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FINITE ELEMENT ANALYSIS OF LARGE DEFORMATION OF ARTICULAR CARTILAGE IN UPPER ANKLE JOINT OF OCCUPANT

IN MILITARY VEHICLES DURING EXPLOSION

ANALIZA METODA ELEMENTOW SKONCZONYCH DUZYCH ODKSZTAECEN CHRZASTKI STAWOWEJ W GORNEJ CZESCI

STAWU SKOKOWEGO PASAZERA W WOJSKOWYM POJEZDZIE PODCZAS WYBUCHU

The paper presents the analysis of the load of lower limbs of occupants in the armoured military vehicle, which has been de-
stroyed by detonation of the Improvised Explosive Device (IED) charge under the vehicle. A simplified model of the human lower
limb focused on upper ankle joint was developed in order to determine the reaction forces in joints and load in particular segments
during the blast load. The model of upper ankle joint, include a tibia and an ankle bone with corresponding articular cartilage, has
been developed. An analysis of the stress distribution under the influence of forces applied at different angles to the biomechanical
axis of a limb has been performed. We analyzed the case of the lower limb of a sitting man leaning his feet on the floor. It has been
shown that during a foot pronation induced by a knee outward deviation, the axial load on the foot causes significantly greater
tension in the tibia. At the same time it has been shown that within the medial malleolus, tensile stresses occur on the surface of the
bone which may lead to fracture of the medial malleolus. It is a common case of injuries caused by loads on foot of passengers in
armored vehicles during a mine or IED load under the vehicle. It was shown that the outward deviation of the knee increases the
risk of the foot injury within the ankle joint.
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W artykule przedstawiono analiz¢ MES obciazenia konczyn dolnych osdb w opancerzonym pojezdzie wojskowym, ktory
zostat zniszczony przez zaimprowizowana detonacje tadunku wybuchowego (IED) pod pojazdem. W uproszczonym modelu dolnej
konczyny ludzkiej skoncentrowano si¢ na gornej czgsci stawu skokowego. Model opracowany zostal w celu okreslenia sity reak-
cji w stawach i obciazenia w poszczegolnych segmentach podczas obciazenia wybuchowego. Model gornego stawu skokowego,
obejmuje kos¢ piszczelowa oraz kosci stawu skokowego z odpowiadajacymi chrzastkami stawowymi. Przeprowadzono analize
rozktadu napregzen pod wptywem sit wywieranych pod réznymi katami w stosunku do osi biomechanicznej konczyny. Przeana-
lizowano przypadek konczyny dolnej siedzacego mezczyzny z noga oparta na podtodze. Wykazano, ze podczas skrgcenia stopy
indukowanego przez odwiedzenie kolana na zewnatrz, sila osiowa na stopie powoduje znacznie wigksze naprezenie rozciagajace
w kosci piszczelowej. Jednoczesnie wykazano, ze w kostce przysrodkowej, naprezenia rozciagajace wystgpuja na powierzchni
kosci, co moze prowadzi¢ do wystapienia ztamania kostki przysrodkowe;j. Jest to czesty przypadek obrazen spowodowanych ob-
ciazeniami stop pasazerow pojazdow pancernych podczas eksplozji miny lub wybuchu tadunku ( IED) pod pojazdem. Wykazano,
ze odchylenie kolana zwigksza ryzyko obrazen stopy w stawie skokowym.

1. Introduction

One of the essential elements to ensure the safety of passen-
gers in the armored vehicle is to protect them from the effects of
the mines and IEDs explosion in the surrounding of the vehicle.
Usually, when there is a load detonation under the vehicle, the
shock wave, by moving to the vehicle construction, has influence
on elements of the human body, which are in a direct contact

with vehicle elements such as a floor or a seat. Statistics show
that a large part of injuries relates to the lower extremities, of
which approx. 25% of all injuries are related to the ankle joint
and a foot. In modern solutions of military vehicles the com-
plex composite structures are used to absorb energy [1]. Such
materials have good characteristic to absorb energy enforced
by dynamic impact of the pressure from the explosion and the
shock wave. It was indicated that the level of energy absorption
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strongly depends on the load type. Apart from explosion under
vehicle, many problems for safety of occupants arise during
explosion from one side of vehicle [2].

From the numerical experiments it results that during the
charge explosion under the vehicle the occupant body is sub-
jected to considerable impulse loads. The analysis of the impact
forces in the lower limbs showed that loads formed in the tissue
of limbs mostly lead to damages in the area of the joints. This
results both from the limb position while sitting and the directions
of the impact forces. Analyzing the injuries statistics involving
the IED charges under the vehicle, noteworthy is the fact that with
small explosion forces the common injuries involve the bruises
around the knee and ankle joint. This mainly results from the fact
that the limb during the vehicle movement is moving involun-
tarily. The muscle forces of the limbs and the caused torques in
the joints are not able to counteract the forces generated during
the shock wave originating from the explosion and during the
vertical movement of the vehicle. Thus, the occupants are not
able to counteract these overloads and are exposed to injuries in
contact with the elements of the vehicle equipment.

When passengers inside vehicle are subjected to the explo-
sion located centrally under the vehicle its movement is vertical.
Assuming no unsealing of the vehicle, the source of injuries of
passengers will mostly include the acceleration of the vehicle and
the local deformation of the structure caused by the shock wave.
No considering the possibility of additional injuries caused by
interior objects not attached to the vehicle structure, injuries will
mostly concern the lower limbs and the spine [3]. Lower limbs
in such situation will be exposed to the contact with the vehicle
elements and to the shock wave resulting from the deformation
of the vehicle floor.

Ankle joint is composed of three bones: the tibia, fibula and
talus. These bones are interconnected with ligaments, which sta-
bilize the joint as well as maintain the natural geometry required
to transfer loads properly. From the top of the joint there is the
tibia, its articular surface has a shape resembling a cone with
its apex pointing medially towards to the medial ankle [4]. The
shape of the articular surface shows that the radius of curvature
in the transverse direction is greater than in the medial direction.
Articular surface of the tibia has a key role to plantar and dorsal
flexion of the foot.

Deltoid ligament stabilizes the ankle medially. The pres-
ence of this ligament is very important from the point of view of
carrying loads and pressures appearing on the articular surface
[5]. Group of ligaments supporting connection of the tibia and
fibula consists of the anterior and posterior tibio-fibular liga-
ment, a transverse ligament and tibio-fibular membrane. To the
lateral stability of ankles contribute anterior talofibular ligament
(ATFL), calcaneofibular ligament (CFL) and posterior talofibu-
lar ligament (PTFL). Location of the talus is determined by the
tension of lateral ligaments. In the case of the dorsal flexion
PTFL and CFL ligaments are strained, and in the case of plantar
flexion — ATFL and CFL ligaments [6].

Due to the complex structure and construction of the ankle
joint, the position of the feet is essential for the propagation of

strain energy. The paper presents the results of analysis of the
deformation of the ankle propagation for dangerous variants of
the load. That is, when at the joint — both on the articular surface
and in ligaments and muscles — the maximum stresses appear,
that can lead to fractures and breaking of ligaments or muscles.

The analysis of literature and data from the battlefield show
that in most cases of the explosion victims, soldiers feel pain in
the area of the ankle joint, unless there was an explicit disloca-
tion of the joint or fracture in its area. This indicates that, on the
one hand, the size of damages can result from the arrangement
of the limb, and on the other hand, from the nature of the load.
Under this point, the analysis of the loading of the ankle joint
were performed in order to examine the relationship between the
position of the limb and trauma, which gives us initial guidelines
for a more detailed numerical analyzes for selected cases.

Construction of the upper joint in the frontal plane limits
the movement of the talus relative to the tibia and fibula. Ankle
joint has got one degree of freedom allowing dorsal and plantar
flexion of the foot. Two bones — tibia and talus are some kind of
forceps for the maintenance of the talus. Transfer of the load from
the calcaneus bone to the tibia is done through the talus. Lower
limb alignment relative to the basis has got a significant impact
on the load distribution. Passive participation in joint stability
take ligaments preventing any movement in the frontal plane.

Fracture of the medial malleolus of the tibia is usually as-
sociated with a fracture of the lateral malleolus just above or at
the level of the distal tibiofibular joint. It is a “low” variety of
a Dupuytren fracture. In one variant of this state in the medial
malleolus fracture site, there is a tear of the medial collateral
ligament. “Low” Dupuytren fracture can also be associated with
a fracture of the rear edge of the tibial base, which is the third
free section of a bone or constituting one block with a fragment
of the medial malleolus [7].
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Fig. 1. Causes of the medial malleolus damage: a) the pressure of the
talus on the inner part of the distal articular surface of the tibia, b) the
tensile strength of the medial ligament. (1 — talus bone, 2 — tibia)

Important function for the propagation and distribution of
stresses in the joint has got a cartilage, and one of its primary
tasks is to evenly distribute the load on bones. Analysis of the
impact of the cartilage on the load distribution is a relatively dif-
ficult issue. As we know, cartilage elasticity allows cushioning
of dynamic loads. This flexibility also changes the geometry of
the contact of joint surfaces. Kent et al [8] analyzed the stresses
occurring in the articular cartilage of the knee. Articular surface
geometry authors gained based on data obtained from MRI. In



the analysis using a finite element method, three models of a
material for cartilage contact were adopted: linear, Neo-Hookean
and Mooney-Rivlin. As a result similar stress values for each
model with the same loads were gained, but their distribution and
location of concentration were significantly different. Therefore,
proper selection of material parameters is equally important, next
to the geometry of joints.

2. Materials and Methods

Anatomically, the foot is one of the most complex struc-
tures with many joints and significant mobility. Foot contains
26 bones, 33 joints, 107 ligaments and 33 muscles [9]. This
is approx. 25% of all human bones. These components work
together to provide the body balance and mobility. Failure of
one of these elements can lead to serious disturbances in the
functioning of the entire limb while having a devastating impact
on other segments of the body.

Contact of the foot with the ground takes place on a rela-
tively small surface, which causes considerable forces generated
during stance and walking. High loads during military march,
practicing different sports act for a relatively long period of
time. Foot and ankle joint is usually shaped in such a way that
it can transfer so great loads. There is a different situation, when
the loads are impulsive, where high energy is concentrated in
a small area, eg. at the junction of articular surfaces. Most of
the ongoing research works are focused on the foot and ankle
joint and are related to biomechanical analyzes of the impact
of tissues under static conditions [10-13] in the analysis of the
processes of tissue overcharge [10,14] or the use of prosthetic
and orthotic supplies [11,15].

There are few papers that relate to the conditions of the foot
and footwear cooperation in the context of the analysis of load
distribution. Good examples of numerical analysis using the
finite element method can be work of Tian Xia Qiuetal [16] and
Cho etal [17]. The effects of the interaction between the foot and
the shoe in the case of impulse loads such as jumps (including
jumping with a parachute) or shoes of soldiers exposed to land-
mines in armored vehicles, provide a basis for understanding the
causes of limb injuries in the area of the ankle joint. Bischof et al
[18] analyzed the contact parameters on the articular surface of
the ankle joint in the case of lateral instability of the ankle joint
caused by damage to the ligaments AFTL and CFL. Presented
study focused on the quasi-static case. The main conclusion of the
study was to demonstrate that the lateral instability of the ankle
joint increases the burden on the cartilage and stress concentra-
tion coincides with the places where it was found the appearance
of degenerative conditions. It must therefore be assumed that the
behavior of the ligaments including the strength and material
characteristics have a significant impact on the distribution of
stresses on the cartilage. Thus, taking into account the impact
of the ligaments have a significant impact not only on the stress
concentration at selected points of the articular surface but also
can affect the energy density in the case of impulse loads.
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Can Xu et al [19] examined the biomechanical effects of
the deltoid ligament reconstruction, which often causes pain in
case of ankle joint overloads. For the analysis, the finite element
method was used, containing 6 bony structures, cartilage and 9
major ligaments. The numerical model was constructed based on
the MRI images. The Wei et al [20] determines the deformation
forces in the ligaments. The authors used SolidWorks software
with motion module to simulation of movements in the ankle
joint. They designated in this way the forces acting in the liga-
ments and resistance of tissues for different positions of the foot.
Authors did not take into account the fact that the bony structures
are deformed during the movement which affects the tendon
load. However, due to the simple uniaxial static load induced
by a body weight, the influence of the deformability could be
omitted. At the same time they showed a significant effect of the
ligaments on the stress distribution in the joint.

To the bone structure has been given the rigid surface
elements, appropriate for small deformation compared to the
structure of the soft tissues. Articular cartilage is modeled using
deformable elements, solid tetrahedral. For modeling ligaments
linear elements has been used, which give the ability to give a
preload. Placing the ligaments have been determined on the
basis of their anatomical arrangement based on the literature
[21]. The structure of ligaments was modeled using a single
line or a group of lines depending on their geometry based on
the publication [22]. Material properties were selected on the
basis of literature data. Articular cartilage layer was an isotropic
material E-0.7 MPa, v = 0.49 [23].

2.1. Computational model

In the paper an analysis of the impact of load parameters on
the stress distribution in the tibia was performed. The analysis
was to demonstrate the relationship between the arrangement of
the limb and the tensile stress concentration around the medial
malleolus.

An analysis of the medial malleolus fracture formation
was based on numerical model obtained from CT imaging data
of 42 y.o. man. A limb damage occurred in the armored vehicle
subjected to detonation load of IED placed under the vehicle.
Rupture of the medial malleolus occurred due to the load im-
pulse from the shock wave generated by distortion of the vehicle
floor during the explosion. Injury in the form of a broken medial
malleolus is shown in (Fig. 2.)

&8

Fig. 2. CT Image of right ankle joint
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Table 1 shows the values used in the calculations of the
joint loading. The ankle joint loading at 5 kN is due to the fact
that it is usually a lower limit of the loading [24], after which
the probability of injury is one hundred percent. From the de-
pendence no. 1 we can determine a security of the body criterion
under the influence of impulse loads. The HIC Parameter (Head
injury criterion) determines the probability of injury to the head
under the influence of acceleration expressed with function a(t).

2.5

t
[amdt| -t (1)

1t1

1
t, —t

HIC =

max

where t; and t, are the initial and final times (in seconds) of the
interval during which HIC attains a maximum value, and ac-
celeration a is measured in standard gravity acceleration. Note
also the maximum time duration of HIC, t, — t;, is limited to
a specific value between 3 and 36 ms, usually 15 ms.

The force value at the level of 12 kN was adopted on the
basis of literature data as the average value of the load of the
tibia obtained by simulation of the shock wave propagation in
the knee and experimental studies using Hybrid IIT [25] and
cadaver limbs [26, 27].

TABLE 1
Parameters for boundary conditions
Load Force L
[KN] Load direction Reference
5 Axial Masouros et al [24]
12 Axial Suresh et al, [26]

Abiomechanical analysis of the ankle joint shows, that dam-
age to the medial malleolus of the tibia may occur as a result of
the flow of energy from the talus on a small area of cooperation
of joint elements. Another potential source of loads can be the
interaction of transverse forces from the gas pressure and a shock
wave. From the description of the analyzed event we can see,
that during the incident there were no leaks of the vehicle hull,
so the impact of the pressure and other transverse forces must
be considered as marginal.

a)

) 1

Fig 3. The position of the foot relative to the main axis of the distal
extremity of the lower limb

Fig. 3 shows three analyzed cases of the position of the limb
around the ankle joint. The foot abduction cases result from the
alignment of the mechanical axis of the shin. This axis is the
symmetry axis for the knee joint surfaces and passes through the
center of the ankle joint. Case a) reflects a situation in which the
person is sitting in the passenger seat with his knees together.
Such an arrangement of limbs is usually rare in the armored
vehicle while traveling over uneven terrain especially because
of the need to occupants respond to vertical inertial forces gener-
ated during the movement of the vehicle. As a result, the more
likely is the case b) or ¢) wherein knees are apart. We assumed
two positions, where the first (7 degrees deviation) is half the
mobility of the foot.

Fig. 4. Numerical model of upper ankle joint

Fig. 4 shows a model of the ankle joint which includes the
tibia. It consists of cortical 1 and cancellous 2 layers. The joint
surfaces 3 and 4 reflect the actual shape of the articular cartilage
derived based on the MRI image. The shape and characteristics
of the tibia were obtained based on the CT image. Talus (5) was
assumed as a homogenous structure.

TABLE 2
Material Properties of ankle joint elements
Material Mechanical Values Reference
Property
Bone — Young’s 1,00E+10 Shanti and Patil
homogenous Modulus Pa [33]
& Poisson Ratio 0,34
Young’s 1,00E+07 Shanti and Patil
Cartilage Modulus ’ Pa [33]
Poisson Ratio 0,4
Young’s
Trabecular 1,06E+09 Suk-Hun et al
Bone of Tibia Modulus Pa [34]
Poisson Ratio 0,225
. Young’s
Cortical Bone 2,14E+10 Suk-Hun et al
of Tibia Modulus Pa [34]
Poisson Ratio 0,3

At simulation studies the method of finite elements is usu-
ally used to determine both the deformability of tissues and stress
in the bone structures [28, 29]. Such approach requires the use
of complex discrete models of the human body and data about



material properties [30, 31]. The constitutive equations described
nonlinear relation between stress and deformation for biological
materials such as bones, ligaments, etc. provided to the strong
nonlinear solution. The results obtained from these models are
characterized much errors and limited in case of large deflection
[32]. In this paper the material properties are chosen as isotropic
for all elements. Table 2 shows adopted properties of biological
materials, which are included in the analyzed model. The irregu-
lar characteristics of bone was included by two phase of bone
strength: trabecular inside and cortical structure outside of Tibia.

3. Results

Analyzing the mechanism of fracture formation of the
medial malleolus of the tibia we should pay attention to the
distribution of stresses depending on the position of the shin
relative to the foot. Case I (Fig. 5), in which the mechanical
axis of the shin is approximately perpendicular to the ground,
the axial load on the limb causes significant stress concentration
on the medial malleolus. Due to forces tangential to the contact
surfaces on the joint surface , there are formed both compressive
and tensile stresses on the inner surface of the medial malleolus.
Such stress distribution is causing presence of large gradients in
different directions, which may increase the probability of injury.

Fig. 5. Stresses for the I-st case

In the I1Ird case the outward deviation of the shin through
the knee at 15 degrees, the stress analysis on the articular surface
of the tibia shows, that the stress concentration is different.

Fig. 6. Stresses for the I1I-rd case
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The geometry of the distal tibia head indicates that the
position of the limb should result in greater concentration of
loads exerted on the medial malleolus. On the basis of performed
calculations, it was found that the normal loads to the joint sur-
face transmitted through the articular cartilage cause stresses
distribution over a larger surface of the bone. Thus, the resulting
stresses in the structure of the cortical bone are much smaller.

Fig. 7. Distribution of stress concentration on the surface of the articular
cartilage for the case III

In the case of tangential forces transmitted to the upper
ankle joint, the cartilage contact with the bone results in larger
differences in stresses in the vicinity of the contact of the joint
surfaces. This gives increase to the danger of cracking. At the
same time, analyzing the stress distribution on the surface of the
cartilage it was found that at the amount of load force of 5 kN,
maximum stress levels occurring in the cartilage is approx.
360 MPa. It considerably exceeds the strength of the cartilage,
which is approx. 10-15 MPa.

Fig. 8. Distribution of stress concentration on the surface of the articular
cartilage for the case III

In the Illrd case of the arrangement of the limb, the area
of contact is slightly larger. Simultaneously, gained stresses of
55 MPa indicate a much less destructive acting of the load on
the structure of the cartilage.
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Fig. 9. The stresses along the axis of the articular surface of the tibia
for the load of 5 kN

Figures 9 and 10 are made based on the measured stress
along the main axis of the articular surface of the distal tibial
head. Figure 9 shows the course of stresses along the axi s of
the articular surface of the tibia to the load of 5 kN. The curve
a) shows the stresses for the case I of the feet alignment. As it is
apparent from the graph the maximum stress generated on the
surface of the bone was about 650 MPa. In case II, the maximum
stress was 400 MPa. The smallest load was obtained for case ITI,
in which the largest shift in the axis of the tibia relative to the
vertical axis was admitted. It can be argued that with increased
angle of the limb shift the stress peak moves to the center of the
articular surface of the tibia.

Stress [MPa]

Position

Fig. 10. The stresses along the axis of the articular surface of the tibia
for the load of 12 kN

In the case of larger loads (Fig. 10) the point of maximum
stress is shifted more to the center, which indicates higher de-
formation of cartilage caused by stresses tangent to the articular
surface.

4. Conclusions

In the paper authors attempt to reproduce the conditions of
formation of the medial malleolus fracture as a result of weight-
bearing axial impulse force. Numerical analysis was conducted to
estimate the load under the action of which a damage occurred,
and to determine the effect of limb alignment to rupture the tibia.
We analyzed two types of loads of ankle joint caused by forces
originating from the floor, and acting on the calcaneus bone.
Thus, it is assumed that the entire load is transferred to the ankle
joint. We also adopted the assumption that the foot pronation
occurs in the lower ankle joint and the upper joint is fully stable.

Based on gained results it can be concluded that in the
case of impulse loads, the contact of articular surfaces is more
punctual than superficial. The interaction between the articular
surfaces takes place in a small space, which demonstrates a high
stress concentration even at quite low loads.

The analysis of the stress distribution for three cases of limb
positions shows, that the probability of injury is greatest when the
leg is vertical to the ground. In other cases, the interaction forces
directed normally to the surface of the medial malleolus reduced
stress levels, there by proving that this limb arrangement is safer.
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