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Abstract: As a result of an explosion under a military vehicle, the risk of threat to life and health of the crew increases. Examination
of this event in terms of the security of soldiers comes down to a complex analysis of the mutual interaction of the body of a soldier, seating
and structural elements of the vehicle. As a result, shock wave impacts can cause tremor resulting from the construction of the vehicle
and acceleration of the passenger's body. This study attempts to analyze the impact of an explosion of an improvised explosive device
(IED) under the military vehicle with the risk of cervical spine injuries of soldiers. The analysis was carried out using numerical methods
in the LS-DYNA program and was carried out taking into account the variable displacement values and acceleration recorded during
the\ explosion. The study used a model of the body of a soldier in the form of a Hybrid Il 50th Male Dummy.
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1. INTRODUCTION

Analysis of data from the Military Institute of Medicine base
indicates a large percentage of cervical spine injuries occurring
in Polish soldiers serving in Afghanistan in the period from June
2010 to April 2014. In 91 incidents, 312 of soldiers were injured
(18 dead), of which 69 incidents were caused by an explosion
of improvised explosive devices (IEDs). In 44 explosions the
shock wave effected soldiers moving in the Rosomak type
wheeled Armored Personnel Carriers (APCs). More than one third
of all injuries resulted from bruises, twisted, fractures and struc-
tural injuries of the spine. Fig. 1 illustrates the incidence
of dysfunction at different levels of the spine.
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Fig. 1. The proportion of spinal dysfunction (Wojtkowski et al., 2014;
Brzozowski et al., 2014)

The largest number of injuries occur in segments of the cervi-
cal spine, lumbar and thoracic (Wojtkowski et al., 2014,
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Brzozowski et al., 2014). Military vehicles are exposed to the
impact of a strong shock wave created by the explosion of explo-
sive devices under the wheels, the hull or the side of the vehicle
as well as sudden changes resulting in uncontrolled movement
of unsecured items from inside the vehicle (Yang et al., 2013).
The authors of various studies indicate that the high amplitude
of shock waves caused by an explosion results in the effects
of local and global construction of the vehicle. In the initial shock
wave phase, acceleration increases until it contacts the bottom
of the body followed by a contact, wave reflection and retransfer
of the structure of the vehicle, wherein depending on the structure,
elastic and plastic deformation is formed. High amplitude and
short duration pulse impact acceleration cause the transfer
of heavy loads by foot and pelvis to other body parts of soldiers,
which takes about 50 milliseconds after detonation. The global
effect is related to the energy absorbed by the vehicle emitted by
the shock wave. Depending on the weight, the vehicle absorbs
some of the energy - between 10 and 20 ms, and the transporter
begins to float, reaching a maximum peak height between 100
and 300 ms. The impact of the explosion on the vehicle and the
crew is shown in Fig. 2. During this incident the soldiers are most-
ly at risk of injury (Stawiniski et al., 2013, Ramasamy et al., 2011,
Heider et al., 2010, Krzystata et al., 2011a). Fig. 3 shows a snap-
shot of the AMV Rosomak after IED explosion under the hull of
the vehicle (Slawinski’s own resources, Afghanistan, 2012).

Seat belts are standard equipment of the seats in the AMV
Rosomak, but the need for rapid entry and exit from the vehicle
during a mission often means that soldiers ignore this protection.
The aim of the study was to analyze the impact of the use of seat
belts to the risk of cervical spine injuries to the driver and passen-
gers of the military vehicle as a result of an explosion caused
by overrunning onto an explosive device.
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Fig. 2. The sequence of events during the detonation of an IED (Developed in accordance with HFM-090/TG-25, 2007, Krzystata et al., 2011b)

Fig. 3. AMV Rosomak after I[ED explosion (Slawinski's own resources,
Afghanistan, 2012)

2. METHOD

The study attempts to assess the risk of cervical spine injuries
of the driver and soldiers in the range of the AMV Rosomak ar-
mored amphibious assault vehicle caused by explosive mine
under the right front wheel. The study was based on a dynamic
numerical analysis in the LS-DYNA program using the explicit
integration method to solve fast changing time problems. In the
first step of research a simplified geometry of the AMV Rosomak
vehicle was prepared (Fig. 4) having the correct distribution
of seats, in the range of assault designed for soldiers-passengers
(P2, P3, P4, P5) and in the driver's compartment (P1). The geo-
metric model was digitized using four-node solid elements.
In order to take into account the weight of the vehicle, a concen-
trated mass of main components: turret - 2900 kg, drive unit 2200
kg and 8 of the wheels with a suspension of 270 kg per wheel was
used in the model (Operating Instructions, description and use
Rosomak 2005). The thickness of the painted steel sheet con-
struction increased from 7 to 11mm. In order to obtain realistic
weight of the AMV Rosomak of 22000kg, the density of the mate-
rial was increased. In the model, the mass centre occurs as zero-
dimensional single-node elements. Absorption conditions were
simulated to support the hull on a system of springs (three per
wheel) with non-linear and asymmetrical characteristics.

The input data related to the movement of the vehicle needed
to analyze body movements of soldiers in operating conditions
were chosen based on the guidelines given by Nilakantan (2009).
The output of the simulation obtained an explosion at the right
front wheel, registering records of displacement measurement
points in the time of 300 ms. Building on a set of data provided by
the Nilakantan et al (2009), forcing the vehicle was described
as an impulse floor speed - 10.7 m / s. The chart of the command
floor speed induced by the explosion of the load is shown in Fig. 5
(Nilakantan et al., 2009).
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Fig. 4. Model of the AMV Rosomak: a) the distribution of passengers-
soldiers in a three-dimensional coordinate system (x- the direction
of travel, y — perpendicular direction to the direction of travel,

z - vertical direction), b) digitized model
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Fig. 5. Expected speed of the vehicle floor under the impulse
of detonation (Nilakantan et al., 2009)
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Fig. 6. Model: a) Mannequin type Hybrid Ill 50th Male Dummy, b) head
and cervical spine indicating the measuring point, c) hip belt

In the second stage, the impact of detonating the load on the
body of a soldier driving a combat vehicle was examined (P1) and
two soldiers in the range of amphibious assault in extreme place-
ment: P3-seating closest to the place of explosion and P4-seating
situated furthest away from it. A variant of the fastened hip belt
and its omission were considered for each of the cases (Fig. 6¢).
In the study the mannequin type model of a soldier used was the
Hybrid 11l 50th Male Dummy (Fig. 6a).

During the analysis a change of acceleration and trajectory
displacement of the measurement point located on the neck por-
tion of the spine, at the height of the C1 circle with respect to the
mounting points of the seat (Fig. 6b) in the coordinate system
inside the vehicle at the time of 140ms was recorded.

3. RESULTS

Analysis of the impact of detonation on wheeled APCs under
the right front wheel showed significant displacement in the Z
vertical axis of 30cm and a small rotation on the sides (10cm)
for both measuring points positioned on the floor and on the wall
of the compartment of amphibious assault at an altitude of fas-
tening the seat, which is shown in Figs. 7 and 8.

The results of the effect of the load detonation on the dis-
placement of the soldiers' body are shown as characteristics
depending on the x, y, z displacement components in time
(Fig. 9). There are differences in the range of movements for each
of the directions in the coordinate system of the vehicle on the
graphs. In the case of the soldier driver (P1), the smallest move-
ment of the cervical spine ranging up to a maximum of 100 mm
was observed along the y-axis. This indicates that during the
explosion under the right wheel, less displacement of driver to the
side occurs. The largest absolute displacement value is present
inthe x and z direction. In driver (P1) with a fastened belt and
without belts, large displacement in the x direction can cause
whiplash injury and spinal compression injury. Attaching the belt
to the driver's seating during the event results in the displacement
values in the x direction not being characterized as linear, but
wavy, which indicates a limitation of neck movement with the head
and forcing their oscillatory motion.

260

seat displacement
0.4 T T T

displacement [m]

I I .
0.0 01 .15 [
time [s]

va

0.1 L
3

—X-gdisplacement
—Y-displacement
—Z-displacement

floor displacement

03 . TN

ol / \vr\/\/\/J

/ <. SN

0.2 I L | I L
0.65 D!‘I 0.15 0!2 0.&5 0.3

Iirn.e [s]

e

displacement [m]
=
T @ T

[
i

Fig. 7. Charts of displacement components of hull measuring point
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Fig. 8. Displacement of hull

In the P4 soldier (most distant from the place of explosion)
with and without fastened belts, the component of displacement
inthe x-axis achieves peak values. Soldiers P3 and P4 are
at higher risk of compression injuries associated with a shift in the
z direction. We observe the movement of both dummies in the x
direction as a consequence of the distribution of seats along the
walls of the amphibious assault compartment and the slowdown of
vehicle as a result of the explosion. As a result, it exposes the
cervical spine to lateral bending. In the variant with a fastened
seat belt, x displacement reaches a value of approximately four
times lower than displacement values when the belt is not fas-
tened. In this case, changing the position of the measuring point
on the neck of a soldier (P4) in the y direction has a value almost
twice higher than for the P3 soldier. It is worth noting that the
displacement in the case of the P4 soldier with a fastened seat
belt has a positive and negative value which also indicates the
possibility of flexion - hyperextension or flexion-rotational injury
taking into account the displacement in the x-axis.
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Fig. 9. Charts of displacement measuring points of driver dummies P1 passengers P4 and P5 with and without seat belt
in the co-ordinate system x-direction of travel, y-perpendicular direction to the direction of travel z-vertical direction
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Fig. 10. Charts of acceleration measuring point of P3 and P4 dummies, with and without a seat belt
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The analysis of accelerations recorded at the point of meas-
urement of the cervical spine for a P3 and P4 soldier (Fig. 10)
showed the greatest acceleration in the direction of the z-axis.
The greatest absolute accelaration values were reported in the P3
passenger without a seatbelt and it was almost 2 times higher
than in the same case for the P4 passenger. The acceleration was
recorded at 100 ms, which, as confirmed by the analysis of the
course of the shock wave is most likely to damage the anatomical
structures. It is worth noting that the P4 passenger is located
closest to the explosion site and receives the greatest accelera-
tion from the floor and the affixed place of their seating. Recogniz-
ing the mechanism and direction of movement enables the predic-
tion of possible traumatic changes in the neck column of soldiers
exposed to the shock wave.

4. DISCUSSIONS

Injuries of passengers of military vehicles are the result
of floor acceleration changes occurring as a result of pressure
from the blast. The mechanism of compressive strength of the
cervical spine is caused by exulting the soldier with the seat and
his head hitting the roof of the vehicle. In analysing the cases
of explosion in front part of the vehicle, it should be noted that the
driven vehicle crashing into an explosive charge comes to a halt
as a result and there is destabilization and displacement in the
vertical or upright-side which was also observed in the test case.
Doing so may prevent other traumatic mechanisms than only
compression. It is important to study both displacements caused
by the explosion and displacement transmitted through seats
on the individual segments of the bodies of soldiers (Ramasamy
etal., 2011). Three-dimensional analysis of the trajectory move-
ment of each of the soldiers enables the probable dysfunction
of the cervical spine caused by extortion as an |IED explosion to
be specified. The cervical spine is particularly susceptible to dam-
age when the corps of the body relative to the neck is subjected to
sudden acceleration or deceleration (Schmitt et al., 2010, Cronin,
2011). The results obtained in the course of research allow for the
classification of cases with soldiers in two groups. The first one is
a P1 soldier-driver, the other is a P3 and P4 amphibious assault
soldier. The basis of classification is to consider the neck and
head movement relative to the force derived from an IED explo-
sion. In both cases there is a displacement of all the soldiers
in the z-axis and x-axis, which is the direction of travel of the
vehicle. The difference is the location of the seat relative to the
direction of travel, wherein the P1 soldier is seated in the direction
of driving, and in the perpendicular direction, additionally sitting
opposite each other. The consequence of such an arrangement
of seating is the back movement of the P1 driver, causing the
forward bend and backward hyperextension in the sagittal plane
in the case of belts fastened to the sides and flexion in the frontal
plane for the P3 and P4 soldiers. For the the variant without belts,
which forces oscillatory motion in the direction of the x-axis,
displacement in accordance with only one vector - flexion of P1,
and lateral bending one side of P3 and P4, is observed. Cronin
(2014) describes the phases of whiplash injury in his work. Kine-
matic response of the cervical spine and head during this type
of damage is reduced to generating "S" shape in the neck in the
first phase, by withdrawing the lower vertebrae in the back (exten-
sion) and upper vertebrae with the head forward (flexion). Then
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there is movement of the head backwards and hyperextension as
a result of inertia of the entire spinal column (Cronin, 2014).
A similar trajectory can be observed in our case for the P1 soldier,
S0 an accession of ligament damage which can cause instability is
probability. The mechanism of whiplash injury may cause damage
to both the back (PLL - posterior longitudinal ligament) and front
(ALL - anterior longitudinal ligament) ligaments. Depending on the
vector of the applied load during accelerated and delayed injury, it
can include a hyper flexion mechanism (destruction of the LF
Flavum Ligament and the ISL Interspinous Ligament) or hyperex-
tension (destruction of the ALL anterior longitudinal ligament and
tear of the FC Facet Capsule) (Ivancic et al., 2004, Panjabi et al.,
2006). Leahny (2012) conducted an experimental and numerical
simulation studying the impact of whiplash injury to the ligaments
of the kinematics of the spine. The researcher found that dam-
aged ligaments do not limit movement and are primarily responsi-
ble for the increase of its range, thus reducing stability. At the
same time stating that after the simulation of whiplash injury, the
relaxed ligaments force the necessity of using the same degree
of clinical stabilization as in patients with completely torn struc-
tures (Leahy et al., 2012). Instability associated with dysfunction
of the ligaments can lead to dislocation of the spine column (col-
umn buckling or fracture), thereby causing pressure on the nerve
structures and vessels. As shown for each soldier, there is con-
siderable displacement in the vertical axis Z, which increases the
risk of the head hitting the roof of the vehicle. This results in a high
probability of compression injury. According to the experimental
studies of Denis (1983) compression fracture is located most often
in the middle of the front of the vertebral body; however, it often
comes up to the rear surface and the endplates, which may result
in fragments penetrating deep into the spinal cord (Denis, 1983).

The type of dysfunction occurring on the traumatology base
depends on where and how the tissue structures are load. Injuries
of the upper segments are directly related to the force applied
from the skull to the atlanto-occipital joint, and the lower segments
are caused by impact forces directly to the vertebral body and the
lever arm of force of several adjacent segments as in the case
of P1 soldiers (Cusick et al., 2002). Similar conclusions were
reached by Daffner (2006) and Robertson (2002) analyzing the
cases in medical databases. The researchers showed that the
fracture occurred at every level of the vertebrae, but the large
majority of cracks occur in the extreme segments (Daffner et al.,
2006, Robertson et al., 2002). The damage at these levels are
usually caused by trauma on the mechanism of compression and
flexion, causing comminuted fractures of the vertebral bodies
(DeWit et al., 2012). According to Pintar (1998) in order to evalu-
ate mechanisms of cervical injuries, the analysis of the rate
of increase in the force and value and direction plays a key role.
The researcher confirms that most of the damage of the cervical
spine and the spinal cord is due to fractures and dislocations
which are caused by the compression and flexion mechanism.
Experimental studies determined that there is a 50% probability
of damage at a load speed of 4.5 m / s and achieving a force
of 3.9kN (Pintar et al., 1998).

Experimental studies have shown that damage to the lower
segments of the cervical spine occurs when the operating accel-
eration is in the range of 17-25g (g=9.81m/s"2). In the case
of appreciable accelerations of 34-38g it was noted that the result-
ing dysfunctions are located at the upper vertebrae and at the
connection of the skull to the spine (Levine, 1994). Analysis of the
studies of absolute acceleration values for a P3 and P4 soldier
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is in the range corresponding to Levine (1994) and the possibility
of injuries in the lower segments of the cervical spine. The maxi-
mum acceleration values of 5.72 g were reported for a P3 soldier
located on the seat closest to the explosion in the case of a hip
belt not being fastened. In the case of a lap belt being fastened,
acceleration in the z-axis was almost 75% lower. For a P4 soldier,
the situation was opposite. In the variant of a fastened lap belt,
acceleration in the z-axis was 30% higher than in the case of the
hip belt being omitted. It should be noted that the explosion
caused displacement for this passenger in the Z-axis of 150mm
higher than in variant despite a fastened seat belt.

Fig. 11. The strain distribution in the intervertebral discs and spine
column: a) P4 without belts, b) P4 with belts, ¢) P3 without belts,
d) P3 with belts

Strain distribution as shown in Fig. 11 was analyzed for P3
and P4 soldiers. According to their placement, the biggest chang-
es on the destructive ground occurred in the lower segments
of the cervical spine, which were confirmed by the results ob-
tained in the research of Levine (1994) (Levine, 1994). This was
particularly noticeable in the structure of the C5C6 and C6C7
intervertebral disc. Bambach (2013) also conducted research
on the impact of a passenger's head hitting the roof of the vehicle
during a collision and the possibility of cervical spine injuries. The

acta mechanica et automatica, vol.10 no.4 (2016)

results obtained by the researcher are similar to results obtained
in the study. Bambach (2013) states that most of the damage
occurs at the level of C5-C7, and the mechanism of damage
is compression with the head extension or lateral bending.
As a result of these mechanisms, Bambach informs that fracture
of the lamina vertebral, intervertebral joint dysfunction, anterior
longitudinal ligament (ALL) and posterial longitudinal ligament
dysfunction (PLL) most often occurs (Bambach et al., 2013).

Hryciow (2013) has sought to assess the level of dynamic
loads acting on an armored personnel carrier and its crew during
frontal collisions at low speeds. The study provides that there is a
substantial threat to soldiers, resulting from the high level of load
inertia during impact and deceleration of the vehicle in the way. As
a result of experimental collision studies using dummies of the
Hybrid 1l 50th Male dummy localized between the amphibious
assault and the driver (all fastened in with a lap safety belt) the
researcher analyzes the trajectory movement of soldiers. In the
case of the driver, the maximum flexion of the cervical spine after
120 ms from the moment of impact is observed.

Due to the use of the safety belt, movement of the whole body
is limited. After 340 ms from the moment of impact, the head
is tilted up to the rear and the trunk is halted on the seat, which
is characteristic in case of frontal collisions. Different behavior
is observed for a dummy in range of amphibious assault. Approx-
imately 220 ms after collision, maximum displacement of the
dummy occurs. The trunk and head are first bent to the right, with
the simultaneous forward inclination and slight rotation of the
vertical axis. Hryciow notes the displacement acting on the neck
of the dummies during the 5 trials, which are in the range 2.44-
5.97g are similar to results obtained by us for P3 and P4 soldiers
(Hryciow et al., 2013).

It is worth noting that the highest probability of compression
injury occurred in the P3 soldier without belts with whom we rec-
orded the biggest acceleration in the x-axis of up to a value
of nearly 90g. This fact can be explained by the smallest distance
of the seat in relation to the explosion site.

Vertebral fractures are combined with application of variable
force and hence Yogananda and Stemper (2013) drew attention
to the issue of the vertical load of cervical spine in relation to
combat injuries. The basis of their study was to measure the force
acting on the vertical axis of the cervical spine during the com-
pression and swinging impact, and effect of dynamic loads on the
spine intact. Injuries differ from each other, during the action of the
mechanism of pure compression, vertebral compression occurs
and flexion mechanism causes distraction of the rear parts of the
spine and injuries of joints, in reaction to stress in the upper part
of the cervical spine injuries occur and fracture of endplates sepa-
rating adjacent intervertebral discs. Yogananda and Stemper
(2013) put forward the thesis that other biomechanical reaction
results are to be obtained by applying axial compressive force to
formulations, but by using a higher loading speed (Yoganandan
etal., 2013).

Knowledge about the mechanisms of damage and of the cer-
vical spinal column resulting from the instability in combat is es-
sential in clinical practice. Anticipation and correct diagnosis
of dysfunction and their classification as stability or instability
is extremely important both in the prognosis and during first con-
servative treatment or surgical field hospitals.
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5.

CONCLUSION

Irrespective of the seating of the soldier, in connection with

displacement in the vertical axis, there is a high probability
of hitting his head on the roof of the vehicle thereby a compres-
sional injury to the cervical spine occurs. The effect of fastening
belts is undoubtedly significant, since they protect the soldier
before moving under the influence of mass forces and the head
hitting hull fittings. The use of safety belts affect the trajectory
of head movement in relation to the body, giving rise to displace-
ment of the neck in the sagittal and lateral plane.

10.

11.
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