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Abstract: Total knee replacement is a standard surgical treatment used to treat osteoarthritis in the
knee. The implant is complicated, requiring expensive designs and testing as well as a surgical
intervention. This research proposes a technique concerning the optimal conformity design of the
symmetric polyethylene tibial insert component for fixed-bearing total knee arthroplasty. The Latin
Hypercube Sampling (LHS) design of the experiment was used to create 30 cases of the varied tibial
insert conformity that influenced the total knee replacement wear volume. The combination of finite
element analysis and a surrogate model was performed to predict wear volume according to the
standard of ISO-14243:2014 wear test and to determine the optimal conformity. In the first step, the
results could predict wear volume between 5.50 to 72.92 mm3/106 cycle. The Kriging method of a
surrogate model has then created the increased design based on the efficient global optimization
(EGO) method with improving data 10 design points. The result revealed that the optimum design
of tibial insert conformity in a coronal and sagittal plane was 0.70 and 0.59, respectively, with a
minimizing wear volume of 3.07 mm3/106 cycle. The verification results revealed that the area
surface scrape and wear volume are similar to those predicted by the experiment. The wear behavior
on the tibial insert surface was asymmetry of both sides. From this study it can be concluded that
the optimal conformity design of the tibial insert component can be by using a finite element and
surrogate model combined with the design of conformity to the minimized wear volume.

Keywords: total knee arthroplasty; wear; optimal conformity; finite element analysis; surrogate model

1. Introduction

Knee osteoarthritis is a condition that occurs due to arthritis surface or degenerative
joint disease resulting in loss of function and pain in the knee, which often occurs in the
elderly. Medically, the treatment of osteoarthritis involves medications and injections to
reduce pain, including knee replacement surgery [1]. Joint replacement surgery is the
standard and acceptable treatment for people with severe osteoarthritis. In the statistical
report, a million knee joint replacement surgeries have been performed worldwide [2].
The objective of knee replacement surgery will help reduce pain from osteoarthritis or
accidents and osteoarthritis of the knee and will help restore the knee joint to its original
mobility. Correcting pain in a damaged knee with knee replacement surgery and returning
a typical knee joint depends on the knee implant and surgical technique. Generally, the
total knee arthroplasty (TKA) has consisted of three parts: the femoral component, a tibial
insert, and a tibial tray component, in which the available materials were made from
metal, ceramic, or polyethylene [3]. The anatomical design of symmetric and asymmetric
tibial insert components was introduced in the available commercial usage. Although
knee replacements are widely accepted, there have also been reports of failures involving

Symmetry 2021, 13, 2377. https://doi.org/10.3390/sym13122377 https://www.mdpi.com/journal/symmetry

https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0002-0802-7422
https://orcid.org/0000-0003-3918-601X
https://doi.org/10.3390/sym13122377
https://doi.org/10.3390/sym13122377
https://doi.org/10.3390/sym13122377
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/sym13122377
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym13122377?type=check_update&version=2


Symmetry 2021, 13, 2377 2 of 17

wear between the knee surfaces [4]. According to reports, the most common cause of
postoperative failure is wear and tear on the intervertebral disc surfaces 10 to 15 years after
surgery [5].

Biomechanically, the surface wear failure of TKA depends on multiple factors such
as material, including the manufacturing process, conformity design, and loading from
patient activity [6,7]. The TKA wear involved the mechanical contact and the biological
reaction between the femoral and tibial insert components [8]. The geometric conformity
of the curvature ratio between the femoral and tibia components is a design factor of TKA
that affects the contact mechanism and durability of the knee prosthesis [9]. The knee
conformity values are typically designed to provide movement similar to normal knee joints
and to conform to standard wear tests. The conformity design of commercially available
knee implants ranges from approximately 0.5 to 0.9 depending on the design conditions
of each type [10,11]. Previous studies have found that TKA design with high conformity
in coronal and sagittal planes affected the increased wear in the knee prosthesis [12].
The mechanical wear in TKA is also related to contact stress distribution between the
surface of the femoral and tibial insert components. In previous studies, the contact stress
distribution in TKA during activity depended on the loading activity and flexion angle,
including the geometric conformity design. The low conformity design of TKA revealed
the high contact area between the surface of the femoral and tibial insert components
during the flexion of the knee joint [13]. In addition, the kinematics of contact point sliding
distance during activity also affect the surface wear of the tibial insert component. The
medial pivot knee design typically involves a cruciate-retaining (CR) femoral component
and a highly congruent polyethylene liner [14]. Moreover, the standard wear test of the
knee prosthesis was used as a dedicated test to determine the volume of wear based on
the multidirectional loading. The standard ISO 14243 1/3 of wear test involved the load
and displacement parameters for wear-testing machines based on load and displacement
control corresponding environmental conditions.

The finite element (FE) method is currently widely accepted by biomechanics research,
such as stress determine or wear volume in TKA. The reliability, reduced costs, including
the proposed approach, and expected outcomes before manufacturing for experiments were
the main advantages of FE analysis. Most engineering design situations, in general, require
experiments or simulations to evaluate design objectives and constraint functions as a
function of design variables. A surrogate model is an engineering technique used when the
desired outcome cannot be directly assessed, and a model of the desired outcome is utilized
instead [15]. The objective of surrogate modeling is to construct a surrogate as accurately
as appropriate using the minimum available simulation evaluations. There are usually
three primary steps in the procedure: sample selection (also known as sequential design),
construction of the surrogate model and optimizing parameters, and the evaluation of the
accuracy of the surrogate [16]. According to previous reports, the FE method investigated
total knee arthroplasty designs, leading to improved performance [17]. The study examined
interweaving design optimization between the FE method and a surrogate model, utilizing
simulation-aided design using a surrogate model [18]. The surrogate model is utilized
to reduce contact stress and wear volume employed in the analysis [19]. However, no
studies have used surrogate modeling techniques to investigate the design of tibial insert
conformity that results in minimum prosthesis wear. Therefore, this research has focused
on the conformity of tibial insert design to minimize for wear volume of TKA. The finite
element method was used in association with surrogate modeling techniques to assess
polyethylene wear. The surrogate model is used in the data analysis to evaluate the first
designed group data. Random group data are processed using Latin Hypercube Sampling
(LHS) to obtain a design point that is expected to be suitable. These analytical procedures
are utilized to form a guideline for determining the relationship between femoral curvature
and tibial insert conformity to optimal design.
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2. Materials and Methods
2.1. Modeling of TKA
2.1.1. Finite Element (FE) Model

The three-dimensional (3D) FE femoral and tibial insert models based on anatomical
symmetry design were used and obtained from a previous study [20]. This study used
the explicit dynamics FE analysis solver based on the computationally advanced knee
implant analysis and simulations software called ABAQUS Knee Simulator (ABAQUS, Inc.,
Providence, RI, USA). The solid element type of triangular (R3D3) and hexahedral (C3D8R)
were performed, consisting of 31,776 and 34,102 elements for the femoral and tibial insert
component shown in Figure 1.

Figure 1. The 3D FE model consists of the femoral and tibial insert components and boundary condition.

2.1.2. Material Properties and Boundary Conditions

The FE model of the femoral component was developed as a rigid body, while the
UHMWPE material was used to create a deformable body for the tibial insert component.
According to the mechanical properties, the elastic modulus of UHMWPE was 1048 MPa,
and the Poisson ratio was 0.46 [9,21]. The friction coefficient between the femoral and tibial
insert components is defined by the value of 0.04 and density of 9.34 × 10−7 g/mm3. [15,22].
As shown in Figure 1, the FE of the femoral and tibial insert components were virtually
arranged based on the adjusted position of the lowest surface of the femoral articular being
on the tibial insert. For the boundary condition, the applied load were performed based on
the ISO-14243-3:2014 standard of knee wear implant test [23], as shown in Figures 1 and 2.
The wear simulation included dynamic loads in various directions and data from a human
walking investigation that led to the TKA standard test. The axial load, the flexion angle, the
displacement of internal-external (IE) torque, and the anterior-posterior (AP) displacement
were the loading conditions for the knee simulator based on ISO-14243:2014, as shown in
Figure 2a–d, respectively.
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Figure 2. Loading conditions of ISO−14243:2014 standards. (a) axial loads; (b) flexion angle; (c) internal/
external (IE) torque; and (d) anterior/posterior (AP) displacement.

2.1.3. Mesh Convergence Test

In this study, the mesh convergent was also performed to confirm that the results do
not change with mesh refinement. Figure 3 shows the result of maximum contact pressure,
which is the variation of mesh refinement between the element size of 2.5 mm to 1 mm.
The results suggested that the maximum contact pressure generated by elements less than
1 mm had very little change. In addition, Figure 4 shows the maximum contact pressure for
the mesh convergence test under dynamic loading for one gait cycle. It can be noticed that
the magnitude of maximum contact pressure generated by using the element of 1.2 mm
and 1.0 mm displayed a slight fluctuation. Therefore, an element size of 1 mm was used
for the simulation in the study.

Figure 3. The result of mesh convergence test for maximum contact pressure.
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Figure 4. The result of the mesh convergence test for maximum contact pressure over the entire
gait cycle.

2.2. Wear Equation and Computational

According to the wear theory, Archard’s law was applied in the simulation to calculate
the surface wear of the tibial insert component, as shown in Equation (1) [24].

H = KwpS (1)

From Equation (1), H represented the wear depth; Kw was the wear factor ob-
tained from laboratory testing; p was the magnitude of contact pressure, and S was
the sliding distance during a cycle. In this study, the average wear factor value of
2.643 × 1010 mm3/Nmm was used that obtained from the pin-on-plat wear tests in the
multidirectional testing machine [15].

Figure 5 shows the diagram of the wear volume calculation, which is the adaptive
refine mesh technique to simulate the calculating of surface wear carried on a Python script
file. The initial geometry was started and then generated to the FE model. The nodal result
of contact pressure, including sliding distance, was calculated at the first iteration. The
wear depth included wear volume and was evaluated by using Archard’s wear law. At the
same time, the nodal result was used to calculate the normal force on the contact surface
and updated the new positioning of the node by moving it from a calculation of the wear
depth. The calculation of the final wear depth and volume was obtained from each number
of iteration.

2.3. Design of Experiments (DOE)

In this study, the design of experiments was used to explain variance in conformity of
TKA under the hypothesis of minimizing wear volume. Figure 6 showed the conformity
defined as the curvature ratio between the femoral and tibial insert components in the
coronal and sagittal planes, which are in a range of 0.5 to 0.8 and 0.4 to 0.7, respectively.
The articular surface between the femoral and tibial insert components was designed with
symmetry in the anteroposterior and sagittal planes. The initial sampling has 30 design
scenarios for collecting datasets in the experiment design using LHS, as shown in Figure 7.
To perform Latin hypercube sampling, which first decides how many samples points to
use, remember which row and column each sample point was taken in. The result of FE
analysis was then used to search the optimal design point for TKA conformity using the
efficient global optimization (EGO) process.
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Figure 5. Diagram of wear simulation in each cycle.

Figure 6. The upper and lower value of conformity in the study (A) the coronal plane and (B) the
sagittal plane.

Figure 7. The initial LHS design of the experiment.
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2.4. Surrogate Model Methods

Surrogate models are approximations of the target function or constraint of an opti-
mization problem, simple functions, or functions that take less time to calculate. The value
is obtained from the exact random solution of the optimization problem. The surrogate has
applied a range of estimation methods. Then the fundamental functions of those solutions
are determined when the point of the solutions and the values. The Kriging model used
a surrogate model-based engineering design and optimization that predicted interaction
between the input and output for optimum point design calculations.

Kriging Method

The Kriging model to predict unknown functions ŷ(x) was expressed in the following
formula [25,26]:

ŷ(x) = µ(x)− ε(x) (2)

where µ(x) and ε(x) denote the global and local models, respectively. The global model
µ(x) is expressed as

µ =
1TR−1F
1TR−11

(3)

where R is a matrix denoting the correlation between the sample points, and F is a vector
that contains the evaluation value of each sampling point. The Kriging surrogate model µ
denotes a constant global model. The local model ε(x) has been expressed as

ε(x) = r(x)−1R−1(F − 1µ) (4)

The vector r(x) is written in the term of x.r(x), when x.r(x) is a vector of the sampling
points model. The relationship between ε(x) and ε(xi) is the distance from x to xi. In
the Kriging surrogate model, the unknown point x in local resources is expressed using
stochastic processes. The many design points are created as sampling points. Then, a
surrogate model is constructed using a Gaussian random function for the relationship
function to estimate the trend using a stochastic process.

2.5. Efficient Global Optimization

The EGO process is one of the optimization techniques combined between the sur-
rogate model and the optimization technique to reduce the optimum cost in the design
process [26]. In this work, the Kriging method was selected as the surrogate model for the
EGO process. The schematic of the EGO process is shown in Figure 8. The first EGO starts
with the creation of initial samples. The LHS was used to design the initial sampling point
of the tibial insert [27]. The initial sample data are assessed, and the data are predicted
using the kriging method. A definitive optimization is used to find an augmentative point
by maximizing the EI. When the EI at a point x can be shown as

E[I(x)] ≡ E[max( fmin − Y, 0)] (5)

E[I(x)] = ( fmin − ŷ)Φ
(

fmin − ŷ
s

)
+ sφ

(
fmin − ŷ

s

)
(6)
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Figure 8. Flowchart of efficient global optimization.

The point x is improved, showing a random variable that Y is a random variable.
The expected improvement is achieved by taking the prospective value. To compute this
expectation the notations ŷ and s are introduced and denote the design and analysis of the
computer experiment predictor and its standard error x, respectively.

In this note, Y is Normal (ŷ, s2). The right-hand side of Equation (5) is an integral, and
applying some integration by parts can improve the closed-form Equation (6).

The average density and distribution functions are represented by φ and Φ, respec-
tively, which predicts the function from a surrogate model, augmentative random sampling
points used on the ŷ are loop repeated until data and objective function converge, as
illustrated in Figure 9.

Figure 9. Schematic of a single-fidelity and multi-fidelity surrogate model: ordinary Kriging model.

2.6. Objective Function and Calculation Condition

The objective function is the minimization of the wear volume W on the surface of
the tibial component according to the optimal design of conformity. Furthermore, the
calculation condition was subject to the range of tibial conformity value in the coronal Cc
and sagittal Cs planes, as shown in Equation (7).

Minimize : W
Subject to : 0.5 ≤ Cc ≤ 0.8
0.4 ≤ Cs ≤ 0.7

(7)
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2.7. Experiment Test to Wear Test for Validation with Simulation

According to the validation, the joint simulator machine (ProSim pneumatic six-station
knee simulator, Simulation Solutions, UK) set up the specific wear test between the femoral
and tibial insert components, as shown in Figure 10. The medial size of TKA consisting of
femoral, and tibial insert components were used to evaluate the wear volume and included
wear scar. The loading condition of the joint simulator consisted of a compressive load of
700 N, which included the symmetry anterior–posterior direction with a sliding distance of
20 mm per 1 cycle. The frequency of the simulator was 1 Hz, which used 50,000 cycles per
case. A tibial insert will be ultimately weighed every 10,000 cycles until 50,000 cycles that
have each time per case amount to 14 hr/case. The tibial insert has a label blue color before
testing on the surface to check that the contact area of wear. The tibial inserts have a loss of
weight from wear testing checked by the scales (gram). Conventionally, the tibial insert
will be converted from weight (gram) to the final result as wear volume (mm3).

Figure 10. The machine of joint simulator.

3. Results
3.1. The Result of Simulations

The simulation results estimated the predicted wear of 30 cases with an additional
10 cases, revealing that each tibial insert design affects wear volume due to the variation of
the tibial insert conformity. The different conformity leads to different contact areas and
scratches on the surface of the tibial insert component. Figure 11 shows the FE result of
the wear depth on the surface of the tibial insert component included in six sample cases.
It can be noticed that the wear scar is observed with an oval-shape that occurred on the
region of both sides of the posterior surface on the tibial insert component. Moreover, the
wear behavior on the tibial insert surface was the asymmetry of both sides, caused by
the different contact pressure distribution and multi-direction loading. Table 1 shows the
magnitude of wear volume in 1 million cycles for a typically sample of 6 cases with various
conformity values.
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Figure 11. The FE results of tibial insert wear depth of six samples according to Table 1.

Table 1. The sample result of wear volume for six from thirty cases.

Model Conformity of Coronal Conformity of Sagittal Wear Volume of Million Cycles

A 0.71 0.41 12.13
B 0.52 0.49 34.38
C 0.79 0.42 75.58
D 0.79 0.52 54.51
E 0.5 0.61 20.63
F 0.55 0.48 32.4

3.2. Minimization Problem of the Wear Volume Optimization

This study was used in the tibial insert wear as the objective function to solution
design and calculation conformity for the minimization wear volume (W). Figure 12 shows
the additional sampling of the EGO process. In this figure, the wear volume is defined as W,
and the unit of the W is mm3/106 cycle. The details of ten additional sampling by the EGO
are shown in Table 2. The minimum wear volume by the EGO with the ordinary Kriging
method was found in the ninth iteration with 3.07 mm3/106 cycles. At the optimum point,
it was found that the coronal and sagittal conformity were 0.7 and 0.59, respectively. The
result of wear depth for the optimal conformity design based on the minimized wear
volume using the EGO is shown in Figure 13.
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Figure 12. Collateral sampling in each iteration: the wear volume optimization problem (Left) and
additional samples point (Right).

Table 2. The additional sampling by the EGO using the ordinary Kriging model.

Conformity of Coronal
(0.5–0.8)

Conformity of Sagittal
(0.4–0.7)

Wear Volume (mm3)
in 1 million Cycles

0.69 0.4 34.53
0.68 0.6 15.88
0.66 0.47 54.98
0.7 0.47 6.54

0.62 0.46 9.85
0.69 0.47 5.93
0.68 0.45 5.42
0.66 0.56 3.37
0.7 0.59 3.07
0.7 0.4 9.12

Figure 13. The result of wear depth for the optimal shape of the tibial insert conformity.

Figure 14 shows the cross-validation results. It was found that the error of value
predicted by the EGO with the Kriging surrogate model is acceptable. The slope of the re-
gression line can maintain a slope close to 1.0 and R2 amount 0.9046 for the Kriging method.
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Figure 14. Cross-validation of six-hump camel-back problem based on ordinary Kriging-based EGO.

3.3. The Relationship Contour of the Design Tibial Insert to Wear Volume

Figure 15 shows the surface response of wear volume for the tibial insert conformity of
40 cases, based on FE analysis according to the surrogate model. The contour plots present
the relationship between wear volume and the design parameters consisting of the coronal
and sagittal conformities for the proposed ordinary Kriging-based EGOs. According
to Figure 15, the optimal designs found by the proposed ordinary Kriging-based EGOs
appeared in the blue color that has a wear volume range around 0 to 10 mm3. The optimum
design has model conformity of coronal (0.7) and the conformity of sagittal (0.59) that
minimizes wear volume of 3.07 mm3/106 cycle.

Figure 15. The surface response plot of wear volume (mm3/Million cycle) according to the parame-
ters design of the conformity of coronal (Cc) and conformity of sagittal (Cs).

3.4. Result of Validation between Experimental and Simulation

Figure 16 shows the comparison of wear scar results between FE simulation and
experiment under 50,000 cycles. The experimental results showed that the scratch behavior
occurred on the tibial insert surface from anterior to posterior and is consistent with
the FE simulation. Figure 17 displayed the result of wear volume on the tibial insert
component, comparing FE simulation and the experimental method. The magnitude of
average wear volume from the experimental method was 2.36 ± 0.57 mm3, whereas the FE
result prediction wear volume was 2.38 mm3.
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Figure 16. The comparative result of wear depth between FE simulation (Left) and experimental (Right).

Figure 17. Comparisons of wear volume between experiments and FE simulation.

4. Discussion

Total knee arthroplasty (TKA) is a standard orthopedic procedure that includes replac-
ing the articular surfaces of the knee joint (femoral condyles and tibial plateau) with smooth
metal and polyethylene plastic. TKA attempts to improve the quality of a patient’s life with
end-stage osteoarthritis by minimizing pain and improving function [28]. Late infection,
bearing wear, and prosthesis loosening are the most typical long-term complications of
TKA. Most research reported that the wear of the tibial insert was the critical factor for the
limitation of longevity in TKA [4]. Many factors affect the wear of the tibial insert, such
as material, sliding distance, load, shape design, etc. [9,12] Some research studied wear in
the tibial insert, which was made from different materials such as UHMWPE GUR 1020
and 1050, PEEK, and CFR-PEEK [13,19,22,29,30]. These findings revealed that the material
impacted wear volume, with CFR-PEEK outperforming UHMWPE and PEEK. As a result,
CFR–PEEK may be a better option for tibial inserts [31]. Furthermore, sliding distance and
load also affected wear loss of the tibial insert. There was experimental wear loss of tibial
insert using various load conditions and different sliding distances, intermediate and high
kinematic conditions, in an anterior and posterior direction [13,32].

The shape and conformity of the bearing surface are crucial for the interaction between
the metal component and the polyethylene. The conformity design, particularly the tibial
insert and femoral component, affected wear volume. The designed tibial insert with lower
contact stress and a wider contact area is the topic of most investigations [33]. Generally,
TKA conformity was defined as the ratio of the femoral component radius to the tibial
insert radius, which was considered to reduce contact stress [9,11]. Previously, the variation
conformity of TKA was designed to determine the contact stress or contact pressure on
the tibial insert under various load conditions through experiments [34,35]. Optimal
conformity, which resulted in minimal wear volume loss, was potentially difficult and
time-consuming to evaluate. As a result, this study used simulations of knee simulators to
improve the TKA design [9,11,15]. The importance of design in reducing TKA wear has
been highlighted in this paper. The wear was investigated using a finite element re-meshing
technique and subroutine script files [11,15,22,30,31]. There are two factors used to design
conformity of TKA in coronal and sagittal planes based on the ISO-14243 standard test [36].
The ISO-14243 standard test was used widely for TKA testing to inspect the amount of
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wear volume on the implant. The standard has developed and changed parameters until
the last standard was ISO-14243:2014 [23].

According to previous studies, experiments on the effect of conformity on wear volume
in fixed-bearing TKA by simulator found a high wear volume in the high of conformity [36].
The wear volume showed a significant reduction when conformity was reduced. Previous
studies with similar test conditions for prosthetic knee pillows found reduced wear volume
when conforming to the tibial inserted [37]. Preceding research presented cruciate-retaining
(CR) TKA as having a low conformity and revealed that the backside wear of the tibial
plateau insert was higher than the posterior-stabilized(PS) TKA, which has high constraints
in design [38]. Most of the previous studies have attempted to reduce contact stress to
solve the problem of wear in the tibial insert made from polyethylene material. Other
studies mentioned that low conformity could help reduce wear volume in TKA; however,
the clinical study explained that using a high conforming implant is necessary because
the joint limits natural movement [39]. A previous study used the surrogate model to
calculate contact points between the TKA and prosthetic knee pillow and found that the
initial position of the femoral impacts on the wear volume in an implant. This study
showed the process surrogate model for creation and implementation and found that
the initial position of the femoral cover that is at the superior/interior position, which is
lower than its general position by 10 mm, and at the anterior/posterior by 0 mm, will
have the lowest wear volume [17]. Other studies used a surrogate model to analyze TKA,
which has created the sample analysis process, and the proposed surrogates can be used
with the simulations significantly. The study was performed using simulations with the
surrogate contact models with different load conditions, such as anterior–posterior force,
superior–inferior force, internal–external torque, and flexion–extension motion. This paper
has shown a surrogate model method in which the parameters can be adjusted for analysis
to calculate the wear volume [18]. The conclusion of the previous study showed the design
process of tibial insert that has low conformity and will have a low wear volume, but
cannot be used for general cases because of the limitations of motion in the knee joint.
Once the TKA has a high conformity, it will induce many contact stresses commonly used
in clinics. Therefore, this research wants to study the conformity of tibial inserts and to
optimize the design in order to minimize wear volume, which can be used in clinics.

For the number of simulations, the design of an experiment (DOE) technique was
utilized to create a starting sample point. DOE approaches use various simulation designs,
such as full factorial, fractional factorial, and LHS. In this study, the LHS method using
random functions was created, the design point of which has been distributed between
a lower and an upper scope because the approach was commonly utilized widely in the
DOE technique of design initial sampling [27]. The simulation is then transferred to a
surrogate model, such as Response surface approximation, a Kriging model, or Radial
basis neural networks, which are used to create a large number of approved simulations
to ensure accuracy [25]. The solution of Kriging is a procedure that requires first Kriging
results to estimate the best parameters based on a linear regression that report the relation
of the residuals between the regression model and the observations. The EGO is a design
optimization process with an algorithm to predict optimum design points, which is the
first step in adjusting a design and analysis of computer experiments (DACE) model to
incorporate it with initial points design, which means space-filling experimental design.
Therefore, the LHS was first used to introduce the initial sampling design and evaluated
it using the EGO. The EGO then adapts to appropriate the parameters of a DACE model
using maximum probability estimation until the result is satisfactory [26].

According to the optimum conformity design, the results revealed that the conformity
value of coronal and sagittal of the tibial insert component are 0.7 and 0.59, respectively,
to minimize the wear volume to 3.07 mm3/106 cycle. Previous studies have analyzed
different conformities of implants in the coronal and sagittal planes that influence wear
volume in each conformity. The result of the wear volumes was approximately 7.8 to
8.5 mm3/106 cycle [40]. Other studies have been designed to identify implant conformity
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values for three types: a flat, curve, and lipped design. The result showed the lowest
to highest wear volume of flat, lipped, and curve designs. This study has a wear vol-
ume of 2.3 to 6 mm3/106 cycle, where the lowest wear volume was from the flat design
at 2.3 mm3/106 cycle, which has a wear volume similar to this research. However, from
previous studies, the flat type implant cannot be used in clinics because the flat implant
cannot support the natural movement of the knee [12].

The previous studies performed experiments to compare the knee simulator using
simulation with the ISO-14243 standard, which has similar wear volume and scrap area
values. The simulation showed wear volume at 1 million cycles for the analysis of wear of
TKA [23]. The conclusion of this study indicated that the finite element method could aid
the design analysis of TKA, which is reliable and accurate. A previous study tested the
new standard, ISO 14243-3:2014, which has a different condition from the initial load’s test.
The new standard incurs wear and scrapes at the backside wear of the tibial insert. This
study experimented using a knee simulator machine that can test standard knee tests. The
condition of the TKA test was an experiment that used two loads: the axial load and the
sliding anterior and posterior to check the accuracy of the experiment. It will be compared
to the simulation that uses 50,000 cycles as the perimeter. The experiment showed an
average wear volume of 2.36 ± 0.57 mm3, and the simulation resulted in a wear volume of
2.38 mm3. The result of both methods showed similar wear volumes. The simulation can
predict the wear in the tibial insert with reliability for predictive modeling in this study.
To our knowledge, the influent of tibial conformity on wear performance of TKA was
reported using finite element analysis and experiments; however, there was no concern
in the optimal design of tibial conformity. This study proposes a novel technique for the
optimal conformity design of the tibial insert based on the ISO standard wear test, which
enlarges the field from the current state of knowledge using the finite element analysis
cooperation with a surrogate model. The optimal conformity design of the tibial insert
component will then be further developed into the TKA prototypes for actual testing
according to the ISO standard test and lead to developing a prototype for a clinical study.

There are some limitations in this study that should be noted as follows:

1. In consideration of the conformity of the prosthetic knee under the lowest wear vol-
ume, this research used the wear co-efficient referenced from the preceding research.
It is tested using the ISO-14243 load, where it uses the actual wear coefficient from
actual tests. However, this research had studied and found the wear co-efficient from
a simplified study to recheck the accuracy of the simulation and the actual test using
wear co-efficient trials to achieve the closest value to the actual test.

2. The prosthetic knee tests for this research used the specific testing machine certified
with the ISO-14243. However, the study reduced the perimeters to two conditions: the
axial loads and sliding anterior-posterior to recheck the accuracy of the simulation.

3. The model designed has the conformity value appropriate for production and is used
to test, and the accuracy is validated by comparing it to the ISO-14243 standard.

5. Conclusions

This study proposes a novel technique for the optimal conformity design of the
tibial insert component to minimize wear volume in TKA. The EGO method consisting of
experimental design, FE simulation, surrogate model, and the data improvement with the
Kriging method was used to determine the relationship between the conformity and wear
volume. Using the combination of a finite element and a surrogate model, the optimal
conformity in coronal and sagittal planes were 0.7 and 0.59, respectively, with a minimizing
wear volume of 3.07 mm3/106 cycles. A simple experiment was set up to verify the FE
simulation, and the result of wear volume and surface area scratch tend to be similar. The
application of FE and EGO methods are beneficial in minimizing an unknown function,
including a high convergence rate.
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