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Multiscale finite element musculoskeletal model for intact knee dynamics 
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A B S T R A C T   

Background and objective: The dynamic characteristics of the intact knee joint are valuable for treating knee 
osteoarthritis and designing knee prostheses. However, it remains a challenge to elucidate the detailed dynamics 
of the knee due to its complexity of anatomical structure and complex interaction with body dynamics. 
Methods: In this study, a unique subject-specific musculoskeletal model with a concurrent high-accuracy intact 
finite element knee model was created and used to simultaneously evaluate the kinematics and mechanics of an 
intact knee joint during the gait cycle. 
Results: A medial pivot motion with external rotation, and a large parallel anterior translation were observed in 
the stance and swing phases, respectively, which is consistent with the in vivo fluoroscopy measurements. The 
maximum axial contact force on the knee joint, observed at 45% of the gait cycle, is approximately 2.89 times the 
body weight. The medial cartilage bears 65.7% of the total axial contact force. The results demonstrate that the 
cartilage–cartilage contact bears most of the joint load (62.5%) compared to the cartilage–meniscus–cartilage 
contact (37.5%). Regarding contact mechanics, the maximum contact pressure on both sides of the tibial 
cartilage (8.2 MPa) is almost similar to the first axial loading peak (14%) of the gait cycle. Additionally, the 
maximum contact pressure (6.01 MPa) was observed during the stance phase of the gait cycle on the patello-
femoral joint. 
Conclusions: The predicted results on the tibiofemoral and patellofemoral joints provide a theoretical basis for the 
treatment of knee joint diseases and knee prosthesis design. Moreover, this approach presents a comprehensive 
tool to evaluate the mechanics at both the body and tissue levels. Therefore, it has a high potential for application 
in human biomechanics.   

1. Introduction 

The knee joint, which includes tibiofemoral (TF) and patellofemoral 
(PF) joints, is one of the most complex human joints. Optimal joint 
stability and compliance during daily activities are provided by complex 
anatomical structures such as bone, cartilage, menisci, ligaments, and 
other soft tissues. Mechanical loading, particularly dynamic loading, is 
believed to play a major role in the development and progression of knee 
joint osteoarthritis [1]. Furthermore, motion (i.e., kinematics) and 
contact mechanics (i.e., contact pressures and loading) have interactive 
effects on disease progression [2]. Accurate knowledge of the dynamic 
characteristics of the intact knee joint provides insight into normal and 
pathological joint functions and mechanisms for improving the 

treatment approach for knee joint osteoarthritis as well as patient out-
comes subsequent to knee alignment reconstruction and total knee 
replacement (TKR). 

In vivo experimental investigation is considered to be the most direct 
approach towards understanding the loads and kinematics of the knee 
joints of subjects in daily activities. For example, Gray et al. [3], eval-
uated the three–dimensional (3D) kinematics of TF and PF joints during 
a gait cycle using a mobile biplane X-ray imaging system, which proved 
a valuable resource for evaluating knee joint function. However, it re-
mains impossible to noninvasively investigate the contact mechanics of 
the knee joint during daily activities by experimental approach. 
Although Graichen et al. [4], developed an instrumented knee implant 
technique and Fregly et al. [5], utilized it to understand the loads on 
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patients after TKR in various daily activities, it is performed on 
implanted knees instead of intact ones. To comprehensively estimate 
multiple variables of interest in the knee joint, a high-fidelity compu-
tational model that reproduces in vivo knee joint mechanics is consid-
ered as a complementary tool. 

Various types of computational models, which can be mainly divided 
into musculoskeletal (MS) multibody dynamic approaches and finite 
element (FE) methods, have been developed over the past three decades 
to understand the dynamic characteristics of the intact knee joint 
[6–10]. For instance, Delp et al. [8,11,12], presented a full-body MS 
system based on OpenSim platform, to understand the dynamic loading 
on joints during the gait cycle. However, the knee joint was simplified as 
a single degree-of-freedom (DOF) joint. It is not capable of investigating 
detailed joint kinematics and contact mechanics. FE analysis is an effi-
cient approach for investigating local mechanics [13–15]. To compre-
hensively investigate the muscle forces and joint responses in the stance 
phase of the gait cycle, Adouni et al. [16], developed a remarkable 
model by coupling the MS model with the FE knee model. Recently, an 
FE-MS model of the lower limb was developed and used to investigate 
the dynamic performance of the knee joint during the stance phase of the 
gait cycle from a study by Shelburne group [17,18]. However, because 
of the absence of accurate verification of the MS model and the 
simplification of the knee model, the predicted results of the model are 
still questionable. The elastic property might also be not efficient 
enough to characterize the meniscus and cartilage, which are known as 
hyperelastic materials. Few studies have considered the impact of the 
meniscus in the FE-MS model, which significantly affects the kinematics 
and mechanics of the knee. Our group [19] presented a subject-specific 
FE-MS framework for mechanical analysis of TKR and evaluated the 
muscle excavations and joint forces on the TKR knee joint in comparison 
with the in vivo experimental results of two TKR patients with instru-
mented knee prostheses. In this study, we extend the previous study to 
develop a high-fidelity intact knee joint model with TF and PF joints and 
integrate it with the subject-specific FE-MS framework to understand 
joint kinematics and contact mechanics during the gait cycle. We hy-
pothesize the following: (1) the FE-MS model with an intact knee joint 
can efficiently predict the joint kinematics on the TF and PF joints in 
comparison with the publication-based kinematics data from Gray et al., 
[3]; (2) the contact mechanics (contact pressure, contact area, and 
contact force) on the TF and PF joints can be efficiently predicted; and 
(3) the effect of the meniscus on the TF joint during the gait cycle can be 
evaluated. 

2. Materials and methods 

2.1. Subject data 

In this study, the experimental data were acquired from a healthy 
male participant (age: 28 years; height: 183 cm; body weight (BW): 65 
kg) with no knee pain and no knee surgery history that gave informed 
consent for participation, as shown in Fig. 1. Ethics approval for the 
experimental procedures was granted by the Human Research Com-
mittee at the University of Tokyo (approval number: KE16-51). The ki-
nematic data and ground reaction forces were collected using a VICON 
MX-T40 motion capture system and Kistler 9287CA force plates during 
gait cycle trials. The detailed anatomical data of the knee joint of the 
subject were acquired using a 3.0 T MRI scanner (Vantage Galan 3t, 
Cannon, Japan). 

2.2. Subject-specific FE MS model with intact knee joint 

2.2.1. FE-based generic MS model 
Because the details of the FE-based generic MS model have been 

published previously, it was only briefly described in this study [19]. 
The FE-based generic MS model was developed based on anatomical 
data from the Biomechanical Data Resources [20] and modeled on 
Abaqus Unified FEA (Part of 3DEXPERIENCE SIMULIA software Suite, 
Dassault Systemes, Johnston, RI, USA). The TF joint was first defined as 
a hinge joint (flexion-extension) and then modified to a six-DOF joint 
with ligament constraints in the FE-MS model. Additionally, it is worth 
noting that the PF joint in the current model was modeled with six DOFs, 
with ligament and contact constraints in the FE-MS model, instead of 
being controlled by the flexion-extension angle of the TF joint. 

2.2.2. Intact knee joint modeling 
A 3D knee model was developed based on the MRI data, as shown in 

Fig. 2. The MRI data were segmented using a self-developed Python 
program, which is based on the approach of the layered optimal graph 
image segmentation of multiple objects and surfaces from Yin et al. [21]. 
The accuracy of automated segmentation is similar to the results from 
Yin et al. [21], which is within 0.2 mm in comparison with manual 
tracing. The detailed attachment sites and geometry of the ligaments 
and soft tissue were manually segmented from the MRI data with the 
help of two experienced surgeons. Post-processing was conducted using 
CATIA (Dassault Systemes, Johnston, RI, USA) to smooth the surface and 

Fig. 1. Motion capture during gait cycle.  
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eliminate the gap and overlap of the rough 3D knee model. The refined 
3D knee model was imported into a proprietary FE pre-processor 
(Hypermesh, Altair Engineering Inc., Troy, MI) to create a fine meshed 
model. 

2.2.3. Material property and boundary condition 
The bone was modeled as rigid, owing to its Young’s modulus, which 

is significantly higher than that of the cartilage and meniscus, and then 
meshed using the C3D4 tetrahedron element. The element size and type 
significantly affect the accuracy of the predicted contact pressure and 
the length of the calculation time [9]. The cartilage structures and 
menisci were modeled as C3D8R hexahedral elements with lengths of 
0.8 mm and 1.2 mm, respectively, based on the mesh sensitivity anal-
ysis. The articular cartilage was modeled as a nonlinear Neo-Hookean 
hyperelastic isotropic material [22]. The Neo-Hookean constants and 
the inverse of the bulk modulus were set based on experimental 
compressive tests [23]. 

The medial and lateral menisci were considered as transversely 
hyperelastic anisotropic materials, which were implemented by the 
transverse Holzapfel-Gasser-Ogden (HGO) hyperelastic anisotropic ma-

terial model [24]. The strain energy function ψ is described as a function 
of the Neo-Hookean terms, representing the non-collagenous matrix, 
and I4(αα), pseudo-invariants of C and Aα (directions of the fibers in the 
reference configuration): 

ψ=C10

(
I1 − 3

)
+

1
2D
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− 1
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)

+
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2k2
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)
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)(
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)
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k1 and k2 are the constant material parameters and k (0≤k≤1/3) is 
the level of dispersion in the fiber direction. The detailed material 
properties were set based on the experimental results obtained by Butz 
et al. [25]. The fiber direction of the meniscus was oriented in the 
circumferential direction. Additionally, the meniscus was constrained 
only by the contact between the cartilage and meniscus horn. 

The patellar tendon (PT), rectus femoris (RF), and posterior capsules 
were modeled as 2D fiber-reinforced structures, which included a 

Fig. 2. Subject-specific FE MS model with 
high-fidelity intact FE knee joint (LCL: 
lateral collateral ligament; MCL: medial 
collateral ligament; ACL: anterior cruciate 
ligament; PCL: posterior cruciate ligament; 
PT: patellar tendon; RF: Rectus femoris; 
MPL: medial patellofemoral ligament; LPL: 
lateral patellofemoral ligament; TL: trans-
verse ligament; AMMH: anterior medial 
meniscus horn; ALMH: anterior lateral 
meniscus horn; PMMH: posterior medial 
meniscus horn; PLMH: posterior lateral 
meniscus horn; MTC: medial tibial cartilage; 
LTC: lateral tibial cartilage; PCAPM: medial 
posterior capsule; PCAPL: lateral posterior 
capsule).   

L. Shu et al.                                                                                                                                                                                                                                      



Computers in Biology and Medicine 141 (2022) 105023

4

membrane (M3D4R) and spring elements (CONN3D2), to enhance the 
ligament-to-bone interactions in the simulation. To reduce the compu-
tational expense, the ligaments were simplified as multi-segmented 1D 
axial connecters with no compressive stiffness instead of 3D models. The 
normal constraints between the ligaments and bones were set as a node- 
to-surface contact with the hard contact property, which considers the 
wrapping constraint of the ligament on bones. The stiffness-force rela-
tionship of the ligaments was modeled to produce nonlinear elastic 
characteristics with respect to the slack region, and was widely used in 
extant studies [26], as follows: 

F(ε)=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

cε2

4ε1
0 ≤ ε ≤ 2ε1

c(ε − ε1) ε > 2ε1

0 ε < 0

(3)  

where F(ε) is the current force in ligaments or tendons, c is the stiffness, 
ε1 (= 0.03) is a constant related to the transition phase toward the linear 
region of the force-strain curve, and ε is the strain: 

ε= l(εr + 1) − lr

lr
(4)  

where lr is the bundle length computed at the reference position, and εr 
is the prestrain estimated at the reference position. 

The stiffness-force relationship of the tendon and soft tissues was 
modeled as a linear spring model with no compressive stiffness for 
simplification [27]. The ligament and tendon material properties were 
established in separate planar analyses to match published experimental 
uniaxial force-displacement data [23,27–29], as shown in Table 1. The 
horns of the meniscus were represented as bundles of no-compression 
springs, which were modeled using 40 springs, as shown in Fig. 1. The 
stiffness (kten) values of the anterior and posterior horn attachments 
were assigned as 25.4 N/mm and 42.75 N/mm, respectively [30]. The 
transverse ligament (TL) was set as four springs with elasticities of 
12.25 N/mm [31]. A large kten (5000 N/mm) was assigned to the patellar 
tendon (PT) and rectus femoris (RF) because of its high stiffness. General 
contact with a frictionless contact property was assigned to all contact 
pairs, as well as previous computational models [23]. 

2.3. Implementation of subject-specific FE MS model 

The detailed implementation workflow has been published previ-
ously [19]; consequently, it is briefly presented here, as shown in Fig. 3. 
First, the FE-based generic MS model was scaled based on the first frame 
of the marker position in the motion capture data and body weight of the 
subject. 

The inverse kinematics and dynamics were solved using the implicit 
quasi-static solver in Abaqus. Static optimization was employed in this 
step to determine the optimal muscle force. The objective function was 
to minimize the cubic sum of all muscles subjected to moment balance 
around each joint. The optimization problem is defined as follows: 

minimize J =
∑43

n
(am(ti))

3

s.t.

∑43

n
am(ti) × f

(
F0

m, lm, vm
)
× rm,j(ti) = Tj(ti)

0 ≤ am(ti) ≤ 1

(5) 

Table 1 
Material constants for ligaments and tendons in FE knee model.  

Ligaments aLCL mLCL pLCL aMCL mMCL 

Prestrain − 0.01 0.03 0.02 0.04 0.08 
c (N) 1937 1883 1985 2112 2644 
Ligament pMCL aPCL pPCL aACL pACL 
Prestrain − 0.03 − 0.29 − 0.14 − 0.05 0.07 
c (N) 2115 8214 6146 5576 4901 
Ligament AMMH ALMH PMMH PLMH MPL 
Prestrain − 0.05 − 0.05 − 0.05 − 0.05 0 
kten (N/mm) 25.4 25.4 42.75 42.75 12.25 
Ligament LPL PT RF PCAPM PCAPL 
Prestrain 0 0 0 0.04 0.04 
kten (N/mm) 12.25 5000.0 5000.0 45.0 45.0  

Fig. 3. Implementation workflow of subject-specific FE MS model. Marker trajectory from motion capture were input to model scaling for creating subject-specific 
model and then used in inverse kinematics analysis for calculating the joint kinematics ([ q q̇ q̈

]T). With the input of joint kinematics and ground reaction force 
(GRF), the inverse dynamic was conducted on the MS model with hinge joint on its knee model for predicting the joint moment (M), muscle lengths (Lmus), moment 
arms (Rmus), and muscle velocities (vmus). Then, the static optimization was conducted to predict the muscle forces. With the input of GRF and calculated muscle force 
and [ q q̇ q̈

]T , the subject-specific FE-MS model with intact knee model can simultaneously predict the internal motion (TF joint, PF joint, and meniscus), liga-
ments force, joint contact force, contact area, pressure, and stress. The internal motion of contact knee joint was fed back to inverse dynamics until the change in total 
TF contact force (ΔFTF) within 10 N. 

L. Shu et al.                                                                                                                                                                                                                                      



Computers in Biology and Medicine 141 (2022) 105023

5

where n is the number of muscles, and the total number of muscles 
applied in the model is 43; am(ti) is the activation level of muscle m at 
each discrete time step designated by ti; f(F0

m, lm, vm) is a function of the 
general force–length–velocity surface of the muscle assumed in the MS 
model [32]; lm and vm are the length and shortening velocity of the 
muscle, respectively; rm,j(ti) is the moment arm of the muscle about joint 
j; and Mj(ti) is the moment about joint j, determined by inverse dy-
namics. The optimization problem was solved using a mixed-integer 

sequential quadratic programming algorithm [33]. With the inputs of 
muscle force, joint kinematics, and GRF, the subject-specific FE MS 
model with a high-fidelity intact FE knee joint can predict the internal 
motion (TF joint, PF joint, and meniscus). However, it is worth noting 
that the current muscle force was predicted based on the hinge knee 
joint model. Internal motion significantly affects the muscle arm, 
thereby affecting the prediction of muscle activation in muscle force 
optimization. Thus, the internal motion of the contact knee joint was fed 
back to inverse dynamics until the change in the total TF contact force 

Fig. 4. Simulated kinematics of TF (a) and PF (b) joints with comparison of experimental results [3] during gait cycle (F-E, Flexion-extension; I-E, Internal-external; 
Ab-Ad, abduction-adduction; A-P, Anterior-posterior; M-L, Medial-lateral; I–S, Inferior-superior). 
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(ΔFTF) was within 10 N. Insight (Dassault Systems Simulia Corp., 
Johnston, USA) was used to process the automation and optimization of 
the entire workflow, as shown in Fig. 2. A three-cylindrical open-chain 
coordinate system was applied to the TF and PF joints to describe the 
motion of the joints, which was consistent with that in fluoroscopy 
measurements [3]. In summary, with the input of subject-specific MRI 
data marker location and GRF, the subject-specific FE-MS model with a 
high-fidelity knee model is capable of continuously calculating the 
muscle force, joint internal motion, contact forces, contact pressure, 
contact area, and stress. 

3. Results 

The computational time of the subject-specific FE-MS simulation was 
approximately 12 h using workstation computer (HPC TECH, Linux, 
2.70 GHz Interl Xeon Platinum 8168 with 375 GB RAM) and running 
parallel calculations with 12 CPUs. In the simulation, the FE calculation 
related to the knee joint contributed to 90% of the calculation time. 

3.1. Joint kinematics 

The predicted joint kinematics on the TF and PF joints during the gait 
cycle were compared with the averaged experimental results from Gray 
et al. [3], as shown in Fig. 4. During the swing phase of the gait cycle, a 
large external rotation and anterior translation were observed on the TF 
joint, as shown in Fig. 4 (a). Stable movement was observed on the 
Ab-Ad rotation, M-L translation, and I–S translation of the TF joint. A 
smaller F-E rotation was observed on the PF joint (48.8◦) compared to 
that on the TF joint (69.3◦), as shown in Fig. 4 (b). The M-L rotation 
(pack-to-pack rotation: 5.01◦) and tilt (pack-to-pack rotation: 4.21◦) 
showed a small displacement during the gait cycle. The largest trans-
lation on the PF joint was the I–S translation (pack-to-pack rotation: 
14.78 mm), followed by the A-P translation (pack-to-pack rotation: 
13.54 mm), and M-L shift (pack-to-pack rotation: 5.87 mm). 

Compared with the experimental results obtained by introducing the 
root mean square error (RMSE) and squared Pearson correlation coef-
ficient (r2), both the TF and PF joints achieved consistency, as summa-
rized in Table 2. However, the temporal patterns of the I–S translation 
and Ab-Ad rotation for the TF were not well matched (r2 = 0.05, 0.08) 
with the experimental results. Additionally, a large deviation was 
observed in the A-P translation (RMSE = 3.55 mm, r2 = 0.84) and I–S 
translation (RMSE = 4.23 mm, r2 = 0.69) of the PF joint. A detailed 
discussion is presented in the next section. 

3.2. Joint mechanics 

A double-peak contact pattern was observed in the stance phase of 
the gait cycle, as shown in Fig. 5 (a). The maximum axial contact force 
on the knee joint is approximately 1842.5 N, which is observed at 45% of 
the gait cycle. The medial side of the cartilage (1211.9 N at 45% of the 
gait cycle) bore 65.7% of the contact force. A total of 48.1% of the force 
(896.5 N) is directly distributed by the cartilage-cartilage (CC) contact, 
and 17.4% (315.4 N) was distributed by the cartilage-meniscus-cartilage 
(CMC) contact. For the lateral side of the knee joint, the CMC contact 

Table 2 
Differences between the simulation and the experimental kinematics [3] on TF 
and PF joints during the gait cycle (RMSR: root mean square error, r2: squared 
Pearson correlation coefficient).  

JOINT ITEMS RMSE R2 

TF joint A-P translation 1.52 mm 0.70 
I–S translation 0.62 mm 0.05 
M-L translation 0.66 mm 0.66 
Ab-Ad rotation 0.99◦ 0.08 
I-E rotation 2.48◦ 0.32 
F-E rotation 1.11◦ 1 

PF joint A-P translation 3.55 mm 0.84 
I–S translation 4.23 mm 0.69 
M-L translation 1.53 mm 0.49 
Ab-Ad rotation 1.04◦ 0.54 
I-E rotation 1.48◦ 0.37 
F-E rotation 2.28◦ 0.99  

Fig. 5. Contact force and contact area 
on TF and PF joints during gait cycle. (a) 
axial contact force in TF joint, (b) con-
tact force on PF joint, (c) contact area on 
TF and (d) PF joints. (Total: the total 
contact area on TF joint, Medial TC-FC: 
contact area between medial tibial 
cartilage and femoral cartilage, Lateral 
TC-FC: contact area between lateral 
tibial cartilage and femoral cartilage, 
Medial Me-FC: contact area between 
medial meniscus and femoral cartilage, 
Lateral Me-FC: contact area between 
lateral meniscus and femoral cartilage.)   

L. Shu et al.                                                                                                                                                                                                                                      



Computers in Biology and Medicine 141 (2022) 105023

7

bears a higher contact force than that directly distributed by the CC 
contact. A double peak contact pattern, which is observed for the two 
peak points of the F-E rotation of the PF joint, is presented for the A-P 
contact force during the gait cycle, as shown in Fig. 5 (b). The largest A/ 
P (408.3 N) and M/L contact force (113.5 N) were observed in the swing 
phase. 

The largest contact area was observed on the contact pair between 
the medial meniscus and the femoral cartilage, as shown in Fig. 5. (c). 
Additionally, a larger contact area was observed on the medial side of 
the knee joint compared to that on the lateral side. The total contact area 
on the TF joint was approximately 1200 mm2 during the stance phase of 
the gait cycle, as shown in Fig. 5. (d). Conversely, for the PF joint, the 
largest contact area (398.6 mm2) was observed during the swing phase 
of the gait cycle. 

Fig. 6 presents the contour maps of the contact pressure on the tibial 
cartilage, meniscus, femoral cartilage, and patellar cartilage during the 
five states of the gait cycle. A higher contact pressure was observed on 
the cartilage than on the meniscus. The maximum contact pressures on 
the lateral (8.42 MPa) and medial (8.27 MPa) tibial cartilage at the first 
loading peak (14% of the gait cycle) are shown in Fig. 7. A significantly 
lower contact pressure was observed on the lateral tibial cartilage (6.28 
MPa) than on the medial tibial cartilage (8.21 MPa). Three loading 
peaks were observed for the variation in the contact pressure on the 
patellar cartilage during the gait cycle. The maximum contact pressure 

(6.01 MPa) on the patellar cartilage was observed at the first loading 
peak of the A-P contact force (14% of the gait cycle). 

4. Discussion 

The accurate prediction of the joint kinematics of the intact knee 
could provide a better understanding of the joint function, thus 
improving the surgical outcomes after joint reconstructive surgery. 
Consistency was observed between the predicted kinematics and in vivo 
fluoroscopic results from Gray et al. [3], on the TF and PF joints, as 
shown in Fig. 4 and Table 2. However, it was observed that the I–S 
translation (r2 = 0.05) and Ab-Ad rotation (r2 = 0.08) on the TF joint 
were not well matched with the experimental results. This is mainly 
because of the small range of I–S translation (1.82 mm) and Ab-Ad 
rotation (3.08◦). In such a small range of movements, the subjective 
difference significantly affects the temporal agreement. 

The maximum axial contact force on the knee joint was approxi-
mately 2.89 BW at 14% and 45% of the gait cycle, respectively, which is 
consistent with the in vivo measured force (2.5–3.0 BW) in patients with 
instrumented knee prosthesis [5] and the results of previous computa-
tional studies (2.7 ± 0.7 BW) [34,35]. The medial side cartilage bore 
65.7% of the total axial contact force, which is in line with previous 
numerical studies [36], contributed by the external knee joint moments 
[35]. Remarkably, it was observed that the medial meniscus (315.4 N) 

Fig. 6. Contact pressure distribution of femoral, patellar, and tibial cartilages, and meniscus during the gait cycle.  
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bore a significantly smaller part of the joint loading compared to the 
medial tibial cartilage (896.5 N), whereas the opposite phenomenon was 
observed on the lateral side of the knee joint, as shown in Fig. 5 (a). This 
may be due to the different anatomical characteristics between the 
medial and lateral sides of the knee joint. The native knee shows an 
asymmetric anatomical structure between the convex lateral plateau 
and dished medial plateau [37]. Additionally, the lateral meniscus is 
significantly smaller than the medial side (Fig. 2), which increases the 
contact of the lateral meniscus with the lateral femoral condylar and 
bears the joint contact force. The contact forces on the PF joint are 
mainly controlled by the activation of the quadriceps muscles. There-
fore, the largest contact force was observed in the late swing phase of the 
gait cycle, where the quadriceps muscles are activated to extend the 
knee joint. It is worth noting that most of the previous studies presented 
the largest contact force of the PF joint located in the stance phase of the 
gait cycle [38,39]. The menisci of the intact knee joint were fixed on the 
TC in the previous MS model, which significantly affected the joint ki-
nematics and thus the muscle arm. The muscle force was overestimated 
during the simulation compared to electromyography (EMG) data [19]. 

A similar level of contact area between the femoral cartilage and 
tibial cartilage was found in this study (545 mm2) and the study by Liu 
et al. [40], (740 ± 256 mm2) during the stance phase of the gait cycle, 
and the maximum contact pressure was similar on the lateral (8.42 MPa) 
and medial (8.27 MPa) tibial cartilages at the first loading peak (14% of 
the gait cycle). However, the contact force on the medial side (1228.9 N) 
was significantly larger than that on the lateral side (524.2 N). The 
contact area on the medial side of the TF joint was significantly larger 
than that on the lateral side (Fig. 5 (c)), which is consistent with the in 
vivo results reported by Liu et al. [40]. Furthermore, the dished medial 
plateau also increased the conformity between the medial femoral 
condyle and the medial tibial cartilage. Therefore, it can be concluded 
that the knee joint can balance the contact pressure between its medial 
and lateral sides through load shearing and contact area. Bedi et al. [41], 
reported a smaller maximum contact pressure (7.4 ± 0.6 MPa) 
compared to the current study in in vitro experimental tests on a cadaver 
knee joint with a film contact pressure sensor under ISO loading con-
ditions (maximum axial loading: 2600 N). The main reason for this 
deviation can be explained by the insertion of the film contact pressure 
sensor, which changes the conformity and pressure distribution between 
the TF joint. In addition, it was found that the maximum contact 

pressure was located in a small area from the predicted results. It is 
technically difficult to measure the contact pressure using a film contact 
pressure sensor with a high pixel resolution. For the PF joint, the 
maximum contact pressure (6.01 MPa) was observed at the first loading 
peak of the A-P contact force (14% of the gait cycle), but not in the late 
swing phase of the gait cycle. This is mainly caused by the small contact 
area in the PF joint during the stance phase of the gait cycle, as shown in 
Fig. 5 (d). A good consistency was found in the present study and in the 
on conducted by JA Gustafson [42], who investigated the contact 
pressure between PF joint by MR-based discrete element analysis with in 
vitro experiment evaluation on a cadaver knee joint. 

There are several limitations to this study that should be acknowl-
edged. First, only one subject was tested in the study and evaluated in 
previous experimental studies. The joint kinematics and contact me-
chanics may change owing to the subjective difference; the effects of the 
inter-subjective difference and population-based dynamic performance 
of the knee joint should be further analyzed. Second, the muscles and 
ligaments were simplified as 1D elements, which cannot consider the 
muscle wrapping and inter-subject variation of the material properties. 
Therefore, a 3D representation of the muscle and ligament geometries as 
well as the variability of the subject’s soft tissue properties should be 
considered in future work. Third, the effect of synovial fluid was not 
considered in this study. Cartilage is a poroelastic material. The fluid can 
dissipate a high impact dynamic load; hence, using poroelastic materials 
to model cartilage may result in different predictions in contact me-
chanics from those predicted using pure solid material. Further study on 
the effect of synovial fluid needs to be conducted. 

5. Conclusion 

A subject-specific FE-MS model with intact knee joint was developed 
to synchronously simulate the kinematics and contact mechanics of the 
intact knee joint with the interaction of body dynamics. The predicted 
kinematic results demonstrate that a medial pivot motion and parallel 
anterior translation can be found during the stance and swing phases of 
the gait cycle. In the case of contact mechanics, the medial cartilage bore 
most of the joint load (65.7%), while a similar level of contact pressure 
was found on both sides of the TF joint. Additionally, the medial 
meniscus bore a significantly smaller part of the joint loading compared 
to the medial tibial cartilage, whereas the opposite phenomenon was 

Fig. 7. Maximum contact pressure on TF and PF joints during the gait cycle.  
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observed on the lateral side of the knee joint. The predicted results on 
the TF and PF joints could provide a theoretical basis for the treatment of 
knee joint diseases and knee prosthesis design. The model is also ex-
pected to be an affordable and comprehensive tool that integrates 
localized soft tissue mechanics and body-level dynamics. 
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