mm?, as shown in Figure 9(b).
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Fig. 9. The response surface of the tibial insert conformity to (a) Contact stress (unit: MPa) and
(b) Contact area (unit: mm?).

104 http://www.i-joe.org



Paper—Finite Element Analysis of Contact Stress Distribution on Insert Conformity Design of Total...

3.3  Validation of FE results

Figure 10 displays the mechanical testing result of contact stress distribution on the
tibial insert surface obtained from the Fujifilm technique. Figures 11(a) and 11(b) ex-
hibited the comparative result of average contact stress and contact area in 0 flexion
angle between the FE analysis and Fuji film experiments. The FE result of the average
contact stress displayed differences from the Fujifilm test, with 25.68 % and 29.21 %
for the medial and lateral sides, respectively. The contact area difference between the

FE analysis and the Fuji film test was shown for 1.94 % and 8.30 % for the center and
lateral sides.
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Fig. 10. The result of contact stress distribution obtained from the Fujifilm technique
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Fig. 11. The compared result between the Fuji film technique and FE analysis (a) average con-
tact stress and (b) contact area

4 Discussion

Total knee arthroplasty (TKA) is a standard orthopedic surgical surgery that restores
the articular surfaces of the knee joint to treat osteoarthritis. However, problems with
implant loosening, pain, and weight-bearing surface wear are the most typical long-
term complications of TKA. Most research reports that change in contact stress on the
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articular surface is related to the wear rate of the tibia insert component, which is a
critical factor for the limitation of longevity in TKA [4]-[6]. The contact stress on the
TKA tibia insert is caused by various factors such as material, geometry design, the
load level of patient activity [26]. The geometry conformity of the tibial insert is a cru-
cial parameter related to both the coronal and sagittal plane for TKA, which should be
considered in both biomechanics contact [4]-[7]. Generally, the conformity was defined
as the radii ratio between the femoral component and the tibial insert in the coronal and
sagittal planes [8]-[10]. A previous study of conformity variations was designed to de-
termine the contact stress on tibial insert under various load conditions through exper-
iments [25],[27].

This study evaluated the effect of differences in tibial insert conformity design to
contact stress distribution and the contact area in the flexion angle and load based on
the ASTM F2083 standard test. Three different insert conformities were investigated
the main effect in the coronal and sagittal plane consisting of the curve, partial flat, and
flat, including the response surface analysis. The increase of flexion angle carries out
the contact stress increases, whereas the contact area decreases. Conformity change
results show that the decrease of conformity value provides a high magnitude of contact
stress with a low contact area [4]. Consequently, conformity design considerations were
critical factors affecting the contact mechanisms on the tibial insert component. The
previous studies suggested that the TKA be designed to reduce wear with low contact
stress [8]-[9],[11]. The low magnitude of contact stress will increase the contact area.
The high conformity design of the tibial insert affects the low contact stresses with an
increased contact area [8]-[9],[11],[28].

The design of experiment (DOE) technique was generally used to create the starting
point of the suitable sample in the simulation. The most common purpose of a screening
design is to investigate the most critical factors affecting process quality, such as two-
level full factorial designs and fractionate factorial designs. Following screening trials,
optimization experiments are traditionally performed to provide more information on
the relationship between the most relevant factors and the response variables [20]. This
study used a three-level full factorial design method consisting of the design points of
the tibial insert conformity were defined as high, medium, and low values in the coronal
and sagittal plane were carried by using variance and RSM in the analysis. The variance
analysis of the significance level to the contact stress at flexion angle 0 degrees, as
exhibited in Table 3. This study found that analysis of variance of insert conformity
found that the factor between Cc and Cs had a significant statistical (p < 0.05) effect on
the contact stress. Furthermore, the interaction between factor Cc and Cs was not sta-
tistically significant (p > 0.05) to the contact stress. Table 4 shows the regression equa-
tions and R-square of contact stress at all flexion angles. All flexion angles represent a
high R-square, indicating a highly suitable variable for predicting regression equations.
Overall, a flexion angle of 0 degrees showed the most accurate prediction. The result
also revealed that Cc and Cs interacted with the magnitude of the contact stress distri-
bution. The Cs displayed a higher sensitivity to contact stress on the tibial insert com-
ponent than Cc, as shown in Figure 8. It was consistent with the previous study, in
which knee joint kinetics were significantly affected by the insert conformity design in
the sagittal plane compared to the coronal plane. The conformity design of the inserts
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in both the coronal and sagittal planes was important for determining the TKA knee
kinematics [7].

The response surface method (RSM) was one of the most often used experimental
designs for optimization, according to the optimum conformance design, because this
allowed testing the effects of several factors on one or more responses [20],[29]. The
magnitude of the contact stress distribution on the tibial insert ranged from 15 to 30
MPa [21],[23],[30]. The result corresponds to the contact stress in the previous report
that displayed Cs and Cc ranging between 0.5 to 0.7 and 0.4 to 0.8, respectively. Also,
the contact area was in the range of 220 mm? to 340 mm?. The conformity in this study
was consistent in the range of the previous study that designed an optimal conformity
design of the tibial insert to reduce wear volume in TKA [31]. The result of high con-
formity was reduced contact stress, which decreases the pressure exerted on the tibial
insert component [8],[11],[32]. Although the high conformity was provided the reduc-
tion of contact stress, fatigue, and wear on insert component, there may be some limi-
tations such as constraint or mobility of TKA [6]. Biomechanical analyzes have sug-
gested that high conformity may cause over-constraint of the knee joint during normal
daily activities [6],[32]. For the design of TKA, it is necessary to consider other factors
to complete the design of the TKA, such as material, constraint, the volume of wear.

In this study, the validation result of the average contact stress and contact area using
FE analysis was compared with the Fuji film technique of the artificial tibiofemoral
joint. Comparatively, the difference percentage of the contact area and average contact
stress from measurements of Fuji film and simulated FE analysis displayed as 1.94%
and 29.21%, respectively. Previous studies revealed the accuracy of Fuji film tech-
niques assessed the contact stress distribution of the TKA displayed in a range of 6 %
to 36% [30],[33]. Although the Fujifilm technique was variable, the significant ad-
vantage has been reviewed numerous times and is satisfied with various applications
[34]. The FE analysis using computer simulation is a beneficial and widely accepted
tool, especially varied conditions and investigated outcomes in biomedical applications.
The low cost and periods were advantages of modeling and simulation techniques and
predicting specific results that the experimental cannot be described.

This study has some limitations. The first was a femoral component model consid-
ered based on only one commercial model. The resulting contact stress may differ from
other knee implant designs. Secondly, the study was evaluated the contact pressure dis-
tribution based on the assumption of static load. The actual load should be considered
in dynamic loading such as the following standard loading profiles ASTM F3141. Fu-
ture studies should be considered to provide the contact mechanisms of knee implants
similar to the kinetic behavior of the normal knee joint. Finally, the load and displace-
ment conditions of the knee joint should be considered by a system of muscles and
ligaments that affect knee movement behavior included in the musculoskeletal system
simulation model for further study.
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5 Conclusions

This study evaluated the influence of insert geometric conformity design in both
coronal and sagittal planes on the biomechanical contact of TKA. Using a three-level
factorial design of the experiment, the factor of three different curvatures included
curved, partial flat, and flat insert shapes, were analyzed. The results showed that the
variation of insert conformity design affected the contact stress and the contact area
during the flexion angle of the knee joint. The changing conformity in the sagittal planes
displayed a more significant change in contact stress sensitivity than the conformity in
the coronal plane. The results of the surface response analysis revealed that the high
conformity resulted in low contact stresses while the contact area was increased. Re-
garding the validation, the FE analysis of contact stress and contact area was similar to
the mechanical test using the Fuji film technique. The geometrical design of the insert
component conformity significantly influenced and related to the contact stress of TKA.
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