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Background: In implants, sensors are made of an acrylic-like plastic, while polyethylene (PE) inserts 
are made of ultra-high-molecular-weight PE (UHMPE). Thus, the stress distribution on the sensor may 
be different from that on the PE insert due to variations in material properties. The present study sought 
to analyze and compare the stress distribution profile between the sensor and PE insert after total knee 
arthroplasty (TKA). 
Methods: Finite element analysis was performed to estimate contact stress between the sensor and PE 
insert after TKA. The materials of the femoral component, sensor, and PE insert were determined as cobalt-
chrome-molybdenum, acryl plastic, and UHMWPE, respectively. The stiffness levels of medial and lateral 
soft tissue were set at 28.8 N/mm and 18.8 N/mm at knee flexion and 24.7 N/mm and 17.2 N/mm at knee 
extension, respectively. The average and peak contact stress levels on the sensor and PE were analyzed in 
knee flexion and extension. 
Results: The average amount of contact stress in the medial compartment was 43.4 MPa on the sensor 
and 31.9 MPa on the PE insert at knee extension. Meanwhile, the medial compartmental peak contact stress 
levels were 55.2 MPa on the sensor and 48.8 MPa on the PE insert at knee extension. The other values of 
average and peak contact stress among the two materials were less than 5 MPa.
Conclusions: There was a difference in the contact stress distribution between the sensor and PE insert 
due to material properties, especially in the medial compartment at knee extension. The development of 
a sensor composed of a material with properties similar to a PE insert would be useful in the prediction of 
femorotibial contact stress in real implants. 
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Introduction

A wireless intraoperative load sensor has been created 
previously to improve the quality of soft tissue balancing 
during total knee arthroplasty (TKA) (1). It has been 
designed to reduce polyethylene (PE) wear by facilitating 

the securement of appropriately balanced loads in the 
mediolateral compartments (1). Postoperative clinical 
outcomes are also expected to be improved by proper load 
balancing using this sensor (1-3).

Stress on an object and its distribution depend on the 
object’s material properties (4). In a TKA implant, the 
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sensor is made of an acrylic-like plastic and the PE insert 
is made of ultra-high-molecular-weight PE (UHMPE). It 
has been reported that Young’s modulus and the Poisson 
ratio, which are the main indices suggesting the nature of 
the material’s properties, differ between acryl plastic and 
UHMPE (5,6). Therefore, the distribution of stress on the 
sensor may be different from that on the PE insert due to 
variations in material properties. It is unclear as to whether 
one might be able to infer load balancing on PE inserts of 
TKA implants from the sensor load data. Currently, there is 
no method to measure the stress applied to the PE insert in 
most clinical situations. 

Finite element analysis (FEA) is a computer simulation 
method that enables various analyses by implementing 
complex geometries and evaluating soft-tissue conditions 
arithmetically (7,8). It has examined a number of hypotheses 
that have been difficult to prove by clinical study. Many 
previous studies in the area of TKA have used FEA to 
assess the stress placed on the implant within various 
environments and predict the implant’s survival (6,8-11).

If the contact stress and its distribution presented by 
the sensor do not accurately reflect those of the PE insert, 
then the involvement of the sensor cannot help to ensure 
accurate soft-tissue balancing, which is associated with 
poor clinical outcomes. Accordingly, it would be clinically 
interesting and important to investigate the stress on the 
sensor and PE insert in TKA using FEA. 

The purpose of the present study was therefore to 
analyze and compare the stress distribution between 
a sensor made of acryl plastic and a PE insert made of 
UHMPE after TKA. It was hypothesized that there would 
be a difference in the stress distribution between the sensor 
and PE insert due to variations in the material properties. 

Methods

A three-dimensional (3D) model of a Nexgen® cruciate-
retaining TKA implant (Zimmer, Warsaw, IN, USA) was 
developed with a blueprint provided by the manufacturer 
(Rapidform version 2006; 3D Systems Korea Inc., Seoul, 
South Korea) (Figure 1). After creating a 3D model, an 
FEA program (ABAQUS software version 6.11; Simulia, 
Province, RI, USA) was used to analyze the contact stress 
of the 3D FE model. All components including the femoral 
component, sensor, and PE insert were meshed using four-
node tetrahedral elements. The size of the FE was 0.5 to  
1 mm. The numbers of the FE and the node were 200,798 
and 120,551, respectively.

The material for the femoral component was a cobalt-
chrome-molybdenum alloy (Table 1) (6). The component was 
modeled as an isotropic elastic homogenous material (11).  
The size of the femoral component was determined as 
a D size; this size is commonly chosen for use in our 
population from among the sizes of the femoral component 
ranging from B to G provided by the manufacturer (12). 
The material for the sensor was set as acrylic plastic with 
an isotropic elastic homogenous material (5,11). The 
material for the PE insert was UHMWPE (Table 1) and 
the PE insert was also modeled as an isotropic elastoplastic 
homogenous material with a yield strength of 30 MPa (10); 
below the yield point, the PE insert behaved in a purely 
elastic manner, while, beyond this point, the material 
exhibited a plastic-like behavior. The sizes of the sensor 
and tibial component were matched to the dimensions for 
tibial component size 3. The size of the PE in Nexgen® 
prostheses is determined by the size of the tibial component, 
and size 3 is commonly paired with the femoral component 
size D. The density of the femoral component, sensor, and 

Figure 1 Three-dimensional models of the femoral component, sensor, and PE insert.
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PE insert were determined to 8.28, 1.18, and 0.94 g/cm3, 
respectively (13). 

It has been established that a femoral component with 
distal and posterior condyles measuring 9 mm thick and a 
sensor or PE insert measuring 9 mm thick are required to 
ensure an identical flexion-extension gap. A conventional 
flexion-extension gap of 17 mm was established between a 
rectangular parallelepiped with bony properties (14). The 
surface of the bony parallelepiped, on which the sensor 
and PE insert were fixed, was determined to be tilted  
7° posteriorly to attain a posterior tibial slope. The femoral 
component, sensor, and PE insert were rigidly fixed to the 
bony material directly.

The soft-tissue ligaments were modeled using an 
isotropic elastic material (15) and set to be rigidly attached 
to the bone at the origin and insertion sites. The medial 
ligament consisted of the anterior and posterior fiber 
bundles, whereas the lateral ligament was considered to be 
a single bundle (16). The proximal origins of the medial 
and lateral ligaments were located at the flexion-extension 
axis on bony material. The insertion site was located at the 
bony material site just distal to the center of the medial 
and lateral border of the sensor or PE insert. The stiffness 
of the medial and lateral soft ligaments, respectively, was 
defined differently. We referred to the study by Nagai  
et al., who reported the difference in stiffness between 
medial and lateral compartmental soft tissues in Asian 
patients with degenerative arthritis and varus deformity; the 
stiffness of the medial and lateral compartmental soft tissues 
were 24.7 N/mm and 17.2 N/mm at extension (10° of knee 
flexion), and 28.8 N/mm and 18.8 N/mm at flexion (90° of 
knee flexion) (17). 

Additionally, a posterior soft tissue was set at the knee 
extension. This was performed to replicate the posterior 
condyle pushing the posterior capsule backward when 

the knee is extended (18). The posteromedial and lateral 
soft tissues consisted of single bundles, respectively. The 
origin of the posterior soft tissue was determined as the 
upper margin level of the posterior femoral condyle at the 
bone when the femoral component was inserted, while 
insertion was defined by the low margin of the conventional 
gap (18). The origin and insertion sites were located at 
the sagittal midplane of each compartment. The stiffness 
of the medial and lateral sides of the posterior soft tissue 
envelope varied but equated to the stiffness of the medial 
and lateral soft tissue envelopes at extension (posteromedial 
vs. posterolateral = 24.7 vs. 17.2 N/mm) (17).

The flexion and extension angles were determined with 
vertical axes between the femoral component and the sensor 
or PE insert. At knee extension, the tangent surface of the 
most posterior edges of the femoral and tibial components 
was aligned in the vertical dimension. Meanwhile, the 
centerline of the femoral component was aligned to that 
of the tibial component at knee flexion and extension. 
Contact was detected when the perpendicular distance 
between the femoral component and PE insert was less than  
0.01 mm (19). The contact area between the femoral 
component and PE insert was determined to be maximal, 
ensuring matching between the components. 

The average contact stresses on the sensor and PE insert 
were analyzed at knee flexion and extension, which were 
representative values for the stress in each compartment. 
Additionally, the peak contact stresses on both materials 
were also analyzed at knee flexion and extension. Any 
external force, beyond the ligament forces, was not 
determined to exist because the situation during surgery was 
reproduced (14).

Results

Overall, the distribution of the average and peak contact 
stresses on the sensor in our FEA study were consistent 
with the load distribution evaluated with the sensor after 
conventional gap-balancing in CR TKA using the Nexgen® 
prosthesis as reported before in a previous study (14). The 
medial compartmental load was evidently high at the knee 
extension in the previous study.

The average contact stress in the medial compartment 
was 43.4 MPa on the sensor and 31.9 MPa on the PE insert 
at knee extension (Table 2, Figure 2). The peak contact 
stress in the medial compartment was 55.2 MPa on the 
sensor and 48.8 MPa on the PE insert at knee extension  
(Table 2, Figure 2). The average and peak stresses in the 

Table 1 Material property in the present FEA

Young’s modulus Poisson ratio

Femoral component (cobalt-
chromium-molybdenum)

195,000 0.30

Sensor (acryl-like plastic) 3,200 0.35

Polyethylene insert (ultra-
high-molecular-weight 
polyethylene)

940 0.46

Soft tissue envelope (ligament) 1.063 0.4

FEA, finite element analysis.
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Extension (10 degree of flexion)

Sensor

Lateral Lateral

Fringe levels

5.523e+01 
4.971e+01 
4.418e+01 
3.866e+01 
3.314e+01 
2.761e+01 
2.209e+01 
1.657e+01 
1.105e+01 
5.523e+00 
2.892e-19

4.880e+01 
4.392e+01 
3.904e+01 
3.416e+01 
2.928e+01 
2.440e+01 
1.952e+01 
1.464e+01 
9.759e+00 
4.880e+00 
2.892e-19

Fringe levels

Peak stress:
33.2 MPa

Peak stress:
55.2 MPa

Medial Medial

Peak stress:
48.8 MPa

Peak stress:
36.9 MPa

Polyethylene

Flexion (90 degree of flexion)

Sensor

Lateral Lateral

Fringe levels Fringe levels
4.441e+01 
3.997e+01 
3.552e+01 
3.108e+01 
2.664e+01 
2.220e+01 
1.776e+01 
1.332e+01 
8.882e+00 
4.442e+o0 
1.067e-03

4.158e-01 
3.742e-01 
3.327e-01 
2.911e-01 
2.495e-01 
2.079e-01 
1.663e-01 
1.247e-01 
8.316e-02 
4.158e-02 
0.000e+00

Peak stress:
25.9 MPa

Peak stress:
44.4 MPa

Medial Medial

Peak stress:
41.5 MPa

Peak stress:
22.3 MPa

Polyethylene

A

B

Figure 2 The contact stress on the sensor and PE insert at knee extension (A) and flexion (B). PE, polyethylene.

Table 2 The average and peak contact stresses

Stress
Sensor (acryl plastic) Polyethylene (UHMPE)

Medial Lateral Difference Medial Lateral Difference

Average stress (MPa)

Extension† 43.4 26.5 16.9 31.9. 22.4 9.5

Flexion‡ 31.5 17.8 13.7 31.0 15.0 16.0

Peak stress (MPa)

Extension† 55.2 33.2 22.0 48.8 36.9 11.9

Flexion‡ 44.4 25.9 18.5 41.5 22.3 19.2
†, 10° of knee flexion; ‡, 90° of knee flexion. 
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medial compartment on the sensor were 5–10 MPa greater 
than those on the PE insert at knee extension, which could 
be significant difference.

The other values of average and peak contact stress 
between the two materials were less than 5 MPa, including 
those values recorded from the lateral compartment at knee 
flexion and extension and the medial compartment at knee 
flexion.

Discussion

The most important finding of the present study was that 
there were differences in the average and peak contact 
stresses between the sensor and PE insert after achieving a 
rectangular gap in TKA. These differences were evident in 
the medial compartment at knee extension.

Song et al. (14) demonstrated that mediolateral load 
imbalances with greater medial compartmental load 
existed as determined by the sensor after conventional gap-
balancing with a tensiometer. Such a mediolateral load 
imbalance was especially pronounced at knee extension. 
The cause of this load imbalance was explained by the 
difference between the degrees of the stiffness of the medial 
and lateral soft tissues in the arthritic knee (17). The stress 
on the sensor in our FEA study with different medial and 
lateral soft tissue stiffness values was consistent with the 
load distribution observed in a previous study (14). The 
average stress was higher in the medial compartment than in 
the lateral compartment after conventional gap-balancing. 
The mediolateral difference between the average stresses 
was greater at knee extension than at knee flexion. However, 
the medial compartmental stress on the PE insert was not 
as large as that on the sensor at knee extension in our FEA 
study. Separately, the difference in average stress between 
the medial and lateral compartments at knee extension on 
PE was not as large as that on the sensor. 

As described, the sensor is made of acrylic plastic and 
the PE insert is made of UHMWPE. Considering the 
properties of the two materials, the PE insert exhibits a 
more pronounced elasticity relative to the sensor (5,6). In 
addition, the PE insert boasts the capability to deform its 
shape under high stress (10). Therefore, when the PE insert 
is subjected to high stress, it could be deformed to be more 
congruent with the femoral component compared to the 
sensor being made of acrylic plastic, which may counteract 
substantial increases in contact stress (19,20).

In the present study, the average and peak contact stress 
in the medial compartment of the sensor were 5 to 10 MPa 

greater than the contact stress of the PE inserts at knee 
extension. It was reported that the risk of damage for the 
PE insert increases with increasing contact stress of 5 to  
10 MPa (21). Accordingly, the range of 5 to 10 MPa could 
be a valuable criterion for assessing differences in the 
contact stresses between the sensor and PE insert. It is 
thought that the difference in contact stress of the medial 
compartment at extension between the sensor and PE will 
be noteworthy. 

An intraoperative load sensor is recognized as a useful 
device to allow objective soft tissue-balancing in TKA. 
Recent studies have reported that sensor-assisted TKAs 
with load balancing show more favorable clinical outcomes 
postoperatively (1-3). However, sensor users should be 
aware that contact stress can be different between the 
sensor and PE insert. The load indicated by the sensor 
could be remarkably greater than that placed on the PE 
insert in the medial compartment at knee extension, despite 
a rectangular gap existing after TKA. Accordingly, surgeons 
using the sensor should be careful not to over-release the 
medial soft tissue, especially at extension. Additionally, 
it may be necessary to develop a sensor composed of a 
material with properties similar to those of the PE insert.

The present study has several limitations. First, this 
FEA study did not accurately reproduce all the specific 
anatomical features of the knee including the capsule, 
ligament, tendon, and muscle. However, it is thought that 
the results of this study validate our implementation given 
the contact stress distribution of the sensor in this study 
was similar to the load distribution of the sensor reported 
in a previous clinical study (14). More accurate data can 
be obtained if the soft-tissue properties and anatomy of an 
arthritic knee are accurately reproduced. Second, not all 
of the implants available for TKA were reproduced in our 
FEA; for example, implementation of the tibial component 
was omitted. However, despite this problem, achieving the 
main aim of comparing the contact stresses of two materials 
under the same stress condition was not significantly 
impaired. Third, the present study did not investigate 
contact stress in dynamic conditions characterized by 
muscle action and weight-bearing. Recently, FEA has 
shown validity in developing a dynamic model of insert-
femoral contact able to efficiently determine joint and 
contact mechanics simultaneously during dynamic loading 
conditions (22). However, the main purpose of this study 
was to investigate whether the intraoperative contact 
stress on the sensor is comparable to that on the PE insert. 
Fourth, one FEA model was used for contact stress analysis. 
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An analysis performed using a number of FEA models 
may produce more robust data. Fifth, this study did not 
perfectly implement the sensor device. Although the sensor 
is a device composed of an acrylic plastic surrounding the 
electronic instrument, we reproduced the sensor with a 
homogenous material made of acryl plastic. However, the 
property of the contact surface is the most significant factor 
in contact stress and it was reproduced appropriately in this 
study. Lastly, the present FEA study reproduced one specific 
type of TKA prosthesis. It is known that implant design 
influences the contact stress (23). Shu et al. (24) showed that 
the contact mechanics depended on the sagittal conformity 
between the femoral component and PE insert. Ardestani 
et al. (25) reported that the femoral and tibial distal or 
posterior radii and frontal radius impacted the contact 
pressure and its distribution on the PE insert. Further 
analysis using other prostheses will be necessary. 

Conclusions

There was a difference in the contact stress distribution 
between the sensor and PE insert due to material properties, 
especially in the medial compartment at knee extension. 
The development of a sensor composed of a material with 
properties similar to a PE insert would be useful in the 
prediction of femorotibial contact stress in real implants. 
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