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a b s t r a c t 

Contact pressures in the articular cartilage during gait affect injuries and the degenerative arthritis of 

knee and ankle joints. However, only contact forces at the knee and ankle joints during gait can be es- 

timated by using a rigid body dynamic model. The contact pressure distribution can be obtained quan- 

titatively for a static posture by using finite element (FE) analysis in most cases. The purpose of this 

study is to develop a new method to obtain the contact pressure distribution at the knee and ankle 

joints during gait by integrating FE analysis with rigid body dynamic analysis. In this method, a reference 

FE model of the lower extremity is constructed first and is then transformed to each stance phase of 

the gait obtained from dynamic analysis by using homogeneous transformation. The muscle forces and 

ground reaction force (GRF) during gait obtained from the dynamic analysis were used as loading con- 

ditions for FE analysis. Finally, the contact pressure distribution at the tibia plateau cartilage and talus 

cartilage were estimated at the 1st peak, mid-stance, and the 2nd peak at the same time. The present 

method can provide the contact pressure distribution at the knee and ankle joints over the entire gait. 

© 2018 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The lower extremity, which is responsible for supporting the

ntire body, is subject to various loads during motion. In particular,

he knee and ankle are prone to sports-related injuries and dis-

ases such as osteoarthritis. Much research effort has been made

n analyzing the biomechanical behaviors of the lower extremity

uring motion. Research using dynamic simulation software such

s OpenSim [1] , LifeMod [2] , and AnyBody [3] has been frequently

mployed only to obtain contact forces and muscle forces. Liu et al.

4] studied muscle activation according to the range of walking

peed to confirm the muscle contributions obtained from OpenSim.

ia et al. [5] evaluated the contact force at the knee joint as well

s the GRF with a musculoskeletal model through gait trials using

ifeMode. Wang et al. [6] analyzed knee contact forces to research

he influence of gait speeds using Anybody. Research without using

ynamic simulation software has also been performed. Simic et al.

7] and Taniquchi et al. [8] analyzed joint moment or power by

sing dynamic analysis according to the changes in gait patterns

r shoes. However, these studies were limited to investigations of

inetic or kinematic effects and accurate contact pressure distribu-

ions at the knee and ankle joints could not be obtained [9,10] . 
∗ Corresponding author. 
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Some FE analyses related to gait have been performed to ob-

ain the contact pressure distribution. However static or quasi-

tatic analyses were mainly performed without considering dy-

amic characteristics [11–15] . Gefen et al. analyzed the gait phase

hrough quasi-static FE simulations [16] . Simulation sets for each

tance phase were constructed according to the angles between

he ground and foot from fluoroscopy during gait without con-

idering joint angles. Gefen studied the foot except for the knee

nd the inertia force was considered. Other foot models were used

n studies conducted by Cheung et al. [11–14] , in which the ef-

ects of various insoles were analyzed. In Cheung’s studies, static

nalysis was conducted only in the standing posture, and changes

n posture and muscle forces during motion were not considered.

onahue et al. [17] analyzed knee contact behavior using an FE

odel, but the joint motion of the knee was not considered. Pen-

ose et al. [18] verified the gross kinematic response of knees in di-

erse biomechanical situations, although the muscles of the lower

imb were simplified. Using a knee-ankle-foot complex model, Liu

nd Zhang [15] evaluated the effect of laterally wedged insoles on

he stress distribution at the knee. The researchers evaluated the

nee-ankle-foot complex model for a single stance in a quasi-static

anner. 

The objective of this study is to develop a new method that in-

egrates FE analysis with rigid body dynamic analysis to obtain the

ontact pressure distributions at the knee and ankle joints during

ait. 

https://doi.org/10.1016/j.medengphy.2018.11.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2018.11.003&domain=pdf
mailto:swchae@korea.ac.kr
https://doi.org/10.1016/j.medengphy.2018.11.003
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Fig. 1. Workflow of present method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Material properties of ligaments. 

Stiffnes (N/mm) 

CFL, TICL 126.6 

PTiTL 244.3 

ATiTL 122.3 

ATFL 141.8 

ACL 201 

PCL 258 

LCL 2114 

MCL 134 

CFL: CalcaneoFibular Ligament, TICL: TibioCalcaneal Liga- 

ment, PTiTL: Posterior TibioTalus Ligament, ATiTL: Ante- 

rior TibioTalus Ligament, ATFL: Anterior TaloFibular Liga- 

ment, PCL: Posterior Cruciate Ligament, ACL: Anterior Cruci- 

ate Ligament, LCL: Lateral Collateral Ligament, MCL: Medial 

Collateral Ligament. 
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2. Method 

The workflow of the present method is presented in Figure 1 .

The geometry data of the lower extremity were obtained from

Visible Human MRI data. Initially, a reference FE model was con-

structed to match the coordinate, size and position of the dynamic

model. Motion was captured experimentally for a normal gait and

motion analysis was conducted with this motion data. Motion cap-

ture data were used to transform the reference FE model to corre-

sponding positions during gait and to apply them to the FE model

for analysis. 

2.1. FE model 

In the present study, a lower extremity FE model was con-

structed for a knee-ankle-foot complex, ranging from femur to

foot ( Fig. 2 ). Employing MRI data provided by the Visible Hu-

man Project [19] , the 3D geometry of the femur, tibia, fibula,

patella, foot segments, articular cartilages and meniscus were re-

constructed using Mimics (Materialise, Ann Arbor, MI). 

The bones consisted of the femur, patella, tibia, fibula and

25 foot bones. These were modeled with three-node shell el-

ements. Since the deformation of bones during normal gait is

usually very small, the bone FE models were assumed as rigid

bodies. 

The cartilage, meniscus, and meniscus horn model was con-

structed with solid eight-node hexahedral elements using Hyper-

mesh 13.0 (Altair Engineering, Troy, MI, USA) ( Fig. 2 (b)). A solid

eight-node hexahedral element (C3D8R) was used to apply linearly

varying properties to the depth of the tibia plateau cartilage and to

set the material property of the meniscus to transversely isotropic

linear elastic. The element size/mesh density for each structure

(articular cartilage and meniscus) was adopted by referencing the

mesh convergence analyses of a previous study [20] . That is, about

2100 elements were used in the meniscus, 4900 for the femur car-

tilage, 3600 for the tibia cartilage, and 1650 hexahedral elements

for the talus cartilage. The properties of the major ligaments of the

knee and ankle are listed in Table 1 [21–26] . The insertion points

of the ligaments were determined to a specific node of the shell

element of the bone based on anatomy [27] . The muscle attach-

ment points were defined to a specific node of the shell element

of the bone according to the OpenSim coordinates. 

Femur articular cartilages and Tibia plateau cartilages were

modeled as isotropic linear elastic material with three layers.

Young’s modulus was set to 10 MPa, 14 MPa and 18 MPa from

the surface layer to the deep zone layer, and Poisson’s ratio was

0.49 [28] . In the ankle joint, the tibia and talus articular cartilages

were modeled as linear elastic material with a Young’s modulus of

12 MPa and Poisson’s ratio of 0.45 [29] . The meniscus were mod-

eled as transversely isotropic linear elastic material in the axial

and radial directions with a Young’s modulus of 20 MPa and Pois-

son’s ratio of 0.3. In the circumferential direction, Young’s modulus

120 MPa, and Poisson’s ratio 0.45. The meniscus horns were mod-
led as isotropic linear elastic material with a Young’s modulus of

11 MPa and Poisson’s ratio of 0.49 [20] . 

.2. Coordinate system matching between OpenSim and FE model 

In this study, an interface program with self-written codes was

eveloped to apply the results of a motion analysis to the FE anal-

sis. The motion analysis was conducted by using OpenSim 3.2

Simbios, Stanford, CA, USA), and the FE analysis was conducted by

sing ABAQUS 6.13 (SIMULIA, Providence, RI). The initial marker

ositions obtained from the motion capture system were used in

alculating the scale factors for matching the OpenSim and refer-

nce FE model to the subject. Next, marker trajectory data were

btained through motion capture, and the angle of each joint was

alculated in OpenSim. These values were used to rearrange the FE

art models according to the captured posture. Ligament elements

ere modeled as truss elements connecting the predefined attach-

ent point of the rearranged FE model. These truss elements were

ssumed to have no-initial-pre-strains material properties. 

The FE model should be converted to match the coordinates of

he Gait2354 model, which is a basic simulation model in Open-

im, because the joint definitions in OpenSim should be applied

o the FE model. Based on previous studies [30,31] , the joint and

he center of motion were defined in the FE model. After the joint

ositions of the FE model were defined, the reference FE model

as divided into five models according to the segment bodies of

he OpenSim model: toe body model, calcaneus body model, foot

ody model, tibia body model, and femur body model. Each FE

odel was aligned according to the joint position definition of the

penSim model. Based on the distance between the joint positions,

penSim base model was scaled to the same size as the partici-

ant used for motion analysis. Each FE model was also resized to

he same size as the scaled OpenSim model by linear scaling. The

esizing parameters used were 0.943 for pelvis, 0.983 for femur,

.973 for tibia and 0.974 for foot. 

It was assumed that the muscle force provided tension between

wo attachment points of each muscle. Then, forces were applied

t each pre-determined attachment point of the FE model as a

air of point forces. The magnitude of the muscle forces was es-

imated by using the computed muscle control of the OpenSim.

he direction of muscle force was referred to the direction of the

uscle path of the Gait2354 model. A total of 10 muscle forces,

hich occurred in the biceps femoris long head, biceps femoris

hort head, tensor fasciae latae, gracilis, rectus femoris, vastus in-

ermedius, medial gastrocnemius, soleus, tibialis posterior, and tib-

alis anterior muscle, were applied. Among these muscles, four ma-

or muscle activations were presented as graphs ( Fig. 3 ). 

Cross-correlation analyses were used to quantify the muscle

ctivation between our study and previous study [32] on EMG.
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Fig. 2. FE model with bones and cartilage (A) lower extremity model, (B) knee region and (C) foot region. 
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ross-correlation quantifies the similarity in shape and muscle ac-

ivation data [33–37] . Cross-correlation analyses were performed

sing Matlab R2006a version 7.2 (The Mathworks, Inc., Natick, MA,

SA) with the following equation 

 xy (�) = 

∫ 
x (t) y (t + �) dt √ ∫ 
x 2 (t) dt 

∫ 
y 2 (t) dt 

(1) 

here x and y are the two waveforms and � is the time lag be-

ween the two signals. A highly positive correlation is an indica-

ion that the two signals are very similar. So, the muscle activa-

ions of our study and that of the previous study were compared

ith the EMG signals of the previous study, respectively. The cor-

elation coefficients of the previous study and the our study were

.685 and 0.605 for Biceps Femoris Long Head, 0.872 and 0.934

or Soleus, 0.771 and 0.840 for Rectus Femoris and 0.747 and 0.594

or Tibialis Anterior, respectively. In the case of Soleus and Rectus

emoris, muscle activation in this study is quantitatively similar to

MG in the previous studies. In the case of Becips Femoris Long

ead, the correlation coefficient is slightly lower than the previous

tudy. There is a difference in the time delay between the previ-

us study and the present study. The error is caused by differences

n the number of muscles used in the analysis. In the case of Tib-
alis anterior, the correlation coefficient is lower than the previous

tudy. There is an error in the swing phase after 60% of cycle but it

oes not affect the joints more than the stance phase. In addition,

he muscle activation increases at 30% and 50%, which appears to

e an antagonist to Soleus activation errors. 

The attachment point of the Quadriceps muscle is defined as

he position of the moving point according to knee angle with re-

pect to tibia frame for simplified calculation in OpenSim model.

hus, we defined the location of the patella on tibia frame so that

he quadriceps muscle attachment point of the patella coincides

ith the moving point. 

A homogeneous transformation was employed to transform the

E model [38] . The lower extremities of OpenSim model has six

arent-child couples; ground(global)-pelvis, pelvis-femur, femur- 

ibia, tibia-talus, talus-calcaneus, and calcaneus-toe. In FE model-

ng process, the pelvis was not considered. Since each child body

s defined by a coupled parent body, the joint motion should be

mployed in the child body to transform the local coordinate to a

lobal coordinate. Let child 
child 

X be the node position of a child body

efore transformation. The transformed nodes with the joint mo-

ion of the child body can be expressed as child 
child 

X ′ . In addition 

c 
c x n ,

 

 

y n , and 

c 
c z n are the coordinates of the n th node in the child body
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Fig. 3. The main muscle activations compared to the published data for the lower extremity muscles during gait. (Gray shaded regions: experimental EMG signals of previous 

study, red line: simulated muscle activity of the previous study, blue line: simulated muscle activity of our study.) 
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frame. 

child 
child 

X = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎣ 

c 
c x 1 

c 
c x 2 . . . c 

c x n 

c 
c y 1 

c 
c y 2 . . . c 

c y n 

c 
c z 1 

c 
c z 2 . . . c 

c z n 

1 1 . . . 1 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎦ 

(2)

child 
child 

X 

′ = 

child 
child 

L · child 
child 

X, where child 
child 

L = 

child 
child 

T · child 
child 

R (3)

In Eqs. (2) and (3) , child 
child 

T is the translational transformation ma-

trix and 

child 
child 

R is the rotational transformation matrix using the ZYX

Euler angle convention in the child coordinate system ( Fig. 4 (a)).

According to Briot and Khalil [39] , the translational displacement

d , given by the vector 

d = a i + b j + c k , (4)

can be described by the translational transformation matrix child 
child 

T 

child 
child 

T = Trans (a, b, c) = 

⎡ 

⎢ ⎣ 

1 0 0 a 
0 1 0 b 
0 0 1 c 
0 0 0 1 

⎤ 

⎥ ⎦ 

(5)

After applying the joint motion to the child body model, the body

should be expressed in the parent body frame. The coordinates of

the nodes in the child body frame (tibia body frame) can be ex-

pressed as child 
parent X 

′ in the parent body frame (femur body frame). 

child 
parent X 

′ = 

child 
parent L · child 

child X 

′ , where child 
parent L = 

child 
parent T · child 

parent R (6)

In Eq. (6) , child 
parent L is the matrix that defines the relative coordinates

of the child frame (tibia frame) in the parent frame (femur frame)
 Fig. 4 (b)). child 
parent T is the translation matrix for the relative location

long the vector from the parent frame to the child frame. child 
parent R

s the rotation matrix for the relative orientation between the two

rames obtained by the direction cosine between the coordinate

xes, where c x ′ , c y ′ , and 

c z ′ are locally transformed child frame co-

rdinate axes, and 

p x , p y , and 

p z are parent frame coordinate axes.

n this manner, along the parent-child tree, the coordinates in the

ocal frame can be expressed in the global frame. The bodies in

he lower extremity were dependent on the motion of their par-

nt body ( Fig. 4 (c)). The global coordinates of all bodies could be

btained using Eq. (4) along the parent-child tree. Using the pro-

ram developed in this study, the results of the OpenSim analysis

ere read and automatically employed in the FE model automati-

ally. As a result, FE models at each stance phase of the gait could

e prepared. 

.3. Motion analysis 

A normal gait analysis was carried out for the validation. Mo-

ion capture to acquire the data of the gait motion was performed

ith a participant (male, 28 years old, 74 kg in weight, and 177 cm

n height). A motion capture system (EGL-500-8 by Motion Analy-

is Corporation) was used in this study. The participant was free of

isease and did not have any history of severe lower-limb injury.

orea University Institutional Review Board (IRB) approved this

esearch (1040548-KU-IRB-15-263-A-1), and the participant pro-

ided written consent. A Plug-in-Gait marker set was used for data

cquisition, and two force plates (AMTI’s BP40 060 0-20 0 0) were

laced under the path of the gait. Motion capture during walking

t a naturally self-controlled pace while barefoot was performed.

n this procedure, measurements were taken five times ( Fig. 5 ).

mong the five cases, the data closest to the average value in the
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Fig. 4. Transformation of FE model: (A) transformation for joint motion based on child body (tibia) coordinate system, (B) relative position of child body in parent body 

(femur) coordinate system, (C) lower extremity model after and before transformation and (D) parent-child flow chart. 

1st Peak Mid stance 2nd Peak

Fig. 5. Five cases of GRF and colored lower extremities indicating three gait pos- 

tures according to stance phase of gait. 
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st peak of GRF, mid-stance, and the 2nd peak of GRF were se-

ected. The walking speed was recorded as 1.1 m/s. The marker

rajectory data were converted into joint angles by using OpenSim

nd the joint angles were employed to adjust the FE model’s pos-

ure at the major stance phases of the gait: the 1st peak of GRF,

id stance, and the 2nd peak of GRF. 

.4. FE model validation 

In order to validate our FE model, the peak contact pressure and

ontact area at the knee and ankle joint obtained in the present

tudy were compared with those of previous studies ( Fig. 6 ). Pre-

ious studies provided peak contact pressure and contact area in

ibia plateau cartilage of knee joint when 10 0 0N compressive load

as applied to the femur without muscle forces while tibia was

xed [40–46] . A peak contact pressure of 1.6 to 3.2 MPa and con-

act area of 1100 to 20 0 0 mm 

2 were reasonable. For the same
oundary and loading conditions, the numerical values of our FE

odel were within these ranges since the peak contact pressure

as 2.8 MPa and the contact area was 1640 mm 

2 . The peak con-

act pressure and contact area in the talus articular cartilage of the

nkle joint were also obtained by Anderson et al. when a 600 N

ompressive load was applied to the tibia while the foot was fixed

29] . A peak contact pressure of 2.92 to 3.69 MPa and contact area

f 295.1 to 493.6 mm 

2 were reasonable. It is plausible that our FE

odel was well within the ranges since the peak contact pressure

as 3.30 MPa and the contact area was 462.0 mm 

2 for the same

oading and boundary condition of Anderson’s study. 

Contact points in the femur cartilage according to the knee ro-

ational angle (0 °, 30 °, 60 °, and 90 °) were also examined to ver-

fy the accuracy of the matched coordinate system. According to Li

t al. [47] , the centroid of the contact area was defined as a con-

act point. Our estimated contact points in the femur cartilage had

 similar tendency ( Fig. 7 ). 

.5. FE analysis 

FE analyses were performed using the ABAQUS/Standard 6.13

Static Analysis, SIMULIA, Providence, RI) program. In detail, the

ontact condition at the knee joint was used for three sets of

aster and slave: the femur cartilage and meniscus, femur carti-

age and tibia plateau cartilage, and the tibia plateau cartilage and

eniscus. For the ankle joint, the tibia cartilage and talus cartilage

ere set as contact pair. The normal behavior of a contact condi-

ion was set as a hard contact condition, and the tangential con-

act was assumed as a frictionless property. To optimize the com-

utational expense, each foot segment (toe, calcaneus, and talus)

nd shank segment (tibia, fibula, and patella) were assumed as

ne rigid body. The center of each rigid body was set as a ref-

rence point, and the nodes of the cartilage surface adjacent to

he bone were constrained to the reference points as tie condi-

ions. The muscle forces obtained from OpenSim were applied as

he loading conditions of the FE analysis. GRF data with the force
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s

Fig. 6. Comparison of contact area and contact pressure between our study and previous studies: (A) 25th to 75th percentile with minimum and maximum of previous 

studies at knee joint, and (B) results of two previous study cases at ankle joint. 

Fig. 7. Comparison of contact point of femur cartilage at 0 °, 30 °, 60 ° and 90 ° knee 

rotational angle. (A) Previous study and (B) our study. (Guoan Li et al., The American 

Journal of Sports Medicine, Vol. 33 Issue 1, pp. 102–107, Copyright ©2017 Copyright 

Clearance Center, Inc., reprinted by Permission of SAGE Publications, Inc.) 
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vector and the position were taken from the force plate and ap-

plied to the foot segments as external loads. The femur at each

stance phase of the gait was fixed in all degrees of freedom (DOF)

during analysis. In OpenSim, one rotational DOF for knee and two
otational DOFs for ankle were considered. Along with these ro-

ational DOFs, all the other rotational DOFs were also constrained

ecause knee and ankle rotations were taken from the OpenSim

inematics. Translational DOFs were not constrained. 

. Results 

The net joint reaction forces in the knee and ankle were com-

ared with those of the previous study [48] . The knee joint reac-

ion forces were 1.65, 1.08 and 1.54 times the body weight (BW) at

he 1st peak, mid-stance, and 2nd peak, respectively, and the ankle

oint reaction forces were 1.14, 0.71, and 1.26 BW. These results are

imilar to those of the previous studies (1.74, 1.14, and 1.59 BW for

he knee; 1.27, 0.76, and 1.20 BW for the ankle). The contact pres-

ure distribution at the tibia plateau cartilage could be observed

 Fig. 8 ). The peak contact pressure at the tibia plateau cartilage was

.9 MPa at the 1st peak, 5.8 MPa at the mid-stance, and 6.2 MPa at

he 2nd peak. The peak contact pressure at the tibia plateau carti-

age was found to be higher at the medial side than at the lateral

ide. For the ankle, the contact pressure distribution at the articu-

ar cartilage of the talus was represented as shown in Figure 8 . The
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Fig. 8. Results of FE analysis: contact pressure distributions on tibia plateau cartilage and talus cartilage at 1st peak, mid-stance, and 2nd peak. 
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t  

t  
eak contact pressure of the talus cartilage was 6.6 MPa at the 1st

eak, 5.9 MPa at mid stance, and 8.8 MPa at the 2nd peak. For the

nkle, the location of the peak contact pressure was at the lateral

artilage of the talus. From the contact pressure distribution, it was

lso confirmed that the contact region in the talus cartilage moved

o the anterior area as the stance phase proceeded from the 1st

eak to the 2nd peak. 

. Discussions 

The reference FE model employed in the proposed method was

alidated for peak contact pressure at the knee and ankle cartilage

nd for the contact point location according to the joint angle. The

ifference between absolute values seems to be caused by the ge-

metrical differences in the biomechanical models. Generally, this

ype of limitation can be found in other studies using biomechan-

cal models owing to the difficulties of in-vivo experiments. 

In the present study, contact pressure distributions at the knee

nd ankle cartilage were obtained with respect to the 1st peak

tance phase, mid-stance phase, and 2nd peak stance phase since

he contact pressure at the cartilage is known to be a main fac-

or in arthritis. However, in many studies that evaluated the ef-

ects of treatments on arthritis with medical aids, kinetic or kine-

atic analyses could not produce contact pressure distributions at

he knee and ankle cartilage during motion [49–51] . Thus, the pro-

osed method is expected to provide a foundation for evaluating

edical aid effects. 

There were several limitations in this study. Since forward dy-

amic analysis is technically difficult to perform using biomechan-

cally accurate FE model, static analysis was employed at major

tance phases of the gait, including dynamic effects such as muscle

orces, joint angles, and GRF except for the inertial forces. Because

he joint angles were specified and rotational DOFs were fixed, it is

ifficult to see the effect of rotational inertia on the cartilage con-

act pressure. The OpenSim model we used did not consider me-

ial/lateral degrees of freedom. So, it was difficult to determine the

orrect relative distribution of medial versus lateral condyle with

his model. Only the effect of the geometry changed by the knee

ngle can be examined, but it could be improved for further re-
earch by using the OpenSim model which has higher degrees of

reedom at knee. The material properties of cartilages were simpli-

ed as elastic to enhance calculation efficiency. Therefore, the anal-

sis results might have an error if large deformation occurs. For a

ore accurate analysis, ligaments also should be constructed as 3D

eometry, and anisotropic hyperelastic material properties should

e used for ligaments. Ligaments actually limit the rotation and

ranslation of the joints and also increases cartilage contact pres-

ure according to the changes of joint angle. In this study, the ab-

uction/adduction rotations of the knee were not considered, and

he initial length/tension of the ligament was not applied because

E models were reconstructed based on motion data. Therefore, the

igaments were used only to limit joint translation and the effect of

ncreased contact pressure due to initial strain was not considered.

ccording to Shelburne et al., GRF and muscle force are the major

actors in articular contact during normal gait. Therefore, it was as-

umed that ligaments had little effect on the results of the present

tudy. In addition, the ligament model was simplified as a two-

ode truss element. The results of the contact pressure distribution

rom the FE analysis are sensitive to the geometry of the biome-

hanical FE model involved. In this study, the reference model was

inearly scaled according to the subject’s size, and thus the model

as not fully subject specific. The contact pressure distributions at

he knee and ankle cartilage were observed simultaneously dur-

ng the gait while this information is unavailable in other studies.

he contact pressure distribution at the cartilage is notable as it is

nown to be a major factor of cartilage maintenance and degener-

tion. This is the merit of this study [52,53] . If the lower extrem-

ty experiences severe motion such as running and jumping, the

tresses in the bone are important for predicting injuries. In such

 case, if appropriate material properties of the trabecular and cor-

ical bones are employed, the stresses in bone can be estimated in

ur proposed method. 

. Conclusions 

A new method for the biomechanical analysis of the lower ex-

remity in motion is proposed in this study. Using a FE analysis in-

egrated with a motion analysis, the contact pressure distributions
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at the knee and ankle at major stance phases of the gait were as-

sessed. The contact pressures in the human lower extremity were

estimated according to gait motions performed by a specific sub-

ject. The analysis of the present study is not dynamic. However, it

includes external dynamic forces such as the GRF and internal dy-

namic forces such as active muscle force. The results were more

comprehensive compared with previous studies in view of contact

pressure distributions at the knee and ankle in motion directly. The

present method could be further utilized to offer guidelines for

lower-extremity-related products such as shoes or walking aids. 
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