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Introduction

Pedestrian safety is a well-attended topic due to the statistics of car 
accidents all over the world. Pedestrians are one of the most vul-
nerable road users due to the lack of protective equipment. As a 

result, pedestrian accident injury risk has been widely investigated since 
the 1960s, when it was found that almost 95 percent of all pedestrian 
accidents occurred at an impact velocity less than 50 km/h and that half 
occurred at an impact velocity lower than 30 km/h [1-3]. Accident data 
from different countries were analyzed in order to study the severity of 
injuries in pedestrian impacts [4-11]. The results from these studies in-
dicated that vehicle impact velocity has a significant effect on the injury 
severity among pedestrians.

Statistics show that one of the most body regions injured in car-to-
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ABSTRACT
Background: Lower extremity injuries are frequently observed in car-to-pedestri-
an accidents and due to the bumper height of most cars, knee joint is one of the most 
damaged body parts in car-to-pedestrian collisions.
Objective: The aim of this paper is first to provide an accurate Finite Element 
model of the knee joint and second to investigate lower limb impact biomechanics in 
car-to-pedestrian accidents and to predict the effect of parameters such as collision 
speed and height due to the car speed and bumper height on knee joint injuries, espe-
cially in soft tissues such as ligaments, cartilages and menisci.
Materials and Methods: In this analytical study, a 3D finite element (FE) 
model of human body knee joint is developed based on human anatomy. The model 
consists of femur, tibia, menisci, articular cartilages and ligaments. Material properties 
of bones and soft tissues were assumed to be elastic, homogenous and isotropic.
Results: FE model is used to perform injury reconstructions and predict the dam-
ages by using physical parameters such as Von-Mises stress and equivalent elastic 
strain of tissues. 
Conclusion: The results of simulations first show that the most vulnerable part of 
the knee is MCL ligament and second the effect of speed and height of the impact on 
knee joint. In the critical member, MCL, the damage increased in higher speeds but as 
an exception, smaller damages took place in menisci due to the increased distance of 
two bones in the higher speed.
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pedestrian collisions is the lower extremities 
which are frequently injured due to the initial 
impact against the front bumper of a car [1]. 
As the bumper height is low in passenger cars, 
the impact mostly takes place in the knee joint 
or just below the knee joint [2]. Although low-
er extremity injuries are not fatal, they cause 
long term physical disability and impairment. 
So, studying the effect of height of car bum-
pers in injury severity could be useful to de-
sign safer vehicles.

The knee joint is one of the most complex 
joints in human body because of its complex 
geometry and articulations. The joint stability 
and compliance during functional activities 
are provided through anatomical structures 
such as ligaments, menisci and articular car-
tilage [3]. As a result of this complexity, the 
exact mechanical behavior of the knee joint is 
not completely known yet [12-17]. Based on 
this fact, a method which proved to be able 
to provide deep insights into the mechanical 
properties and performance of biological tis-
sues is the Finite Element method.

The objectives of this article are first to gen-
erate an appropriate knee-joint FE model for 
predicting injury and trauma in human knee 
joint affected by crash via calculation of  stress 
and strain in knee joint. On the other hand, in 

order to investigate the effect of velocity and 
height of the car bumpers on pedestrian colli-
sions and its injury, a related parametric study 
is conducted.

Material and Methods

Knee Joint Geometry
In this analytical study, due to the fast de-

velopment of technology, more sophisticated 
FE lower limb models have been developed. 
These models have accurate geometry mostly 
obtained from CT and MRI scans from human 
volunteers. Figure 1 shows the detailed anato-
my of a knee joint.

The geometry used in this article is generat-
ed from magnetic resonance images (MRIs) of 
a 70 year old female donor with 77.1kg weight 
and 1.68m height whose reason of death was 
cancer [4]. The model consists of bony struc-
tures (i.e. distal femur and proximal tibia), ar-
ticular cartilages (femoral, medial tibial and 
lateral tibial) menisci (medial and lateral) and 
ligaments (anterior cruciate (ACL), posterior 
cruciate (PCL), medial collateral (MCL) and 
lateral collateral (LCL)) of the right leg.

MRI scans were taken with the knee speci-
men in the full extension position using a 1.0 
Tesla extremity MRI scanner (Orthone, ONI 

Figure 1: Knee Joint Anatomy [3]
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Medical Systems Inc., Wilmington, MA), 
with 1.5 millimeter slices in three anatomical 
planes (axial, sagittal and coronal), at the Bio-
mechanics Laboratory of the Cleveland Clinic 
[4].

Figure 2 illustrates geometries of tissue 
structures were imported into ANSYS Design 
Modeller for some modifications due to objec-
tives of the present study.

As the current project aim is simulating car-
to-pedestrian impact, the bony structures had 
been extruded to define the fixed supports and 

loading points of action at the end points of fe-
mur and tibia. A simple model of an impactor 
was designed to represent the car bumper as it 
can be seen in Figure 3.

Mesh Generation
Two types of surface-to-surface contact were 

defined between parts of the knee joint. The 
contact between bony structures and ligaments 
and also bony structures and cartilages were 
defined as bonded contact and the contacts be-
tween cartilages and menisci were defined as 

 

 

Figure 2: Knee Joint Geometry Model

Figure 3: Mesh Development - Anterior View (Left) and Posterior View (Right)
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frictional contacts. Bones were assumed to be 
rigid in this model, so they can be represented 
only by their surface. Quadrilateral dominant 
meshing method was used to mesh the bones, 
menisci and cartilages and ligaments. In all 
cases, both quadrilateral and triangular ele-
ments have been used for increasing the mesh 
efficiency. Figure 3 shows the whole knee and 
impactor meshed model.

The quality of the meshed model for com-
putational reliability was verified by checking 
the distribution of multiple element geometric 
parameters such as element quality and aspect 
ratio. The average element quality of the mod-
el was 0.8 and the average aspect ratio is 1.43 
which represents a reliable FE model quality.

Material Properties
Numerous FE studies have considered bones 

to be rigid bodies due to their high stiffness 
compared to other soft tissue [18-19]. In this 
study, we considered bones as elastic materi-
als to optimize the accuracy and calculation 
time of the simulation. The density, Young 
modulus, Poisson’s ratio and yield stress of 
bony structures are shown in Table 1.

The Menisci and cartilages are hydrated tis-
sues. However, in crash cases which exhibit 
short loading times compared to the viscoelas-
tic time constant of nearly 1500 seconds for 
articular cartilage [5, 19-22], articular carti-
lage should be described by its instantaneous 
elastic modulus [23-25]. For that reason, all 

articular cartilage structures (femoral and 
tibial) were assumed to act as linear elastic, 
homogenous and isotropic materials with the 
material properties shown in Table 1. For the 
same reason, menisci were also assumed to be 
linear elastic and isotropic with the average 
properties in Table 1.

Anatomically, ligaments are composed of 
bundled collagen fibers which run mostly in 
parallel along the ligament length which made 
them anisotropic from mechanical characteris-
tics point of view [26-27]. In some studies, to 
simplify the material properties of ligaments, 
they were assumed to act as linear elastic iso-
tropic materials [1]. We followed this assump-
tion without loss of generality in analysis and 
the material properties of ligaments as seen in 
Table 1.

Boundary Conditions and Loadings
In order to validate the model, firstly a later-

al static force of 200N was applied to the knee. 
On the next step, to simulate car-to-pedestrian 
impacts in which the bumper of a car impacts 
the lower leg laterally, the dynamic simula-
tion which presents a better understanding 
of impact is applied. In both simulations, the 
pedestrian has been configured as standing on 
the ground with a friction coefficient of 1.0 by 
fixing the bottom surface of tibia in all 6 di-
rections [13]. A load of 350 N corresponding 
to half the body weight of a normal weighted 
person has been applied at the top surface of 

Structure ρ (kg ⁄ m3) Young’s Modulus 
E (Mpa) Poisson’s Rations Yield Stress σy (Mpa)

Femur 2000 13500 0.3 6.6
Tibia 1800 20000 0.315 5.3

Articular Cartilages 1500 5 0.46 -
Menisci 1500 250 0.3 -

Ligaments 
(ACL, PCL, MCL, LCL) 1100 345 0.22 29.8

Table 1: Material Properties of Knee Joint Tissue
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femur.

In dynamic simulations, two impact points 
of action on the knee joint are assumed. One 
would present On-Knee impact orientation 
and other Below-Knee impact orientation. 
These locations have been selected to account 
for variation of height of impact on pedestrian 
lower extremity due to the varying bumper 
height in different vehicles.

In below-knee impact orientation, the im-
pactor hits the lower leg laterally at 6cm below 
the tibia plateau and compels it to translate in 
medial direction relative to femur.

The impactor (i.e. car bumper) with the 
weight of 20 kg and structural steel material 
properties with a modified density of 1.13E5 
kg/m3 was propelled in the horizontal direc-
tion with an initial velocity to the lower leg in 
each height [13]. This initial velocity is cho-
sen to be once about 25 km per hour and once 
about 32 km per hour to compare the speed 
effect on the impact. The explicit dynamic 

method was chosen to analyse the impact sim-
ulation implemented in ANSYS Explicit Dy-
namics system.

Results
Contour plots of effective (Von-Mises) 

stress, maximum principal stress, Equivalent 
elastic strain and maximum principal elastic 
strain were studied to gain a better understand-
ing of the results. The results are discussed 
in three sub-sections in this article. The first 
one is an overlook of the contours in 25kmph 
impact. Sub-section 2 represents a compari-
son between 25kmph and 32kmph simula-
tion contours both in on-knee orientation and 
sub-section 3 includes the lower-knee impact 
contours in comparison with the same impact 
velocity of 25kmph on-knee simulation con-
tours. In the second and third sub-sections, the 
results are shown in strain contours.

Figures 4 to 6 show all four contour types of 
each member of a knee joint. As it is shown 

 
 

Figure 4: Equivalent (Von-Mises) Stress, Maximum Principal Stress, Equivalent Elastic Strain and 
Maximum Principal Elastic Strain in Menisci - 25kmph On-Knee Impact
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in Figure 4, the highest equivalent (Von-Mis-
es) stress and the highest maximum principal 
stress in menisci took place respectively at 
the superior and inferior regions of the lateral 
meniscus with the values of 26.256 and 28.85 
Mpa. Moreover, the highest equivalent elastic 
strain and the highest maximum principal elas-
tic strain in menisci took place respectively at 
the inferior region and the internal edge of the 
lateral meniscus with the values of about 0.22 
and 0.13.

Figure 5 shows the contours in femoral and 
tibial cartilages in 25kmph simulation. As 
shown in these contours, stress and strain are 
higher at the exterior regions of the femoral 
cartilage and at the central region of the tibial 
cartilage.

Simulation demonstrates the critical points 
in ligaments take place in the middle region of 

MCL as it is shown in Figure 7 and based on 
stress and strain amounts in all members and 
also the material properties of them, it can be 
presumed that MCL would be the first member 
to fail. The highest Von-Mises stress and max-
imum principal stress in the MCL ligament are 
71.055 and 71.93 Mpa which are much bigger 
than the yield stress in Table 1, 29.8 Mpa.

Discussion
Considering that the damages in menisci and 

ligaments mainly cause more serious impair-
ments in comparison with cartilages injuries, in 
this section and the next section of this article, 
the numerical results will be discussed only in 
menisci and ligaments. The peak amounts of 
equivalent elastic strain and maximum prin-
cipal plastic strain increased about 29 and 25 
pecent, respectively in MCL. In menisci, these 

Figure 5: Equivalent (Von-Mises) Stress, Maximum Principal Stress, Equivalent Elastic Strain and 
Maximum Principal Elastic Strain in Tibial Cartilages - 25kmph On-Knee Impact
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Figure 6: Equivalent (Von-Mises) Stress, Maximum Principal Stress, Equivalent Elastic Strain and 
Maximum Principal Elastic Strain in Ligaments - 25kmph On-Knee Impact (In the right side of the 
figure, Contours of MCL is shown for better demonstraition)

 

Figure 7: Comparison between On-Knee and Below-Knee Orientations both with the velocity of 
25kmph – Equivalent Stress - Overview
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amounts decreased 13 and 29 percents.
As the results show, the injuries in all bony 

and soft tissues increase in higher speeds ex-
cept for menisci. Higher speeds cause higher 
impact energy and for sure cause more and 
bigger injuries. In meisci, the injuries were 
lowered which could be a result of increas-
ing distance between femur and tibia at higher 
speeds due to separation tendency of the joint 
in collisions.

Figures 7 and 8 show the equivalent (Von-
Mises) stress contour of the whole knee joint 
in order to study the bumper height effect. As 
it shows, the risk of tibia injuries increases in 
below-knee impacts due to impact orientation 
which is on tibia bone. It has been observed in 
soft tissue results that the injuries in all con-
nective tissues are bigger in on-knee impact 
due to the straight impact on the joint except 
for ligaments. In below-knee impacts, the 
separation tendency of the two bony struc-
tures seems to put the MCL ligament in more  

 tension.
By lowering the impact height, the percent-

age of increase of peak amounts of equivalent 
elastic strain and maximum principal plastic 
strain in MCL is about 81 and 86. In menisci, 
these amounts decreased about 36 and 47 per-
cents.

Conclusion
In this study, a detailed three-dimensional FE 

model was prepared and a series of finite ele-
ment simulations was implemented to analyze 
the influence of vehicle impact velocity and 
the height of the vehicle bumper on injury in 
the knee joint members during collision. The 
conclusions can be summarized as follows.

The most vulnerable member of knee joint 
in all simulations was the MCL ligament 
which means the failure will first take place 
in MCL in lateral impacts in car-to-pedestrian 
accidents.

Vehicle impact velocity has significant influ-

Figure 8: Comparison between On-Knee and Below-Knee Orientations - 25kmph - Equivalent 
Elastic Strain and Maximum Principal Strain in Menisci, respectively
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ence on both bony and soft tissues of the knee 
joint injury. In the critical member, MCL, the 
damage increased at higher speeds but as an 
exception, lower damages took place in menis-
ci due to the increased distance of two bones 
at the higher speed. Generally, it can be con-
cluded that injury risks can be reduced if the 
vehicle impact velocity lessens. So, reducing 
impact velocity was confirmed as an effective 
approach to mitigate the severity of pedestrian 
injuries in car-to-pedestrian collisions.

The bumper height of the car affects the 
amount and type of damages in each member. 
As a general result, in below-knee impact ori-
entation, the tibia and ligaments damage in-
crease due to the straight impact on the tibia 
and higher tension in ligaments and the fric-
tional connective soft tissues such as menisci 
and cartilages sustain less amounts of stress 
due to the lack of impact concentration in 
them.
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