The Scientific World Journal

Knee Joint Biomechanics in
High Flexion
Guest Editors: Shunji Hirokawa, Kazuo Kiguchi, Mitsugu Todo,
Bharat Mody, and Ashvin Thambyah

Knee Joint Biomechanics in High Flexion

The Scientific World Journal

Knee Joint Biomechanics in High Flexion
Guest Editors: Shunji Hirokawa, Kazuo Kiguchi, Mitsugu Todo,
Bharat Mody, and Ashvin Thambyah

Copyright © 2014 Hindawi Publishing Corporation. All rights reserved.
This is a special issue published in “The Scientific World Journal.” All articles are open access articles distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Contents
Knee Joint Biomechanics in High Flexion, Shunji Hirokawa, Kazuo Kiguchi, Mitsugu Todo, Bharat Mody,
and Ashvin Thambyah
Volume 2014, Article ID 459408, 2 pages
Dynamic Finite Element Analysis of Mobile Bearing Type Knee Prosthesis under Deep Flexional
Motion, Mohd Afzan Mohd Anuar, Mitsugu Todo, Ryuji Nagamine, and Shunji Hirokawa
Volume 2014, Article ID 586921, 6 pages
Modelling and Analysis on Biomechanical Dynamic Characteristics of Knee Flexion Movement under
Squatting, Jianping Wang, Kun Tao, Huanyi Li, and Chengtao Wang
Volume 2014, Article ID 321080, 14 pages
Squatting-Related Tibiofemoral Shear Reaction Forces and a Biomechanical Rationale for Femoral
Component Loosening, Ashvin Thambyah and Justin Fernandez
Volume 2014, Article ID 785175, 7 pages
The Effect of Malrotation of Tibial Component of Total Knee Arthroplasty on Tibial Insert during High
Flexion Using a Finite Element Analysis, Kei Osano, Ryuji Nagamine, Mitsugu Todo, and Makoto Kawasaki
Volume 2014, Article ID 695028, 7 pages
Biomechanical Considerations in the Design of High-Flexion Total Knee Replacements,
Cheng-Kung Cheng, Colin J. McClean, Yu-Shu Lai, Wen-Chuan Chen, Chang-Hung Huang, Kun-Jhih Lin,
and Chia-Ming Chang
Volume 2014, Article ID 205375, 6 pages

Hindawi Publishing Corporation
e Scientiﬁc World Journal
Volume 2014, Article ID 459408, 2 pages
http://dx.doi.org/10.1155/2014/459408

Editorial
Knee Joint Biomechanics in High Flexion
Shunji Hirokawa,1 Kazuo Kiguchi,2 Mitsugu Todo,3 Bharat Mody,4 and Ashvin Thambyah5
1

Research Center for Advanced Biomechanics, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan
Department of Mechanical Engineering, Faculty of Engineering, Kyushu University, 744 Motooka,
Nishi-ku, Fukuoka 819-0395, Japan
3
Division of Renewable Energy Dynamics, Research Institute for Applied Mechanics, Kyushu University,
Kasuga-koen, Kasuga, Fukuoka 816-8580, Japan
4
Welcare Hospital, Akashganga Complex, Race Course Circle, Baroda, Gujarat 390 007, India
5
Department of Chemical and Materials Engineering, Faculty of Engineering, University of Auckland,
Symonds Street, Auckland 1010, New Zealand
2

Correspondence should be addressed to Shunji Hirokawa; hirokawa@mech.kyushu-u.ac.jp
Received 12 June 2014; Accepted 12 June 2014; Published 17 July 2014
Copyright © 2014 Shunji Hirokawa et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

A complete understanding of joint biomechanics is important in the diagnosis of joint disorders, in the quantitative
assessment of treatment outcomes, and in the improvement
of prosthetic devices. Yet, there is little data on high flexion
activities, despite the fact that these activities are considered
not only crucial to people in Asia and the Middle East,
but also necessary to people in the West for improving
their quality of life. Thus, we planned to invite investigators
to contribute original research articles as well as review
articles that will stimulate the continuing efforts to develop a
thorough knowledge base for biomechanics of the knee joint
during demanding activities of daily living.
To this end, the special issue has been posted online on the
journal’s website, in which the following articles are offered
for public viewing.
“Squatting-related tibiofemoral shear reaction forces and
a biomechanical rationale for femoral component loosening”
by A. Thambyah and J. Fernandez deduces that the rapid
reversal of the tibiofemoral shear force from the posterior to
the anterior direction from knee extension to high flexion,
respectively, may cause the femoral component loosening
of high flexion implants. In this article, the results from
biomechanical and finite element analyses clearly explain
the relationship between the femoral loosening and frequent
squatting.

“The effect of malrotation of tibial component of total knee
arthroplasty on tibial insert during high flexion using a finite
element analysis” by K. Osano et al. pertains to the finite
element analysis to study the effect of malrotation of tibial
component on tibial insert during squatting maneuver. Three
different tibial rotations (15∘ internal, normal, 15∘ external)
were set as the initial conditions for analyses. Then it was
found that when the tibia was internally rotated the insert
had such high stress as 160% of normal position. It was
concluded that internal malrotation should be avoided as
much as possible.
“Biomechanical considerations in the design of high-flexion
total knee replacements” by C.-K. Cheng et al. is the review
article in which the authors share several experiences in
the previous literature for biomechanical and kinematic
performance of knee prostheses under the specific demand
for high flexion of knee joint. For achieving deep knee flexion,
some ideas are discussed such as a rounded and convex lateral
plateau and a shallower medial plateau on the tibial surface, a
rounded postcam contact surface, and an asymmetric curveon-curve cam shape.
“Dynamic finite element analysis of mobile bearing type
knee prosthesis under deep flexional motion” by M. A. M.
Anuar et al. also pertains to the finite element analysis to
distinguish the mechanical performances between mobile
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bearing and fixed bearing posterior stabilized knee prostheses. Then this study shows the decomposition of multidirectional motion to unidirectional kinematics of femoral-insert
and insert-tray articulating interfaces in mobile bearing TKA
in maintaining lower stress at tibial condylar.
“Modelling and analysis on biomechanical dynamic characteristics of knee flexion movement under squatting” by
J. Wang et al. represents the results from the synchronal
measurements of both kinematics and contact stresses,
respectively, for the tibiofemoral and patellofemoral joints.
Dynamic finite element analysis and in vitro experiment were
carried out for the range from full extension to squatting of
the knee. Comparative study between their results and the
literature data is comprehensive.
We hope that the above articles are of interest to the reader
and more articles would be incorporated in this special issue.
Shunji Hirokawa
Kazuo Kiguchi
Mitsugu Todo
Bharat Mody
Ashvin Thambyah
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The primary objective of this study is to distinguish between mobile bearing and fixed bearing posterior stabilized knee prostheses
in the mechanics performance using the finite element simulation. Quantifying the relative mechanics attributes and survivorship
between the mobile bearing and the fixed bearing prosthesis remains in investigation among researchers. In the present study,
3-dimensional computational model of a clinically used mobile bearing PS type knee prosthesis was utilized to develop a finite
element and dynamic simulation model. Combination of displacement and force driven knee motion was adapted to simulate a
flexion motion from 0∘ to 135∘ with neutral, 10∘ , and 20∘ internal tibial rotation to represent deep knee bending. Introduction of the
secondary moving articulation in the mobile bearing knee prosthesis has been found to maintain relatively low shear stress during
deep knee motion with tibial rotation.

1. Introduction
Introduction of mobile insert is believed to decrease
polyethylene (PE) wear and facilitate range of motion (ROM)
as well as tibial axial rotation by appearance of second
moving interfaces between tibial insert and tibial tray [1,
2]. The advantage of this feature, however, is still in doubt
and remains in further investigation. To the best of our
knowledge, there is no apparent evidence of superiority of
one design over another revealed in previous short-term and
midterm clinical studies [2–5]. In these studies, mobile and
fixed bearing knee prostheses were analyzed based on various
attributes including Knee Score, Function Score, maximum
flexion, pain score, and ROM. This observation is supported
by in vitro assessments through wear analysis which is unable
to disclose any significant difference in wear rate between
mobile and fixed bearing PE insert [6]. Though, this result

is contradicting with work by McEwen et al. who adapted
comparable method and found obviously lower wear rate
in mobile insert in comparison to fixed bearing tibial insert
[7]. Good agreement with this study, however, was addressed
by Sharma et al. who compared in vivo contact stress in
the mobile bearing with the fixed bearing prostheses. They
concluded that mobile bearing design capable of maintaining
high conformity results in lower contact stress in comparison
to fixed bearing design [8].
This study attempts to compare kinetics behavior of tibial
condylar between mobile bearing and fixed bearing PE insert
under dynamic loaded deep knee bending and tibial rotation.

2. Method and Analysis
A 3D computational geometry of Japanese company commercially developed PS type mobile bearing knee prosthesis
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Figure 1: Computational models of mobile bearing type knee prosthesis. (a) CAD model, (b) Mesh model, and (c) Mesh model of tibial
insert.
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Figure 2: Maximum shear stress history from 0∘ to 135∘ of flexion angle. (a) Neutral position. (b) 10∘ tibial rotation. (c) 20∘ tibial rotation.
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Table 1: Peak contact stress, mean contact stress, and contact area with neutral position at 90∘ and 120∘ of flexion angles.
Flexion angle (∘ )
90
120

Peak contact stress (MPa)
FE model
Nakayama et al. [9]
27.3
25.9 ± 1.5
27.7
32.4 ± 0.5

Mean contact stress (MPa)
FE model
Nakayama et al. [9]
13.0
11.1 ± 0.2
12.4
14.8 ± 0.5

Peak value of maximum shear stress (MPa)

45

of the 6-degree-of-freedom prosthesis model. The femoral
component was constrained in mediolateral (ML) displacement, anteroposterior (AP) displacement, and rotation, as
well as proximodistal (PD) rotation, while being driven by
flexional motion about ML-axis from 0∘ to 135∘ of angle. The
vertical load from previous experimental work by Dahlkvist
et al. was applied to the femoral component [13]. The tibial
tray was constrained in PD displacement and ML rotation,
while AP displacement was driven by AP force obtained from
the same literature. At the same instance, the tray was set to
perform axial rotation about PD-axis with neutral, 10∘ , and
20∘ of maximum tibial angle, respectively, to represent tibial
rotation. Similar prosthesis model was used to represent fixed
bearing design by fixing the mobile insert to the tibial tray to
eliminate the effect of implant geometry.
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3. Results

Medial condylar
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Figure 3: Peak values of maximum shear stress for mobile and fixed
bearing TKA at neutral, 10∘ , and 20∘ internal tibial rotation.

was used to construct a finite element (FE) model in FEMAP
using 1.2 mm of edge length tetrahedron element (123,468
elements) with 32,436 nodes as shown in Figure 1. Femoral
component and tibial tray were modelled as rigid bodies
due to significantly higher Young’s Modulus than mobile
insert which was represented by an elastic-plastic material
(𝐸 = 800 MPa) with Poisson’s ratio of 0.40. The static and
dynamic coefficients of friction of metal-on-plastic contact
were selected as 0.04 [10, 11]. Penalty-based algorithm was
used for contact definition. The FE model has been validated
using NRG knee prosthesis model which applied similar
model setup. The peak contact stress, mean contact stress, and
contact area at 90∘ and 120∘ of flexion with neutral rotation of
FE model were compared with results from previous work by
Nakayama et al. [9].
The dynamic model was developed in LS-Dyna. Soft
tissues constraint around the knee was represented by a pair
of nonlinear springs inserted both anteriorly and posteriorly.
The spring force in function of displacement can be expressed
by
𝐹 = 𝑘1 𝑑2 + 𝑘2 𝑑 = 0.18667 𝑑2 + 1.3313 𝑑,

Contact area (mm2 )
FE model
Nakayama et al. [9]
42.6
45.1 ± 2.1
38.6
45.1 ± 2.1

(1)

where 𝐹 is the force exerted, 𝑑 is the spring displacement,
and 𝑘1 and 𝑘2 are the stiffness coefficients of the springs,
respectively [12]. The combination of displacement and force
driven knee joint was adapted to perform dynamic motion

The comparison of results between FE model and experimental work by Nakayama et al. is shown in Table 1. The greatest differences of peak contact stress, mean contact stress,
and contact area were 14.5%, 17.1%, and 7.9%, respectively,
demonstrating a good agreement between both results. The
maximum shear stress at medial and lateral tibia condyles in
the function of flexion angle for neutral, 10∘ , and 20∘ tibial
rotation, respectively, is illustrated in Figure 2. It was noted
that the maximum shear stress at both medial and lateral
condyles for neutral rotation increased with flexion angle.
Similar trend was exhibited for the tibia which underwent
10∘ and 20∘ axial rotations. However, shear stress of mobile
bearing insert was found less sensitive to tibial rotation in
comparison to fixed bearing design where the maximum
shear stress at both condyles varied from 5 MPa to 15 MPa for
all conditions of tibial rotations.
Figure 3 shows the comparison of peak values of maximum shear stress between medial and lateral condyles with
respect to tibial rotation and type of bearing mobility. Overall,
peak values of maximum shear stress at lateral condylar
were found relatively higher than medial condylar. As for
fixed bearing insert which underwent axial rotation, the peak
values at lateral condylar increased greater as compared with
medial condylar. The peak values at medial condylar rose
from 13.5 MPa with neutral position to 18 MPa and 24 MPa
with 10∘ and 20∘ of tibial rotations, respectively. Meanwhile,
at lateral condylar, increments from 13 MPa with neutral
position to 35 MPa and 42.5 MPa with 10∘ and 20∘ of tibial
rotations, respectively, were observed. On the contrary, for
mobile bearing insert, the peak values remained around
14 MPa to 16 MPa at both condyles even subjected to axial
rotational motion.
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Figure 4: Lateral view of TKA during 30 , 60 , and 120∘ of flexion angle. (a) Mobile bearing. (b) Fixed bearing.

4. Discussion
4.1. Mechanics of Knee during Deep Flexional Motion. Most
TKA postoperative patients especially in Asian countries may
anticipate ability of deep kneeling which is associated with
cultural and religious activities such as seiza among Japanese
and kneeling in prayer for Muslims. Numerous studies have
reported the critically large loadings generated at knee joint
during deep bending motion. Dahlkvist et al. analyzed knee
joint forces on six subjects and concluded that up to more
than 5 times bodyweight of normal force is induced at
tibiofemoral articulations during rapid descending [13]. In
other investigations, single leg squatting was estimated to
generate about 8% bodyweight of net normal force at knee
joint [14]. Knee kinematics of high flexion analysis in previous
works have showed the increasing tibial rotation up to 11∘
at 150∘ of flexion angle in intact knee and maximum of
17∘ at 137∘ of flexion angle in TKA postoperative knee [15,
16]. Excessive load combined with this state of motion may
generate considerably high stress which, in turn, results in
wear and delamination at articular surface of tibial insert
as this study has shown relatively high shear stress, ranging
from 10 to 50 MPa, induced at insert condylar during deep
squatting.
4.2. Shear Stress States at Tibial Condylar. Wear and delamination of PE insert are among the most common problems
in TKA that limit the survivorship of the prostheses. This

defect is generated by excessive shear stress, contact pressure, and cross-shear associated with tibiofemoral contact
geometry [15, 16]. Lower contact area in less conforming
TKA results in higher contact pressure and shear stress
relative to high conformity TKA. During femoral rollback,
tibiofemoral contact shifts from larger contact area at centre
of condylar to smaller contact area at posterior sides of
both medial and lateral condyles leading to increasing shear
stress with increasing flexion angle. Comparable mechanism
happens in both mobile and fixed bearing TKAs as shown in
Figure 4. As the knee flexes, medial femoral condylar moves
anteriorly and lateral femoral condylar moves posteriorly
causing internal rotation of tibia. Larger anterior surface
relative to posterior on both tibia condyles leads to higher
shear stress created at lateral condylar during deep bending
motion. For fixed bearing condition, tremendous increment
of shear stress at higher flexion angle (90∘ −110∘ ) occurred due
to impingement between femoral component and posterior
articular surface of lateral condylar.
4.3. Mobile Bearing versus Fixed Bearing: Stress Sensitivity
towards Knee Motion. Mobile bearing TKA is found less
sensitive towards tibial rotation in terms of shear stress as
compared with fixed bearing TKA. During tibia rotation,
tibia transmits axial loading to tibial tray. In mobile bearing
TKA design, kinematics of knee is uncoupled into two
unidirectional motions by introducing second insert-tray
articulations. Due to tibiofemoral engagement at proximal
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(b) Plane view of fixed insert

Figure 5: Shear stress distribution on the plane views of mobile and fixed inserts at 30∘ , 60∘ , and 120∘ of flexion angle, respectively, depicting
the shear stress distribution. The fringe level is displayed in the unit of MPa.

articular surface, the mobile insert maintains its neutral
position and results in relatively lower shear stress at tibial
condylar (Figure 5). In fixed bearing TKA, axial loading
from tibial tray is transmitted evenly to tibial insert causing
high shear stress generated on both medial and lateral
condyles. Furthermore, multidirectional motion experienced
by proximal surface of fixed insert will induce more wear
and delamination. This result is supported by in vitro wear
study by McEwen et al. who suggested that distribution
of motions into femoral-insert and insert-tray interfaces in
mobile bearing TKA has produced lower mobile insert wear
defect [7]. Figure 5(b) illustrates the shear stress distribution
in fixed insert at 30∘ , 60∘ , and 120∘ , respectively. It can be
noted that the shear stress shifts from centre of condylar to
posterior side of lateral condylar. However, research by Engh
et al. revealed that appearance of second articulating surfaces
introduced supplementary source of wear [17]. Existence of
wear debris may alter the surface friction which is attributed
to frictional force transmission from tibial tray to PE insert,
hence affecting the stress states at upper side of tibial insert.
This circumstance was not considered in the present study.

5. Conclusions
In conclusion, this study has showed the decomposition
of multidirectional motion to unidirectional kinematics
of femoral-insert and insert-tray articulating interfaces in
mobile bearing TKA capable of maintaining lower stress at
tibial condylar. Further investigation should be performed
on various designs of mobile bearing TKAs to observe

reproduction of this insert-tray mobility effect on stress states
of tibial condylar.
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The model of three-dimensional (3D) geometric knee was built, which included femoral-tibial, patellofemoral articulations and the
bone and soft tissues. Dynamic finite element (FE) model of knee was developed to simulate both the kinematics and the internal
stresses during knee flexion. The biomechanical experimental system of knee was built to simulate knee squatting using cadaver
knees. The flexion motion and dynamic contact characteristics of knee were analyzed, and verified by comparing with the data
from in vitro experiment. The results showed that the established dynamic FE models of knee are capable of predicting kinematics
and the contact stresses during flexion, and could be an efficient tool for the analysis of total knee replacement (TKR) and knee
prosthesis design.

1. Introduction
All kinds of movements of the knee joint are harmonious
in each joint. Due to the complicated structure and large
quantity of motion, its noneffective rate in all the joints
is on top. The success rate of artificial joint replacement
surgery has reached 90% [1]. Even so, there were functional
failure, prosthesis loosening or dislocation and the excessive
wear of prosthesis, and so forth, postoperatively [2, 3].
The main factors for operation failure, in addition to the
pathological reasons, come from operative and prosthetic
aspects. However, the disease prevention of human knee,
the design of artificial knee prosthesis, and the improvement
of surgical technique depended on the research into the
movement, stress, and such biomechanical characteristics
about natural and artificial knee joint [4].
The internal joint contact stress and distribution of
natural and artificial knee joint are directly related to its
functional activities. It becomes more important to analyze
the biomechanical characteristics of the motion and stress
during high flexion activities [5], especially significant for

population groups where lifestyle and work activities or
religious activities demand deep flexion such as squatting
and kneeling. However, the corresponding measurement and
prediction are relatively difficult because of the limitation
of ethic and measuring devices. So far, there were few
effective methods to directly measure the internal stress and
distribution for in vivo knee. Therefore, establishing the
knee joint calculation model becomes a widely used method
for predicting the internal stress and distribution. Among
them, the dynamic finite element analysis has been developed into an effective method to predict the internal stress
and distribution under dynamic loading conditions [6–9].
In previous models, relatively small range of flexion was
conducted, usually not more than 120 degrees; there were less
finite element models which can simultaneously proceed with
dynamic synchronous prediction for the patellofemoral joint
and femorotibial joint [7], and less have represented the whole
joint with physiological soft tissue constraint [10].
In this paper, the anatomical model of three-dimensional
geometric natural knee was reconstructed. Dynamic finite
element (FE) model of natural knee joint, which includes
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tibiofemoral, patellofemoral articulations and the surrounding soft tissues, was developed in this research, to simulate
both the kinematics and internal stress during knee flexion.
The biomechanical experimental system of knee flexion
motion was set up to simulate human knee squatting using
cadaver knees. The flexion motion and dynamic contact characteristics of knee joint were analyzed and were verified by
comparison with the data from cadaver in vitro experiment.

quadriceps. The value of 300 N force was applied along with
the knee joint force line to simulate the weight of body [20].
Under the control of the applied muscles force, the femur
move is relative to the tibia with full freedom. The movement
of tibia was not active and it was determined by the loading
conditions distributed in knee model. Nine surface contact
pairs were defined for the femur, tibia, patella, and other soft
tissue.

2. Materials and Methods

2.2. Experimental Verification. Six male volunteers’ lower
limb specimens were mounted into the specially designed
loading and connecting device, which were connected
with the standard material testing machine (CSS-44010,
Changchun Research Institute for Testing machines Co., Ltd,
China). This measurement system was adopted to measure
both the dynamic movement and contact stress of both the
tibiofemoral and the patellofemoral joints (Figure 3).

2.1. Dynamic FE Knee Model
2.1.1. The Modeling of Geometric Knee. The knee of a healthy
volunteer (height 1.73 m, weight 60 kg, male) had been
scanned by CT (computed tomography) and MRI (magnetic
resonance imaging), respectively. Then the simulation models
of the knee joint bone and soft tissues were reconstructed,
respectively. Due to the errors of reconstruction leading to
the errors of measurement and calculation of motion, the
research of precision of cortical bone reconstruction had been
carried out [11]. However, the extraction of CT and MRI data
was in different coordinates. It could not be directly obtained
for geometric anatomic model of knee, which includes both
bone and soft tissue. Bone’s point cloud contour with clear
geometric feature point can be cached through the MRI, so
the principle of three-dimensional image registration [12]
was adopted to register the point cloud contour obtained
by MRI and the bone tissue profile obtained by CT. Then,
a complete geometry simulation model of knee joint was
built by registration of soft and bone tissues (Figure 1). The
methodology and models used in this work were described
thoroughly by Wang et al. (2009) [13].
2.1.2. The FE Model of Knee. Based on the above anatomical model, the mesh model of natural knee was established, which includes both bone and soft tissues, such
as cartilage, meniscus, anterior and posterior cruciate ligament, medial and lateral collateral ligaments, and patellar
tendon (Figure 2). The hexahedron units were adopted in all
bone and soft tissues of knee FE model to reduce calculation
cost. The methodology and models used in this work were
described thoroughly by Wang et al. (2009) [14].
There are different features of each tissue’s material
properties. The material properties of the different tissues
derived from literatures facilitate comparison with them. For
MCL and LCL, it is an average constant from Gardiner et al.
(2001) [15]. For ACL, it is single axial stress strain curve from
Butler et al. (1980) [16]. For cruciate ligament and patellar
tendon, it was from Suggs et al. (2008) [17]. The meniscus
can be regarded as elastic and isotropic in axial, radial, and
circumferential direction, respectively [18]. In this paper, the
meniscus material parameters were from LeRoux and Setton
(2002) [19].
Load and boundary conditions, for the FE model of natural knee, were consistent with the experimental conditions.
The value of 400 N was applied to the quadriceps, which was
parallel to the femur shaft and directed to the starting point of

2.2.1. Experimental Devices. To realize simulation
of squat movement and force loading, loading and
connecting mechanisms were designed connected with
the tension/compression testing machine, based on the
biomechanical and boundary conditions of FEA. Accompanying squatting, three sets of measuring system were
used to measure synchronously the relative motion and the
stress of tibiofemoral and patellofemoral joint, realizing
force control and loading. Experimental devices were
composed of devices of loading and connective devices
and the tension/compression testing machine. The loading
and connective devices were designed to connect the lower
limbs of cadavers and tension/compression testing machine,
loading the gravity and quadriceps force to realize joint
flexion, which were composed of the upper and the lower
connection device (Figure 4). The cadaver knee’s dynamic
translation and rotation (and lock) in coronal, sagittal, and
cross sectional planes can be implemented, simulating living
knee movement.
Optical tracking system (Polaris hybrid optical tracking
system, NDI, Calgary, AB, Canada) was used to measure the
trajectory of the femur, tibia, and patella under squatting for
analysis of knee relative motion by coordinate transformation
[21] (Figure 5). Coordinate system was established by measuring knee’s bone marker points, and knee joint rotations
were defined according to the clinical joint coordinate system
(JCS) [22, 23]. The same method was used for FE model.
Tecscan measurement system (Tescan Inc., Boston,
MA, USA) was used to implement contact measurement
(Figure 6). The measurement system is comprised of I-scan
sensor, data conversion handle, data analysis, and calibration software. The special sensor I-scan 4000 was used
for tibiofemoral joint. This sensor consists of two pieces
of separate sensors, whose specifications are of 33 mm ∗
28 mm, 0.1 mm thick. The I-scan 5051 sensor was used
for patellofemoral joint’s contact measurement [24]. In the
experiments, the articular capsule was opened, and then the
sensing piece of I-scan sensor was, respectively, put into the
joint gaps of tibiofemoral and patellofemoral joint (Figure 7).

The Scientific World Journal

3

(a)

(b)

(c)

Figure 1: The geometric anatomy model of human knee.
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Figure 2: The FE model of knee.
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Figure 3: The flowchart and the real of knee experiment system.
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Figure 4: Setup of knee experiment.

The gravity loading of the femoral head was controlled
and measured by the sensor on the mobile beam of tension/compression testing machine. The quadriceps force
and connection test device was connected to the force
sensor CFBLS-25 (25 Kg maximum load, 0.03% FS, Shanghai Yichuan Instrument Factory) and the amplifier VM641
(±0.1% accuracy, Guangzhou Huamao Sensor Co., Ltd.). The
sensor, pulley, and screw were connected to form loading
and measuring device, which was used to measure and
control the tension of quadriceps. The output signal of the
amplifier was collected by the DAQ Card (data acquisition
card) (Yanhua PCI-1710L, Advantech Co., Ltd.). And the
measured results were outputted by the commercial software
Labview (Laboratory Virtual Instrumentation Engineering
Workbench, United States National Instruments Company).

2.2.2. Experimental Loading and Measurement. The I-scan
4000 and the I-scan 5051 pressure test pieces were placed,
respectively, in tibiofemoral and patellofemoral joint, and
the articular capsule was sutured. The specimen was fixed
into the experimental platform. The gravity loading on the
femoral head was controlled and measured by sensor of tension/compression testing machine. The tension of quadriceps
tendon was outputted by the DAQ Card and the commercial software Labview. Simultaneously, the contact pressure
of tibiofemoral joint was recorded by the I-scan contact
measurement system. For dynamic movement measurement,
three reference frames consisting of 14 mm diameter markers
were fixed in tibia, femur, and patella, respectively. The data
of markers were captured and the relative motions of patella,
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Figure 7: The location of Tecscan sensor.
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Figure 8: The device after installation.
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Figure 9: The relative movement of natural tibiofemoral joint. (a) Internal/external and abduction/adduction of tibiofemoral joint. (b)
Translation of tibiofemoral joint.
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tibia, and femur were measured by the Polaris optical tracking
system (Figure 8).
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Figure 11: The relative translation of tibiofemoral joint in both test
and FEA.

3. Results
3.1. The FE Calculation and Experimental Results of Knee
Joint. The FE model was developed into the software of
ABAQUS-6.5.1 (HKS, Pawtucket, RI) to analyze the articular
contact and the relative motion of the patellofemoral joint and
tibiofemoral joint synchronously. By calculating the dynamic
FEA of natural knee, the movement and joint contact stress
of healthy knee could be obtained. The flexion motion and
dynamic contact characteristics of knee joint were analyzed
and verified by comparison with the data from cadaver in
vitro experiment.
3.1.1. The FE Results and Verification Analysis of Tibiofemoral
Joint. The tibial internal rotation increases as knee flexes,
and femoral relative external rotation decreases after about
90∘ flexion, accompanying 9∘ adduction of femur (Figure 9).
The femur backward translation increased along with knee
flexing. In high flexion, femoral condyle lifted off tibial
surface a few millimeters and contacted with posterior
meniscus. Smaller medial-lateral translation happened in the
entire flexion. The cadaver experiment and FE results were
compared in contrast diagram (Figures 10 and 11).

During 0–90-degree knees flexion, femur external rotation was average of 20 degrees, and femur abduction turned
to average of 2 degrees. From 90–120-degree flexion, the tibial
internal rotation increased while femur external rotation
decreased. Synchronously, the femoral adduction increased.
There was unusual abduction for one of the specimens
during earlier flexion stage. The femur translation trends
of the experiment and FE results were basically consistent
(Figure 11) in the direction of medial-lateral, up-down, and
front-back, respectively. With flexion growth, femoral relative
tibial translated upward, inward and backward, respectively.
Two cases translated downward within 20–70-degree flexion.
The backward translation was relatively small, which was
approximately 7 mm at 90-degree flexion, being similar to
simulation results. There was a large backward translation
for one case, approximately 23 mm around 110-degree flexion.
There was bigger difference for translation result, which may
be caused by the error of selecting the osseous marker points
and the individual difference.
With knee flexion from 0 to 130 degrees, the average
peak stress of tibiofemoral joint was 10 MPa at 0 degrees
and 6 MPa at 30∼90 degrees, and it increased to 21 MPa
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Figure 12: Contact stress of 0-30-60-90-130 degree flexion of tibiofemoral joint in FEA. (a) Stress distribution of 0∘ flexion. (b) Stress
distribution of 30∘ flexion. (c) Stress distribution of 60∘ flexion. (d) Stress distribution of 90∘ flexion. (e) Stress distribution of 120∘ flexion. (f)
Stress distribution of 130∘ flexion.

from 90 to 130 degrees. There were differences between
the medial and the lateral tibiofemoral joint. From 0- to
60-degree flexion, medial and lateral contact stresses were
close for FE results, but the lateral contact stress was higher
than the medial contact stress for in vitro test. Starting
from 90-degree flexion, larger contact stress was in the
medial tibiofemoral joint for both of FE and in vitro test.
Simultaneously, in the lateral tibiofemoral joint, there was
little contact for FE results and about 4 MPa small contact
stress for in vitro test. In 0–30-degree flexion, the contact
of tibiofemoral joint mainly occurred in the front of tibia,
and contact area was relatively small. Within 30∼60-degree
flexion, contact was mainly in the central tibia; contact area
is increasing and causing smaller contact stress. With flexion
deepening, the backward translation of femur increased,
contacting with the posterior meniscus, and lateral femoral
condyle lift off tibial surface a few millimeters in higher

flexion (Figures 12 and 13). Accordingly, the total contact
area of tibiofemoral joint relatively decreased, causing larger
contact stress in the medial tibiofemoral joint.
3.1.2. The FE Results and Verification Analysis of Patellofemoral
Joint. With flexion of tibiofemoral joint, the flexion change of
patellofemoral joint was basically linear (Figure 14). Accompanying patella’s small angle external rotation and medial
tilting relative to femur, there were small medial, backward,
and upward translations. Patella was up to about 90 degrees
flexion, external rotation of 3.7 degrees, medial tilting of
10 degrees, backward translation of 64 mm, the maximum
downward translation of 49 mm at about 90 degrees knee
flexion, and the maximum lateral translation of 6 mm at
about 80 degrees knee flexion.
The change tendency was basically consistent in simulation and test (Figures 15 and 16), being slightly different.
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Figure 13: Comparison between experimentally measured stress
applied to tibiofemoral joint and the FE results, where m refers to
the medial femur and l refers to the lateral femur.

The patella internal rotation (20 degrees maximum) was
bigger than simulation results. There was little difference
for patella relative medial tilting, excepting lateral tilting at
60 degrees flexion in one case. It was basically consistent
in relative flexion of patellas, being linear with tibiofemoral
flexion. The fluctuations of translation were larger than the
rotation. The maximum medial translation in the experiment
occurred within 30 degrees flexion earlier than the simulation
of about 70 degrees flexion. However, the upward and
backward translations were larger than the simulation. This
difference may be caused by soft tissue relaxation in the
cadaver experiment.
With knee flexion, the contact place of patellofemoral
joint gradually moved from the inferior patella to the superior patella and then turned slightly downward after 120
degrees. Within 30 degrees of flexion, the contact places of
patellofemoral joint were unsteady. Within 30–90 degrees,
the contact places of patellofemoral joint gradually drifted
to the medial and lateral patella; the contact places were
mainly on the medial patella ridge. Starting from 90-degree
flexion, contact position was obviously distributed in medial
and lateral margin patella. From 0- to 90-degree flexion, the
contact stress was of about 9 MPa for both the simulation and
the test results. The medial contact stress was significantly
greater than the lateral one except within 30-degree flexion.
The contact stress increased after 90∘ , reaching 22 MPa at 130degree flexion. The margin patella contacted with femoral
epicondylus in higher flexion and decreased contact area
causing higher contact stress (Figures 17 and 18).

4. Discussion
4.1. The Experimental System Analysis. To fully understand
the function of knee joint, not only the synchronal measurement of both tibiofemoral and patellofemoral articulations
but also the synchronal measurement of both kinematics and
contact can be implemented in this experiment system and
simulation. Because of the difficulty of accurately measuring
internal joint contact stress in rational functional conditions,
there was seldom contact research about the tibiofemoral
joint. Hsu et al. (1997) [25] used unidirectional sensor
embedded in patellar prosthesis to measure patellofemoral
joint contact force. And it was limited that the force and

movement were measured separately. Powers et al. (1998)
[26] used electromagnetic tracking equipment to measure the
patella movement and used pressure sensitive film to measure
patellofemoral joint contact pressure and area. However,
tibiofemoral joint was not measured. Halloran et al. (2010)
[9] developed a whole joint model, and this included fixture
components only. Prior work with cadaveric specimens
included displacement control of TF kinematics and only PF
soft tissue representations [27].
The in vitro experiment and simulation results were compared in this study, and there were differences between them.
The accuracy of test was inevitably influenced by some of the
characteristics of experiment system. Although the thickness
of sensing piece is only 0.1 mm, the joint surface shape was
slightly changed, and the results accuracy of contact area and
contact pressure peak in joint was affected. The difference of
reference point selection caused the difference of coordinate
system, which led to measurement error of movement. Due to
the limitation of measurement mechanism itself, it is difficult
to perfectly simulate the human knee joint squat movement.
In vitro test research showed that quadriceps force size
and loading direction influence tibiofemoral joint rotation,
especially within 0∼90 degrees flexion; the force and angle (Q
angle) reduction of quadriceps caused tibial internal rotation
reduction [28, 29]. Therefore, the difference between simulation and living quadriceps activities may be one of the reasons
of the tibial rotation difference between in vitro and living
tests. The signal interference of sensor, measurement errors
of force transducer, contact stress sensor, reference frame, and
calibration error can also cause measurement error. Because
of losing activity, the muscles and joints of specimens will be
stiff, and decreased joint fluid lubrication in articular capsule
increased joint contact friction. And the mechanical property
of bone and soft tissue changed accompanied with relaxing
and drying of specimen organization itself. These conditions
may all affect the experimental results. So there are differences
between the simulation and the results of the experiment, as
well as between the specimen and living body. In addition,
individual differences can also cause difference. Therefore,
the experimental method also needed to be continuously
developed to improve the biomechanical research of knee.
4.2. Natural Human Knee Flexion Biomechanical Analysis.
Along with the knee flexion, natural knee joint femur rolled
backward and tibia internally rotated. The results of movement of femur relative tibia were basically consistent with
Iwaki (2000) and Johal et al. (2005) [30, 31]. Within 0- to
30-degree flexion, tibial internal rotation increased (3.3–12.8
degrees). Within 30∼90-degree flexion, natural knee tibial
rotation was bigger (10.6–17.5), maintaining internal rotation,
which is approximate to previous results of passive flexion
with no loading (25-degree internal rotation at 100-degree
passive flexion) [32]. And it was different from Hirokawa et al.
(1992) [29] (1-degree external rotation at 120-degree flexion)
and Van Kampen and Husikes (1990) [33] (internal rotation
began until 120-degree flexion for three of the four specimens,
in which fixed femoral test equipment was used). If rotating
force was applied on tibia, especially for the unloading knee,
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Figure 14: The relative movement of patellofemoral joint. (a) Internal/external, abduction/adduction, and flexion of patellofemoral joint. (b)
Translation of patellofemoral joint.

femur external rotation at 90 degree is reversible. Therefore,
if the tibia flexes 90 degrees at external rotation phase, it is
possible to stretch to 20-degree flexion with no lateral condyle
backward-forward translation. So, to great extent, the tibia
rotation belongs to tibial rotation belong to “combining” not
inevitable within 20∼90 degrees flexion. However, the 20degree flexed position was the critical point of tibia in internal
rotation. Therefore, tibia internal rotation was inevitable
within 0∼20 degrees flexion, rotating around the long axis of
knee.
The results of knee adduction-abduction about living
body were little reported recently. The research in this paper
showed that the femoral external rotation was along with
the adduction. The reason is that the medial tibia platform
is more concave than the lateral one and the projection
on coronal plane of medial condyle is lower than that of
the lateral condyle [34]. No eversion in knee flexion due
to the consistent curvature radius of the medial and lateral
femoral posterior condyle, no distal outstanding of medial
condyle. The adduction in higher flexion was caused and
corresponded with the internal rotation of tibia relative to
femur. The research results of Hsieh et al. (1998) [35] (0degree adduction at 90-degree flexion) and Kurosawa et al.
(1985) [36] (2.2-degree adduction at 120-degree flexion) were
within the scope of this study.
Within hol-extension to passive flexion (more than 120degree flexion), there was 10 mm femoral condylar backward
rolling. Femoral condyle scrolled up to meniscus posterior
horn, almost dislocation to the tibia. This result is consistent
with Nakagawa et al. (2000) [37] of no loading deep flexion
Japan knee and Abdel-Rahman and Hefzy (1998) [38] ray
research results. Wilson et al. (2000) [32] research results
were of 24 ± 4 mm backward translation, 13 ± 4 mm distal
translation, and 5 ± 3 mm medial translation after 100-degree

flexion, which were approximate to this paper. Wretenberg et
al. (2002) [39] analyzed 16 nonload right tibiofemoral joint
contact at 0-degree, 30-degree, and 60-degree flexion by MRI
and observed that the lateral displacement was bigger than
the medial. The research of Johal et al. (2005) [31] showed that
femoral condyle translated backward within 0∼90-degree
flexion, accompanied with slipping or rolling.
In this study, the distribution of medial and lateral contact
stress was influenced by the joint position. The peak stress of
tibiofemoral joint contact was of average 10 MPa at 0-degree
flexion and 6 MPa within 30∼90-degree flexion, and it grew
from 90-degree flexion reaching 21 MPa at 130-degree flexion.
In the flexion process, the medial and lateral tibiofemoral
joint contact stresses were different. From 0- to 60-degree
flexion, medial stress was approximate to the lateral stress
for FEA and slightly larger contact stress at lateral joint for
in vitro experiment. Within 0∼30-degree flexion, contact
position was mainly in anterior tibia, and contact area
was relatively small. From 30- to 60-degree flexion, the
contact mainly occurred in central tibia, increased contact
area, and decreased contact stress. Along with deepening
flexion, femur backward translation and liftoff increased,
which decreased tibiofemoral articular contact area. After
90-degree flexion, larger contact stress occurred in medial
joint for FEA and in vitro experiment. The 21 MPa maximum
contact stress of simulation analysis results was closed to
25 MPa cartilage cracking limitation [40] (Torzilli et al.,
1999), being consistent with Ashvin Thambyah et al. (2005)
[5] which is of 14 MPa average stress peak (standard deviation
2.5 MPa) on walking phase. The loaded living research by
Iwaki et al. (2000) and Hill et al. (2000) [30, 41] showed that
large change occurred in high flexion for tibiofemoral joint,
and too much stress (more than 25 MPa) caused cartilage
injury, which may be the cause of the continued development
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Figure 15: Internal/external, abduction/adduction, and flexion of
patellofemoral joint relative movements in both test and FEA.

of joint degeneration. Contact area reduction within high
flexion was likely the reason of high stress in high flexion,
and the cause of high stress was not only from high loading.
In lateral knee joint, considerable backward translation
occurred, accompanied femur lifting off the lateral tibia and
fall on the posterior horn of meniscus, the femur being
subluxation. At the same time medial stress increased, which
may be the reason of medial meniscus tear.
As for patellofemoral joint movement, Zavatsky et al.
(2004) [42] gave the measurement result, and it is consistent with this research. Even though there are different
reference points and reference frames, the calculation and
measurement of patellofemoral relative rotation in this paper
were within the standard deviation range being consistent
with other research [35]. The patellofemoral joint translation
motion results (backward, distal, medial, or lateral translation) also were approximate to other results [25, 33, 35]. At
the same time, patellofemoral flexion was lagged behind the
tibiofemoral flexion, which was consistent with the relative
reports [33, 35, 43].
The contact point’s upward movement of the healthy
patellofemoral joint mainly occurred in early flexion, which
was consistent with the previous in vitro [44, 45] and in vivo
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G2-front/back (−) (y)
G3-top/bottom (−) (z)

Figure 16: Translation of patellofemoral joint relative movement in
both test and FEA.

research [46]. The data of this study showed that, after 60degree flexion, the contact area was relatively stable in the
proximal portion of patella and symmetrically distributed
in medial and lateral patellar surface, with no contact near
the ridge of the patella. The research of Suzuki et al. (2012)
[47] was approximate to this paper. And patellofemoral
contact area increased with the knee flexion, of 70% average
growth within 30 degrees flexion and of 34% average increase
within 30∼60 degrees flexion [48]. It was also found in this
research that, with the deepening tibiofemoral joint flexion,
the patellar tendon resulted in medial tilting so that the patella
odd facet contact with the femur reduced the tension of the
patellar tendon and quadriceps. At the same time, there was
always a contact zone (concave area) at the upper patella and
the contact occurred in the intercondylar notch along with
the medial and lateral contact, a recess located in the upper
patella exactly matching with the trochlear.
In higher flexion, the curvature radius of the femoral
condyles was shorter and the lateral collateral ligament
and anterior cruciate ligament were slack. Meanwhile,
with tibiofemoral joint flexing, the tibiofemoral joint pressure increased, and the tension of the quadriceps tendon
and the patellar tendon increased. The study showed that
arthritis and cartilage damage was the result of the repeated
or high contact stress [49], while the medial tibiofemoral was
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 17: Contact stress of 0-30-60-90-130 degree flexion of tibiofemoral joint in FEA. (a) Stress distribution of 0∘ flexion. (b) Stress
distribution of 30∘ flexion. (c) Stress distribution of 60∘ flexion. (d) Stress distribution of 90∘ flexion. (e) Stress distribution of 120∘ flexion. (f)
Stress distribution of 130∘ flexion.

prone to arthritis, leading to an articulated knee. There was
difference between Westerners and Asians, especially in the
high flexion activities [50]. Arched knee is more likely to
occur in Asians. It could not be ignored for the mechanical
factors causing knee disease from the activities or ethnic
differences between Asians and Westerners. Especially for
Asians, the relationship between mechanics and movement
in high flexion should be fully understood.
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Previous gait studies on squatting have described a rapid reversal in the direction of the tibiofemoral joint shear reaction force when
going into a full weight-bearing deep knee flexion squat. The effects of such a shear reversal have not been considered with regard
to the loading demand on knee implants in patients whose activities of daily living require frequent squatting. In this paper, the
shear reversal effect is discussed and simulated in a finite element knee implant-bone model, to evaluate the possible biomechanical
significance of this effect on femoral component loosening of high flexion implants as reported in the literature. The analysis shows
that one of the effects of the shear reversal was a switch between large compressive and large tensile principal strains, from knee
extension to flexion, respectively, in the region of the anterior flange of the femoral component. Together with the known material
limits of cement and bone, this large mismatch in strains as a function of knee position provides new insight into how and why
knee implants may fail in patients who perform frequent squatting.

1. Introduction
There is still much to be done to improve the design of knee
implants both in terms of longevity and their ability to serve
a wider range of patient needs. One particular need involves
improving knee implant design to satisfy populations requiring a postoperative ability to perform deep knee bending and
squatting [1–3]. The urgency of this problem is exacerbated
by the increasing medical needs of aging Asian populations
[4], in which deep knee bending and squatting are common
activities of daily living, presenting the call for better design
in implants that will allow deep flexion to be performed safely
and reliably, without affecting the expected longevity of the
implant.
High flexion knee replacement strategies have included
retaining the cruciate ligament, specific intraoperative soft
tissue balancing, and specially designed knee implants that
control femoral rollback, improve joint conformity in large
flexion angles, or provide more freedom in axial rotation [5].
Despite these efforts, studies have reported relatively limited

long-term success [6–9], with femoral component loosening being identified as one of the more common negative
outcomes in high-flexion knee arthroplasty. Such femoral
component loosening, evident by radiolucency beneath the
anterior flange [6], when investigated further revealed failure
at the cement-metal interface. However rather than the
technique or implant used, it has been suggested that the
likely critical factor in determining the long-term outcome
appears to be linked to the postoperative high-flexion activities [6, 10, 11], where in the femoral component “loosened”
group the mean maximum postoperative knee flexion angle
was significantly larger. Further it was found that loosened
femoral components migrated towards a more flexed position
[6].
That such femoral component migration from loosening
of the femoral component, associated with cementmetal failure, which in turn is linked to postoperative
weight-bearing high-flexion activities, indicates a strong biomechanical causative factor to the problem. Studies from

2

The Scientific World Journal

Quadriceps-generated
counter moment

Reaction in patellofemoral
joint

𝜏

Quadriceps-generated counter
moment (tension in patella
ligament)

External flexion moment
due to bodyweight
TF reaction
forces

Figure 1: Schematic to illustrate how external flexion moments from reaction to body weight are balanced by internally generated moments
from quadriceps activity. A backdrop of an X-ray image of a full squat is used as a reference. The reactions at the knee (illustrated as white
arrows) show a compression and anterior-directed shear (𝜏).

a mechanical standpoint have shown that the possible causes
for the loosening could be due to the altered kinematics and
increased bicondylar rollback in deep flexion [13], absence of
femoral load sharing with the bone [14], and being less than
ideal strength in the cement-metal interface [15]. These three
mechanical factors may not only be interrelated, but also be
individualised targets for finding a solution to the loosening
problem. However it is important to note that the primary
cause is yet to be determined and there still is further insight
to be gained from seeking out what could be the mechanism
that initiates the failure in the system.
In this paper, we report on a hypothesis on what could be
an important mechanical factor that initiates anterior flange
femoral component loosening. This hypothesis is based on
(i) earlier studies carried out on normal knee deep flexion
and squatting kinematics and kinetics, (ii) a finite element
method (FEM) analysis, and (iii) known properties and
strength of the implant-cement-bone interfaces.

[17]. Coupled with high stresses, the external rotation of the
femur about the tibia ranged from 10∘ to over 20∘ and from
2 mm to 4 mm posterior translation of the femur [17, 18], and
it was found that in Japanese knees the posterior translation
was twice that of Caucasian knees [18]. The extent of this
movement was attributed to the differing surface contact
morphology of the medial versus lateral tibial plateaus [19].
Importantly, the posterior translation of the femur over the
tibia during the squat would result in an anterior-directed
shear reaction force in the tibiofemoral joint (Figure 1).
This kinematic feature of squatting, the anterior-directed
shear, has received little attention in the literature, given
that in walking and standing the shear reaction force is
largely posterior-directed and in going into a squat the shear
reverses into an anterior-directed one [12] (Figure 2). It is
this mechanism that informs our hypothesis for femoral
component loosening in the high flexion knee implants and
provides the loading condition for our model.

2. Materials and Methods

2.2. Finite Element Analysis Model. A finite element simulation was set up in Abaqus (Simulia) to evaluate the stress
at the femoral bone-implant interface, specifically on the
anterior flange. A generic knee model [20, 21] was developed
and interfaced with a standard total knee replacement (TKR)
configuration that consisted of cobalt chrome alloy femoral
component, titanium tibial tray, polyethylene tibial insert,
and polyethylene patellar button. The simulation was solved
quasi-statically using Abaqus Standard with isotropic, linear

2.1. Knee Joint Kinematics and Kinetics in Squatting. From
gait studies it was found that in Asian-style squatting the
knee flexes up to 150∘ and the tibiofemoral contact forces
are as high as 3 to 4 times body weight [12, 16]. Translating
the contact forces into stresses, in vitro studies on human
cadaver knees showed that the peak pressures can be as high
as 20 MPa as a result of the drastic reduction in contact area
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depending on bone surface roughness, the shear strength
involving cancellous bone is 3.85 MPa and the tensile strength
is much lower at 1.79 MPa [15]. This finding is consistent with
an earlier study showing that the cement-bone interface is
weaker in tension than in shear [28]. Bone cement properties
are also reported in terms of microstrain.

Subject 3
Subject 4

Figure 2: (Adapted from [12]), the reversal in shear reaction force
in the tibiofemoral joint when the subject goes into a squat.

elastic material properties. The Young’s modulus of titanium,
cobalt chrome alloy, polyethylene, and the cortical bone was
set to 110 GPa, 220 GPa, 686 Mpa, and 15 GPa, respectively
[22, 23]. The bone cement was assumed to be a rigid bond.
Ligament and patellar tendon material stiffness properties
were taken as 300 Nmm−1 [23]. We examined the change
in anterior flange stress and strain due solely to the change
in the externally applied shear stress reaction direction. We
simulated two poses, the knee in (a) relative extension during
the single-limb weight bearing mid-stance phase of the gait
cycle and (b) deep squatting at 150∘ of flexion. The tibia was
fixed in both cases and a vertical compressive force of 1750 N
(2.5 BW) and a horizontal shear force of 450 N (0.68 BW)
were applied. These forces were to create the reaction forces
at the tibiofemoral joint described in an earlier study [12]
(see Figure 2). In knee extension an anterior shear force was
applied to the femur to give rise to a posterior shear reaction
force at the tibiofemoral joint. In knee flexion it was reversed
to give rise to an anterior shear reaction force (Figure 3).
2.3. Known Properties and Strength of the Implant-CementBone Interfaces. There are two interfaces, the implantcement and the cement-bone. These interfaces have different
strengths and can be directly attributed to the type of surface
involved. For example, surface finish in metals [24–26] and
bone preparation for cement to engage cortical versus cancellous bone [15] all have an influence on the final achievable
mechanical strength of the bond. The static shear strength of
the implant-cement interface ranges from 3 MPa to 16 MPa,
depending on the surface finish of the metal implant [24].
Tensile strength is found to be lower than shear [27] ranging
between 0.58 and 6.67 MPa. For the cement-bone interface,

To compare the von Mises stresses between the knee extension and knee flexion positions, a sagittal section of the model
was made and the strain distribution was plotted in terms
of a colour map (Figure 4). The model revealed that stresses
ranged from 5 MPa (dark blue) to a maximum of 20 MPa
(red) with bone showing low stresses near the anterior flange
for both knee extension and flexion (Figure 4). It appeared
that stress was primarily borne by the femoral component
except where the implant interfaces with the bone at the site
of tibial contact at the knee extension position.
Of more interest were the principal strain values. To
compare the maximum principal strains between the knee
extension and knee flexion positions, a sagittal section of the
model was made and the strain distribution was plotted in
terms of a colour map (Figure 5). The strain ranged from
a compressive normal strain of −2000 𝜇𝜀 (dark blue) in the
knee extension position to a tensile normal strain of +3000 𝜇𝜀
(red) in full flexion. In knee extension the bulk of the bony
strain was located near the inferior femoral condyles adjacent
to the point of tibial contact. Also in this knee position, the
maximum bone strain near the anterior flange occurred as
two “hot-spots” (Figure 5(a), in blue within the dotted region)
of compressive strain.
In contrast during deep knee flexion, and near the
anterior flange, bone strain values were mostly tensile and
spread over a much broader region along the length of the
flange. The strain near the anterior flange during deep knee
flexion exhibited a large mismatch between the bone and
femoral component, where in the bone there is an overall
larger region of high tensile strain compared to the femoral
component (compare, e.g., regions of red in Figure 5(b)).

4. Discussion
For this study we only examined the influence of sagittal
plane vertical and shear forces applied at the tibiofemoral
contact, as the aim was to see the effect on the anterior
flange region following a reversal of the shear direction. Any
post-cam effects were not modeled and we argue that the
transient anterior shear reaction that develops on going into
a squat [12], meaning the femur tends to move posteriorly
relative to the tibia, would not result in significant postcam engagement. The effects of the femoral-patella contact
or thigh-calf contact were also not modeled and it is without
doubt that these would be important for any full knee flexion
loading simulation [29]. However, these effects may not
influence this study’s focus on the anterior flange region
for the following reasons. Firstly, in deep flexion, it is very
likely that the femoral-patella contact, being very proximal
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(from Long and Scuderi 2008)

(a)
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Figure 3: (a) Picture from [5], showing X-ray of implanted knee in deep flexion. (This picture has been rotated here to be consistent with
the accompanying schematics.) (b) Force diagram to show the knee in extension. The short black and red arrows represent vertical and
horizontal (shear) reactions in the tibiofemoral joint. The long arrows attached to the patella represent the force vectors of the patella tendon
and ligament. The curved arrow represents the external moments acting on the knee, here in single-limb stance. (c) Force diagram showing
the knee going into a squat. Note the reversal in shear (red arrow).
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Figure 4: Sagittal cross-section of von Mises stress for (a) extended knee configuration and (b) deep knee flexion of 150∘ . Red is 20 MPa and
dark blue is 5 MPa. The anterior flange region is circled.
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Figure 5: Sagittal cross-section of normal principal strains for (a) extended knee configuration and (b) deep knee flexion of 150∘ . Red is
tension with a maximum of 3000 𝜇𝜀 and dark blue is compression at −2000 𝜇𝜀. The anterior flange region is circled.
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to the joint line (Figure 3(a)), and from observation of the
force diagram (Figure 3(c)), will result in moments that tend
to bend the femur with respect to the femoral implant
(Figure 6). Such bending stresses will thus tend to add to
the bone bending stresses in the femur, confirmed by the
increased tensile strain (shown in red in Figure 3(b)), in the
distal femoral shaft in the knee flexion position. Secondly,
the application of the shear reversal follows the gait data
obtained previously [12] that was shown to happen prior
to the rest phase in squat when the thigh contacts the calf.
Hence, the simulation used in the present study, albeit simple
in its approach, we argue, is valid for investigating a direct
cause-effect relationship between the applied shear at the
tibiofemoral joint and the resulting stresses and strain at the
anterior flange.
The effects following the shear reversal, when the knee
is in the flexed position, are larger von Mises stresses at the
anterior flange region. The von Mises stresses provide a more
realistic means of predicting failure criteria based on the
combined effects of multidirectional stresses, as opposed to
a unidirectional one. Therefore that the range of values for
the ultimate stress for the implant-cement-bone interfaces,
as described earlier in the methods section, is below the
approximately 20 MPa high von Mises stress at the anterior
flange region for the knee flexed position indicates that
tibiofemoral shear reversal may be a causative factor for
problems at this region in high flexion cases.
In addition, the tensile strains at the anterior flange
for the knee flexed position, compared with the extension
position where the strains in the same region were mostly
compressive, provide additional insight into how the shear
reversal effect may be detrimental to the implanted joint.
In terms of maximum strains, the 3000 𝜇𝜀 measured in the
present model simulation of knee deep flexion is well below
the failure range between 15,000 𝜇𝜀 and 250,000 𝜇𝜀 [30],
meaning that the strain measured may not be of concern
in terms of a single cycle static strain. However, taken into
context of cyclic loading and creep, it would be a different
matter. Previous experiments on bone cement strength have
shown that 1000 𝜇𝜀 results in failure after 10 million cycles
[31]. The question then would be if such a lifespan could
be reduced by (1) periodic interjections of 3000 𝜇𝜀 tensile
loading on going into and coming up from a squat, (2)
possible sustained loading during the squatting phase [32]
resulting in bone cement creep effects [33–35], and (3) bone
cement being weakest in tension [15, 28, 36].
Furthermore, from the simulation (Figure 5) comparing
extension to deep flexion, the high strain gradient from
compression to tension, which when considering would be
occurring rapidly [12] and bone cement as being a viscoelasticmaterial, may make the material increasingly strain
limiting [37, 38] and susceptible to cracking. In addition the
large mismatch in strain magnitude and strain pattern at the
bone-implant anterior flange interface for deep flexion may
lead to implant loosening due to failure of the bone cement
in these regions. To note as well is the increased bone strain
at levels of 3000 𝜇𝜀 for deep knee flexion, in the distal femur
near the anterior shaft all along to beneath the flange, which
may lead to increased bone damage. Importantly, at these
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(c)

(b)
(a)

Figure 6: Schematic showing how the joint contact forces (vertical,
shear, tibiofemoral, and patellofemoral) at (a) would be diametrically opposite the external body weight moment at (b) to create
bending effects at (c).

levels, damaged bone may be resorbed [39], which may then
predispose the implant to loosening.

5. Conclusions
To conclude, we deduce that the rapid reversal of the
tibiofemoral shear reaction, from going into and coming
up from a squat, constitutes a significant biomechanical
factor for the possible failure mechanisms reported involving
high flexion knee femoral component loosening. This rapid
shear reversal, if incorporated into simulated loadings of
implants in in vitro materials testing systems, may provide
further insight into mechanisms of implant failure typically
attributed to deep flexion knee activity.
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One of the most common errors of total knee arthroplasty procedure is a malrotation of tibial component. The stress on tibial insert
is closely related to polyethylene failure. The objective of this study is to analyze the effect of malrotation of tibial component for
the stress on tibial insert during high flexion using a finite element analysis. We used Stryker NRG PS for analysis. Three different
initial conditions of tibial component including normal, 15∘ internal malrotation, and 15∘ external malrotation were analyzed. The
tibial insert made from ultra-high-molecular-weight polyethylene was assumed to be elastic-plastic while femoral and tibial metal
components were assumed to be rigid. Four nonlinear springs attached to tibial component represented soft tissues around the knee.
Vertical load was applied to femoral component which rotated from 0∘ to 135∘ while horizontal load along the anterior posterior axis
was applied to tibial component during flexion. Maximum equivalent stresses on the surface were analyzed. Internal malrotation
caused the highest stress which arose up to 160% of normal position. External malrotation also caused higher stress. Implanting
prosthesis in correct position is important for reducing the risk of abnormal wear and failure.

1. Introduction
Total knee arthroplasty (TKA) has been a common surgical
treatment for severe osteoarthritis of the knee. High knee
flexion after TKA is of increasing concern for people who are
younger and more physically active as well as people living
in the Middle East and Asia where high flexion is culturally
required for activities of daily living [1]. Advancement of
TKA prostheses design contributed to the improvement of
clinical performance including a widened range of motion
and a prolonged prosthesis survivorship. However, surgical
procedure as well as prosthesis design is very important for
knee kinematics and long-term survivorship of prosthesis.
One of the most common procedure errors is a malrotation
of tibial component [2]. Although the ideal axial alignment
of tibial component is still being discussed [3–6], it was

reported that malrotation affects the distribution of the stress
on contact surface of tibial insert [7, 8], which might cause the
early failure of tibial insert [9], and, moreover, leads to knee
pain after TKA [2].
In the literature, several studies analyzed the stress on
polyethylene insert and contact areas using computational
models [9–19]. Although some of them used finite element
analysis (FEA) [10–14, 16–18], most of their analyses focused
on walking gait or static analysis [10, 14, 15]. A few studies
used dynamic models to analyze the stress distribution [12,
16–18]. Our group developed simplified three-dimensional
FEA models to reproduce the implanted knee kinematics and
investigated the stress distribution on the tibial insert [16, 17].
The objective of this study is, therefore, to analyze the effect
of malrotation of tibial component on tibial insert during
squatting maneuver using our FEA model.
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Figure 1: Prosthesis used in the current analysis. Femoral and tibial
components are assumed to be rigid and UHMWPE tibial insert was
assumed to be elastic-plastic. Two pegs of femoral component were
removed for simplification.

Figure 2: Mesh model of PS-type knee prosthesis for FEA analysis.

60

Table 1: Material constants of UHMWPE tibial insert.
Density (kg/m )
940

𝐸 (MPa)
800

V (—)
0.4

50

𝜎𝑌 (MPa)
16

2. Methods
A posterior-stabilized total knee prosthesis, Scorpio NRG
(Stryker Co., Kalamazoo, USA) was used for analysis
(Figure 1). The feature of tibial insert design is symmetrical and flat, which enables flexible axial rotation. Threedimensional FEA models, consisting of femoral component,
tibial insert, and tibial component, were constructed from
the CAD data obtained from the manufacturer, as illustrated
in Figure 2. Tetrahedral meshes were generated on these
models by FEMAP ver. 9.2 (Siemens PLM Software, Plano,
USA). The number of nodes and elements was 28,254 and
121,536, respectively. The tibial insert made from ultra-highmolecular-weight polyethylene (UHMWPE) was assumed to
be elastic-plastic material and to follow von Mises yield criterion. The nonlinear stress-strain relationship experimentally
obtained was used (Table 1, Figure 3) [20].
Femoral and tibial components made of Co-Cr alloy were
assumed to be rigid for reducing computational complexity.
A coefficient of friction of articular surface was set to be 0.04.
Four nonlinear springs were attached to tibial component in
order to represent soft tissues around the knee. Its nonlinear
force-displacement relation was given by [14]
𝐹 = 0.18667𝑑2 + 1.3313𝑑,

(1)

where 𝐹 and 𝑑 are force and displacement under a knee with
cruciate ligaments removed.
Boundary conditions are shown in Figure 4. The femoral
component was allowed to translate in the vertical direction
and rotate about a transverse axis to simulate flexion and
extension. The tibial component was allowed to translate in

Stress (MPa)

3

40
30
20
10
0
0

0.05

0.1

0.15

0.2

Plastic strain (—)

Figure 3: Bilinear relationship of stress-plastic strain curve of
UHMWPE.

Flexion axis
FN

Z

Y

Free

FT
Nonlinear springs
Free

Figure 4: Boundary conditions of the current analysis. Femoral
component is free along the vertical axis and rotates along the flexion
axis. Tibial component is free along the AP axis and rotates along
the vertical axis located at the center of component. The force 𝐹𝑁
is applied to the femoral component and 𝐹𝑇 is applied to the tibial
component. Four linear springs, two in the front and two in the back,
are attached to the tibial component in order to represent soft tissues
around the knee.
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3
engagement which occurred at around 60∘ of knee flexion.
Although ER malposition led almost to the same pattern
of stress history as NRM position, IR malposition caused
significant increase in the stress on post surface under high
flexion (Figure 9(a)). The level of the stress of post surface in
IR at 120∘ of flexion was 1.6 times as that in NRM. The stress
on condyle surface was also high in IR malposition throughout knee flexion. ER malposition increased the stress on
condyle surface under midflexion compared to NRM position (Figure 9(b)).

4,500
4,000
3,500

FN

Force (N)

3,000
2,500
2,000
FT

1,500
1,000

4. Discussion

500
0
0

45
90
Flexion angle (deg)

135

Figure 5: Force-flexion angle relationship of loading conditions.
𝐹𝑁 is vertical load applied to the femoral component and 𝐹𝑇 is
horizontal load applied to the tibial component.

the AP direction and rotate about a vertical axis located
in the center of tibial condyles to simulate internal and
external rotation [15]. Load conditions were referred to in
the previous analysis [21]. Vertical load was applied to the
femoral component which rotated from 0∘ to 135∘ of flexion
while horizontal load along the AP direction was applied to
the tibial component which internally rotated from 0∘ to 15∘
of rotation during knee flexion. The amount of vertical load
increased gradually to its maximum level of 4000 N around
130∘ of flexion and the amount of AP direction load increased
to 2100 N at the same angle (Figure 5). Three different initial
conditions of tibial components, normal (NRM), internally
rotated for 15∘ (IR), and externally rotated for 15∘ (ER), were
analyzed. In the current analysis, the rotational alignment
of femoral component was defined as a line through the
center of both femoral fixation pegs. The rotational alignment
of the tibial component was defined as a line along the
posterior border. Two lines were configured as parallel in
NRM position.
For FEA, explicit finite element codes LS-DYNA ver. 971
and LS-PREPOST ver. 4.0 (Livermore Software Technology
Co., Livermore, USA) were utilized as a solver and a postprocessor. The maximum von Mises stress on post surface and
condyle surface of tibial insert was analyzed separately.

3. Results
Figures 6, 7, and 8 show contours of maximum von Mises
equivalent stress on tibial insert of NRM, IR, and ER positions
at the flexion angle of 45∘ , 90∘ , and 135∘ . Concentrated
stress on the edge of tibial insert was observed at 135∘ in
NRM position and at 90∘ and 135∘ in IR malposition. ER
malposition had no elevation of stress level on the edge.
The history of maximum Mises equivalent stress on the
insert is shown in Figure 9. In each rotational position, the
stress on post surface rapidly increased after the post-cam

Rotational alignment of femoral and tibial components
affects the stress distribution on contact surface. Wear and
fracture of polyethylene is a common complication of TKA.
Biomechanical studies have demonstrated that the stress in
polyethylene component is closely related to polyethylene
failure [13]. There are many patterns in polyethylene damage,
including crack, wear, and delamination [22, 23]. Sirimamilla
et al. showed that peak stress caused crack propagation in
cross-linked UHMWPE [24]. Accumulated crack could lead
to delamination in the subsurface region. As the number of
TKA performed is increasing and the procedure is performed
on more culturally diverse populations, high flexion of the
knee is in high demand. The result of the current study
implies that malrotation of the tibial component increases
the risk of early failure of the tibial polyethylene insert [14]
and the impingement of components which could affect range
of motion and lead to stiff knees [25]. Some of the revision
surgeries are related to these complications. It is, therefore,
important to analyze the effect of malposition on tibial
inserts. Many researchers have investigated polyethylene
wear using various analytical methods such as FEA and
experimental measurement. Most studies, however, assumed
normal position of each component [11]. A few studies, to our
knowledge, have analyzed the effect of malrotation of tibial
component using FEA.
Matsuda et al. investigated the contact stress on various
types of tibial insert under 15∘ of malrotation of tibial
component [8]. They used an electronic sensor to detect
contact location in cadaver knees; then they measured peak
and mean stresses on the insert under compressive load. Their
results showed that the contact stresses were higher when
tibial component was implanted in malrotation position. The
stress levels were more than double compared to those of the
neutral position. Our result was consistent with Matsuda’s
study.
Liau et al. investigated the effects of malalignment on
stresses on tibial insert of total knee prostheses by calculating
the contact stress and von Mises stress using FEA [13]. They
constructed three different prostheses designs, the high conformity flat-on-flat design, high conformity curve-on-curve
design, and medium conformity curve-on-curve design at a
neutral alignment and three different malalignment models
including the medial translation, internal rotation, and varus
tilt of femoral component relative to the tibial component.
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Figure 6: Maximum equivalent stress distribution in tibial insert at each position at the flexion angle of 45∘ , 90∘ , and 135∘ .𝜎max = maximum
equivalent stress. NRM = normal.
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Figure 7: Maximum equivalent stress distribution in tibial insert at each position at the flexion angle of 45∘ , 90∘ , and 135∘ .𝜎max = maximum
equivalent stress. IR = internal rotation.
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Figure 8: Maximum equivalent stress distribution in tibial insert at each position at the flexion angle of 45∘ , 90∘ , and 135∘ .𝜎max = maximum
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Compression load was applied to the tibiofemoral joint
at extended knee position. Their results showed that each
malalignment model had higher stress on tibial insert and
malrotation led relatively to lower stress on tibial insert
than other malalignments. The maximum von Mises stress
increased about 15% in internal malrotation. However, their
analysis, like other studies using FEA, was under static condition. Our results revealed that internal rotation malrotation
of tibial component for 15∘ increased the stress on tibial insert
by more than 50% during high flexion of the knee.
Innocenti et al. investigated the sensitivity of patellofemoral and tibiofemoral contact forces to patient-related
anatomical factors and component position in the different
TKA prosthesis types including two types of fixed bearing
prosthesis and two types of mobile bearing prosthesis [12].
Each prosthesis was virtually implanted on the cadaver leg
model and it underwent a loaded squat between 0∘ and
120∘ . Their results showed that tibiofemoral contact forces are
mostly affected by an anatomical location of medial collateral
ligament. Their results showed that malrotation of tibial
components also played a role in increasing tibiofemoral
contact force by up to 16% in fixed bearing TKA models. The
reason why this percentage is much lower than our result is
that they set 5∘ of malrotation in their analysis. Moreover,
different prosthesis design would have different pattern of
stress distribution and stress level.
There are several limitations in the current study. First,
every FEA has boundary conditions. Squatting is produced
by muscle force and regulated by many soft tissues. In the
current analysis, we applied vertical load to the femoral
component and horizontal load on the tibial component
and attached four springs to the tibial component so as to
represent soft tissues around the knee joint. Although it is
difficult to reproduce in vivo kinematics of the knee on computer simulation, parameters in the current study had been
all experimentally examined and our model demonstrated
the roll-back motion of the knee. Moreover, the stress level
of our analysis was assumed to be consistent with previous
study. Akasaki et al. investigated the contact stress on post
surface using the same prosthesis as our analysis and the
stress level at 90∘ of knee flexion was 35 MPa which was
almost the same as our result [7]. Therefore, we consider
our results as valid. Secondly, we did not consider the cyclic
loading. We analyzed the stress on tibial insert during single
squatting. Polyethylene wear was generated as a result of
repeated loading on the surface. Finally, we analyzed one
prosthesis which has relatively flat tibiofemoral joint. When
we extend the current analysis to other prostheses such as
more high conformity design prosthesis, the results would be
different. Further investigation would be expected for future
studies.
As the tibial insert of NRG is symmetrical and flat, the
prosthesis is recognized to have a considerable extent of
flexibility for axial malrotation. However, the results of this
study revealed that excessive internal rotation malrotation
increased the stress on tibial insert significantly. Therefore,
internal rotation malrotation should be avoided when we use
this prosthesis.
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5. Conclusion
Although Stryker NRG has a flat design which produces
flexible axial rotation, according to the current study, internal
malrotation of tibial component caused a significant increase
of stress level on tibial polyethylene insert. To reduce the risk
of early failure of tibial insert, it is important to avoid internal
malrotation of tibial component.
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Typically, joint arthroplasty is performed to relieve pain and improve functionality in a diseased or damaged joint. Total knee
arthroplasty (TKA) involves replacing the entire knee joint, both femoral and tibial surfaces, with anatomically shaped artificial
components in the hope of regaining normal joint function and permitting a full range of knee flexion. In spite of the design of
the prosthesis itself, the degree of flexion attainable following TKA depends on a variety of factors, such as the joint’s preoperative
condition/flexion, muscle strength, and surgical technique. High-flexion knee prostheses have been developed to accommodate
movements that require greater flexion than typically achievable with conventional TKA; such high flexion is especially prevalent
in Asian cultures. Recently, computational techniques have been widely used for evaluating the functionality of knee prostheses and
for improving biomechanical performance. To offer a better understanding of the development and evaluation techniques currently
available, this paper aims to review some of the latest trends in the simulation of high-flexion knee prostheses.

1. Introduction
Many daily activities require considerable knee flexion, level
walking >60∘ , ascending stairs >80∘ , sitting >90∘ , and getting
out of a bath >130∘ [1, 2]. High-flexion often refers to
movements that require over 120∘ of knee flexion, which
are particularly common in Asian cultures [3–6], squatting, sitting cross-legged, kneeling, and prayer. High-flexion
(HF) knee prostheses have been developed for this purpose
and have been proven to accommodate such movements.
However, whether such HF prostheses are clinically more
effective than conventional knee replacements is debatable,
with most studies showing either no significant improvement
or mild improvements over conventional TKA [7–10]. Even
for studies that do report significantly greater flexion with
HF designs, bias in patient selection, experimental errors, or

shortcomings in measurement methods may greatly influence the results [3–5]. Therefore, whether HF knee prostheses
are practically useful to patients requires further research
using clearly defined measurement and testing methods to
make studies comparable.
The choice to use a high-flexion knee is ultimately left to
the surgeon, with patient consent. As such, this report will
compile published data regarding the biomechanical aspects
of HF total knee replacement (TKR) with special focus
on posterior cruciate ligament retaining knees (cruciateretaining (CR)) and posterior cruciate ligament sacrificing
designs (posterior-stabilized (PS)). Meta-analyses comparing
CR and PS knees have generally shown no favourable design
in terms of longevity, range of motion, and pain. A recent
Cochrane Database review [11] of 17 studies involving 1810
patients concluded that there is no solid clinical reason for
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choosing to either retain or remove the posterior cruciate
ligament (PCL) but also noted that arthroplasty where the
PCL is retained is more difficult to perform.

2. Modelling High Knee Flexion
This review details two computational methods for studying
the biomechanics of knee prostheses. One method uses
multibody dynamics software, namely, MSC Adams (MSC
Software Corporation, Santa Ana, CA), to study the dynamic
behaviour of the knee joint. Another technique is to use
finite element analysis (FEA) to study the internal mechanical
condition of the joint: stress, strain, and so forth. The FEA
research detailed below typically used ABAQUS (Dassault
Systèmes, Vélizy-Villacoublay, France) accompanied by some
preprocessing and meshing software.
The major drawback in the computational simulation
of joints lies in the simplifications that must be made
within each model. Some of these assumptions are purposely
designed into the model in consideration of cost, computing
power, time, processing, and so forth, but it must also be
noted that such simulations have not advanced far enough to
realistically imitate all of the components and tissues within
the joint. Inherent simplifications in the modelling process,
such as inaccurate representations of soft tissues, need to
be taken into consideration. The validity of a model may
be determined by comparing the results against in/ex vivo
studies of a representative human joint or by comparing the
models against previously validated simulations. Each of the
models detailed below has been validated in this manner.

3. Achieving High Knee Flexion
High knee flexion (>120∘ ) requires significant translation of
the femoral condyles on the tibial plateau. Inadequate femoral
rollback and tibial rotation are common complications with
current high-flexion prostheses during such high flexion [12–
14]. To overcome these problems, Liu et al. developed a
nonsymmetric CR tibial insert with a lateral condyle that
was lowered and convex in shape, reportedly replicating the
shape of a healthy knee [15, 16]. The convex insert allows
the femoral condyle to sublux off the back of the tibial
plateau and reduces the incidence of impingement during
high flexion. Direct impingement between the posterior tibial
insert and femur has been suggested as a factor limiting high
flexion in conventional prostheses [17]. The concave radius
of the medial condyle was also reduced to offer a tighter
tibiofemoral contact. It was found that shaping the condyles
of the CR TKR in this way increased femoral rollback and
tibial internal rotation over a traditional symmetric TKR.
However, it should be noted that beyond 100∘ knee flexion
both the symmetric and nonsymmetric TKR models were
reversed into external tibial rotation, but the intact (healthy)
knee model continued to show internal rotation of the
tibia [15]. So, while shaping the tibial insert similar to an
intact knee does noticeably improve knee kinematics, it still
cannot claim to accurately replicate the motion patterns of
a healthy knee. A follow-up study modified the shape of
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both the medial and lateral condyles of the CR femoral
component and included the aforementioned convex lateral
tibial compartment (Figure 1) [18]. Rollback and rotation
were compared to a symmetric TKR model. It was found
that, by increasing the height of the medial femoral condyle
over the lateral condyle, the model could demonstrate more
natural knee motion from extension through to deep flexion,
although this follow-up study did not directly compare the
models against an intact knee. A general conclusion can be
drawn that, by mimicking the convex shape of the lateral tibial
insert and increasing the height of the medial femoral condyle
over the lateral side, femoral rollback and tibial rotation can
be improved.
Retrieval studies have consistently shown incongruent articular surfaces to be associated with a greater risk
of polyethylene wear [19–21]. Increasing the conformity
between the femoral and tibial surfaces and closely replicating
the shape of the anatomical knee should help in reducing
such wear. However, thinning the lateral compartment puts
the insert at risk of fracture, and heightening the medial
compartment may disrupt the joint line. Lin et al. [22]
demonstrated that a 10 mm elevation of the joint line in
a PS knee, by increasing the thickness of the tibial insert,
significantly tensioned the collateral ligaments and increased
joint stiffness. While stiffer ligaments may offer a more
stable joint, such excessive stiffness as seen in Lin et al.’s
study would place the joint under greater internal loading
and possibly fracture the tibial insert. Further research is
needed on this point to determine the optimal thickness
of the insert and height difference between the medial and
lateral compartments so as to offer the greatest biomechanical
advantage without increasing the risk of component wear.
Additionally, mobile bearing tibial inserts have been
developed to offer dual articulation in the knee, theoretically
permitting a greater range of motion and reducing contact
stress, and in turn reducing wear [19, 23]. In a series of
case studies on retrieved implants, Huang et al. found such
mobile bearings to produce smaller particulate debris and a
higher percentage of granular debris in comparison to their
fixed bearing counterparts, placing the knee at greater risk of
osteolysis [24–26], but it was also noted that mobile bearing
designs allow for earlier recognition of component wear [27].
It has been reported that at least 19% of patients receiving
posterior stabilized (PS) knees suffer abnormal tibiofemoral
axial rotation [7]. While the degree of tibial rotation is
highly variable between different TKA studies, it is generally
conceded that axial rotation following TKA cannot accurately
replicate healthy knee motion. Li et al. [14] demonstrated
the importance of the cam-spine (post-cam) mechanism in
guiding tibiofemoral motion and that knee motion after
engagement between the post and cam was quite independent
of the applied muscle loads. However, in PS knees, the
interaction between the cam and spine as the knee is flexed,
particularly at high flexion angles, will heavily influence both
the motion of the knee and the longevity of the implant
itself; a greater contact area will increase stability and reduce
localized contact stress on the spine. Lin et al. evaluated two
different post-cam contact shapes in PS knees, with flat-onflat or curve-on-curve surfaces (Figure 2) [28]. Tibial rotation
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Figure 1: Femoral and tibial components modified on both medial and lateral sides [18]. (a) Anatomic-like knee, (b) knee with condyle height
difference of 2.7 mm, and (c) knee with condyle height difference of 4.7 mm.
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Figure 2: Initial engagement and the imaginary overlap between the tibial post and femoral cam for flat-on-flat (a) and curve-on-curve (b)
models [28].

was shown to be comparable in both designs prior to postcam engagement; an obvious deviation in plots was evident at
around 45∘ knee flexion. The curve-on-curve design showed
greater rotation beyond this point up to full flexion at 135∘ ,
although both designs followed a similar motion pattern.
Figure 2 shows the overlap between the post and cam for both
models during knee flexion. The greater medial impingement
is obvious in the flat-on-flat model, which would increase
edge loading on the post and also add resistance to tibial
rotation.

In a related study, Huang et al. analysed the stress on
the tibial post for flat-on-flat and curve-on-curve designs up
to a knee flexion angle of 150∘ [29]. Two conditions were
simulated, one where there was no rotation between the tibia
and femur and the other with 10∘ internal rotation of the
tibial insert relative to the femoral component, which is more
representative of anatomical alignment. Wear of the tibial
post is inevitable as the cam and spine engage and rub against
each other during knee flexion, and this can often lead to
fracture of the post. As in Lin et al.’s study [28], a flat-on-flat
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Figure 3: Contact stress (MPa) on the anterior face of tibial post at 10∘ hyperextension and 5∘ axial rotation for (a) flat-on-flat and (b) curveon-curve contact surfaces (modified from [30]).

design can be expected to experience greater edge loading
on the posterior face of the post as the tibia rotates out of
neutral alignment with the femur. For the 10∘ rotation models,
Huang et al. showed that curve-on-curve contact surfaces can
reduce the maximum contact stress on the posterior tibial
post by over 30% in comparison to flat-on-flat surfaces and
can increase the contact area by 8%. In a follow-up study,
Huang et al. examined the contact status on the anterior face
of the tibial post where contact with the femoral component
occurs when the knee is extended [30]. Knee prostheses were
modelled with 0∘ , 2.5∘ , and 5∘ of axial rotation and in 0∘ , 5∘ ,
and 10∘ of hyperextension; intuitively, hyperextension of the
knee may further increase the stress on the anterior post.
By tilting the femoral component forward by 5∘ , putting it
into hyperextension, and tilting the tibial insert posteriorly
by 5∘ , Wang et al. were able to improve femoral rollback
in comparison to a knee with components inserted in a
neutral alignment [31]. However, while the medial condyle
showed comparable motion to a healthy knee up to 135∘ knee
flexion, rollback of the lateral condyle was greatly reduced.
Correspondingly, Huang et al. [30] showed that 10∘ of hyperextenion (with 5∘ axial rotation) could reduce anterior curveon-curve peak contact stress by 25% in comparison to flaton-flat surfaces and could increase the contact area by about
30% (Figure 3). Figure 3 details the location of the maximum
contact stress when the knee was hyperextended by 10∘ ;
significant edge loading is obvious in the flat-on-flat model.
Huang et al. also observed that the contact point shifted
downward as the degree of hyperextension was increased
from 0∘ to 5∘ to 10∘ and noted that the shorter moment arm
could reduce the tensile stress on the post. Putting the knee
into hyperextension may lower the contact point on the tibial
post and improve femoral rollback, which is important for

high flexion, but it also increases the stress on the anterior
face of the post in comparison to a knee in neutral alignment.
In a bid to further improve tibial rotation, Lin et al. [32]
modified a curve-on-curve surface to reduce the thickness
of the medial side of the curved femoral cam; the cam
gradually reduced in thickness from the lateral to medial
side. In comparison to a baseline curve-on-curve model, the
asymmetric cam design was shown to improve tibial rotation,
but medial femoral rollback was compromised. Even after
post-cam engagement, the medial condyle of the femur was
located anteriorly, which could lead to early impingement.

4. Conclusion
In conclusion, these studies promote the use of anatomically
shaped knee prostheses to achieve high knee flexion while
limiting component wear. A rounded and convex lateral
plateau and a shallower medial plateau on the tibial surface
promote femoral rollback and permit more natural knee
motion. Also, the post-cam contact surfaces should be
rounded on both the anterior and posterior faces to reduce
edge loading and produce a greater contact surface area
throughout flexion. As mentioned, an asymmetric curveon-curve cam shape may improve tibial rotation but at the
expense of femoral rollback.
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