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Study on Cervical Spine Injuries in Vehicle Side Impact
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Abstract: This paper presents the development and study of a three-dimensional multi-body model of the 50th percentile
male human and discretized neck for the study of cervical spine injuries in vehicle side impact. The neck is composed of
cervical spine vertebrae, intervertebral discs, ligaments, and muscles. Following motor crash evaluations, an impactor
with a deformable front end representing the front of a car was propelled straight ahead into the sides of the vehicles being
assessed. A EuroSID-2 adult male dummy was seated on a sled, restrained using safety belt, and lateral velocity measured
from side impact was applied to simulate cervical spine injuries. The results show that the methods used in this paper have
the potential to provide a costeffective and versatile platform to examine local loadings on the cervical spine and soft
tissues, including the kinetics and the kinematics of the cervical spine and its components, as well as the mechanical
response of the intervertebral discs under other complex dynamic loading environment.
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INTRODUCTION

Side impact, commonly known as T-bone collisions, is
where the side of one vehicle is hit by the front or rear of
another vehicle or a fixed object. An occupant on the struck
side of a vehicle may sustain far more severe injuries than an
otherwise similar front or rear collision crash. Serious
cervical spine injury will result in a huge economic burden
of medical and insurance costs and loss of work force. If
misdiagnosed or untreated, soft tissue injuries in cervical
spine may lead to clinical instability and chronic pain.

Neck sprains and strains are the most frequently reported
injuries in US insurance claims. In 2007, an estimated 66
percent of all insurance claimants under bodily injury
liability coverage and 57 percent under personal injury
protection coverage — two important insurance injury
coverages — reported minor neck injuries. For 43 and 34
percent of bodily injury liability and personal injury
protection claimants, respectively, neck sprains or strains
were the most serious injuries reported. The cost of the
claims in which neck pain was the most serious injury was
about $8.8 billion, representing approximately 25 percent of
the total dollars paid for all crash injuries combined.

What happens to the soft tissue in an accident? The
answer to that is even in a slow speed collision, the forces
applied to bones, muscles, and joints of the body are clearly
capable of inflicting significant injury. Almost all joints are
pulled and twisted. Why? Because the body of the occupant
is first accelerated in his seat due to the side impact, the head
remains static. This inflicts tremendous force on the neck.
Then, just as the neck is stretched to (or even beyond) its
normal limits, the head starts its lateral motion, the neck
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snaps back. When this takes place the head has accelerated
up to five times the G-force of the impact — and then back.
Muscles and ligaments can be stretched beyond their
breaking strength. Discs can be damaged. Nerve roots or the
spinal cord can be injured permanently [1].

Therefore, the cervical spine receives utmost attention in
bioengineering discipline, not only to investigate the head-
and-neck to determine the biomechanical limits of its
components for a better evaluation of the injury risk, but also
to have an insight for the common injuries it is subjected to
[2-7].

Injury mechanisms of the cervical spine soft tissues
during motor vehicle collisions remain elusive [3-5]. There
are few biomechanical studies documenting injuries to the
cervical spine ligaments due to flexion-type loading, the
most likely injury mechanism during frontal impact [4].
Typically two methods, Multibody Dynamics (MBD) [6-13]
and Finite Element Methods (FEM) [14-22] are being using
widely to study human spine and soft tissues mechanisms in
order to have a better understanding of its kinetics, kinema-
tics, and clinical aspects.

Some literatures investigated chest, pelvis and neck inju-
ries, mechanisms, tolerances, and comparison with impact
dummies using postmortem human subjects (PMHS) [23-
26]. Some literatures studied cervical spine injuries based on
different anthropometric measurements on human volunteer
test series [27, 28]. As is well known, it is impossible to
carry out experiments on living volunteers to such a degree
that injuries are produced. Therefore there has been great
emphasis on computational simulation [29-39]. FE models
need a great deal of computational power, but can provide
detailed information about tissue deformations and injury
prediction. Multi-body models can also include many
anatomical details while being computationally efficient.
This makes them suitable for parameter variation and
optimization analyses [3-7].
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Therefore, in this study we performed simulation to cer-
vical spine injuries in motor vehicle collisions, with risk
analysis when they are involved in side impact collisions.
The side impact test is carried out by firing a deformable cart
at 53km/h into the driver's side of a stationary car as shown
in Fig. (1). Under these circumstances, the most frequently
seriously injured part of the body is the driver's head, which
can obtain substantial safety from the introduction of side
impact airbags. So in this paper, the cervical spine injuries
are our main concern. The impact problem of adult male
dummy in driver seat was analyzed.

Fig. (1). Motor vehicle side crash sketch.

CERVICAL SPINE ANATOMY

The cervical spine consists of the first seven vertebrae
running from the base of the skull to the chest. Sandwiched
in between each of these vertebrae is a disc that is made of a
gel-like material (the nucleus pulposus) enclosed within a
more rigid covering, the annulus fibrosis. These discs act to
cushion the vertebrae and absorb shock. The cervical spine
anatomy is shown in Fig. (2).

Fig. (2). Cervical spine anatomy.
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The cervical spine has a backward "C" shape (lordotic
curve) and is much more mobile than either of the thoracic or
lumbar regions of the spine. Unlike the other regions of the
spine, the cervical spine has special openings in each
vertebrae for the arteries that carry blood to the brain.

C1-C7 (Cervical Vertebrae)

Cl1 through C7 are the symbols for the cervical (neck)
vertebrae, the upper 7 vertebrae in the spinal column (the
vertebral column). C1 is called the atlas. It supports the head
and is named for the Greek god Atlas who was condemned
to support the earth and its heavens on his shoulders.
(Because the god Atlas often adorned maps, a compilation of
maps came to be known as an atlas). C2 is called the axis
because the atlas rotates about the odontoid process of C2.
The joint between the atlas and axis is a pivot that allows the
head to turn. C1 and C2 have special bony structures for
supporting the movement of the skull.

Cervical vertebrae 3-7 are more typical. Although the
general structures of the cervical spine are similar to the
bony structures of the lower spine, there are key differences.
The typical cervical vertebrae (C3-C7) are smaller than the
vertebrae in the thoracic or lumbar areas. The disc material
between the bones is about half as thick. Also, the cervical
vertebrae have more of a rectangular shape in the body of the
bone. There are two lips on the superior surface of the body
of the cervical vertebrae. These lips interlock with the
vertebrae above it. The cervical vertebrae are designed to
allow more range of motion than the thoracic or lumbar
areas, but also provide good stability in the neck region. The
spinous processes project posteriorly, the longest of which is
C7. C7 is sometimes called the prominent vertebra because
of the length of its spinous process (the projection off the
back of the vertebral body). Side collision survivors who
experience chronic pain often sustain injuries that are
undetectable radiographically.

A strain refers to an injury to a muscle, occurring when a
muscle-tendon unit is stretched or overloaded. Cervical
muscles that are commonly strained include the sternocleido-
mastoid (SCM), the trapezius, the rhomboids, the erector
spinae, the scalenes, and the levator scapulae.

A sprain refers to a ligamentous injury, and the diagnosis
of cervical sprain implies that the ligamentous and capsular
structures connecting the cervical facet joints and vertebrae
have been damaged. Practically, a cervical sprain may be
difficult to differentiate from a strain, and the two injuries
often occur simultaneously. Pain referred to the muscle can
arise from any source that is modulated by the dorsal rami.

The cervical spine or the neck is usually subjected to
several forms of injuries that are not seen in the thoracolum-
bar spine. Injuries to the upper cervical spine, particularly at
the atlanto-occipital joint, are considered to be more serious
and life-threatening than those at the lower level. The
atlanto-occipital joint can be dislocated either by an axial
torsional load or a shear force applied in the anteroposterior
direction, or vice versa. A large compression force can cause
the arches of C1 to fracture, breaking it up into two or four
sections. The odontoid process of C2 is also a vulnerable
area. Extreme flexion of the neck is a common cause of
odontoid fractures, and a large percentage of these injuries
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are related to motor vehicle collisions. Some survivors will
suffer acute strains and sprains of the musculature of the
neck, as well as soft-tissue contusions.

SIDE IMPACT SIMULATION

Since 1997 the federal New Car Assessment Program,
which compares crashworthiness among new passenger
vehicles, has included side impacts. In these tests, an
impactor with a deformable front end representing the front
of a car is used to strike the sides of the vehicles being
assessed. This moving deformable barrier was developed in
the early 1980s, when cars represented most of the vehicles
on the road. The height of the barrier's front end is below the
heads of the dummies that measure injury risks in the side-
struck vehicles. Injuries commonly associated with this type
of impact include head trauma, maxillofacial injury, spine
fracture, thoracic injury, aortic transection, solid organ
injury, hollow viscus perforation, and fractures of the femur,
knee, and acetabulum.

When a passenger car is hit on the side by another vehi-
cle, the crumple zones of the striking vehicle (the simulation
reproduces the situation with a deformable cart attached of
aluminum honey comb, the impact absorption material, to all
impact areas) will absorb some of the kinetic energy of the
collision. The passenger compartment which is inherently
rigid and resistant to large deformation is designed to protect
the occupants. The car begins accelerating as soon as the
crumple zone of the striking vehicle starts crumpling,
extending the acceleration over a few extra tenths of a
second.

In this paper, a side impact model was built with Finite
Element Methods, i.e. explicit, 3-D, dynamic FE computer
codes were used to simulate side impact. The lateral velocity
of the vehicle side panel can be measured through the side
impact simulation and will be used as the initial condition of
the analysis on the cervical spine injuries. Fig. (3) is the 90-
degree side impact test simulation under FMVSS 214
requirements. The vehicle was hit by an impactor with a
deformable front end representing the front of a car propelled

Fig. (3). Side impact simulation.

at a speed of 53 kilometers per hour (km/h). From the figure,
less deformation can be seen on the motor side panel because
of the inherently rigid passenger compartment comparing to
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the deformation of the impactor. Because of the buffer
function of the aluminum honey comb of the moving
deformable barrier, the impact on the test vehicle was
decreased. Fig. (4) is the lateral velocity of left door
measured in the side impact simulation, and will be used in
the neck injuries simulation.
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Fig. (4). Left door's lateral velocity.

In this paper, the body of the occupant is first accelerated
in his seat due to the side impact, the head remains static.
This inflicts tremendous force on the neck. Then, just as the
neck is stretched to (or even beyond) its normal limits, the
head starts its lateral motion, the neck snaps back.

DRIVER MODEL CONSTRUCTION

The aim of our study was to evaluate the muscle cervical
spine load of human in motor vehicle collisions, for this
purpose, A EuroSID-2 adult male dummy seated on a sled,
restrained using safety belt, was built for a vehicle collision
simulation.

The LifeMOD™ Biomechanics Modeler, from Bio-
mechanics Research Group, Inc. is a plug-in module to the
ADAMS physics engine. It allows for full functionality of
ADAMS/View during the creation of human models. Since
human models are built entirely within ADAMS/View, the
human models may be combined with any type of physical
environment or system for full dynamic interaction. The
dummy of EuroSID-2 in this paper was designed based on
biomechanics modeler commercially software.

The simulation dummy allows designers and engineers to
test and evaluate product performance and characteristics
while interacting with the validated 'virtual' model of a
human body. Thousands of design iterations can be assessed
for user comfort, safety, and fatigue - without expensive
physical prototypes or crash-test dummies.

An anthropometric database is used to build the model
body segments configurations; this database will relate the
data of age, height, weight and sex (user defined) with the
size of the several ellipsoids that bring together model parts.
The values of joints stiffness and damping of the simulation
dummy were set according to the parameters of EuroSID-2
dummy developed in Europe. The driver model was built
with the following main parameters.
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» Age- 288 months
* Sex-Male

* Height- 178 cm

* Weight- 72 kg

All joints (Scapular, Shoulder, Elbow and Wrist) are
passive joints with nominal stiffness. Fig. (5) is the driver
model built with EuroSID-2 dummy parameters, seated on a

sled and restrained using safety belt.

Safety Belt
Floor Panel

Fig. (5). Driver model construction.

In this paper, the single base segment of the neck is
discretized into C1-C7 vertebrae elements. In addition to the
individual parts, bushing forces representing disk compres-
sion and shear forces are automatically generated between
the segments. Fig. (6) is the discretized neck. The model is
stabilized with a set of ligament forces for the interspinous,
flaval, anterior longitudinal and capsule, as shown in Fig.

(6).

Muscle force sets representing the trapezius, semispinalis
capitis, semispinalis cervicis, longus colli and the sternoclei-
domastoid are created on the model. The Hill-Formulation
muscle model is used to model the muscle dynamics. Tissue
sliding elements are created for each muscle to permit the
interaction between the tissue and bone.

The Hill muscle formulas combine the A(t) curve and the
physiological characteristics of the Hill-based muscles,
which operate on the traditional combination of active con-
tractile elements (CE) and parallel passive elements (PE)
with force-length and force-velocity contraints.

F=(Fy+F) T (1

Equation 1 shows the formula used to place the strength-
conditioning limits on Hill muscles where FCE can be found
using the formula shown in Equation 2.

Fop =AW F,,, -, (7)) F (L) @
Where:
A(t) = activation state (normalized between 0 and 1)

Fmax = product of the physiological cross sectional area and
maximum isometric muscle stress (cmax)
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FH = the normalized active force-velocity relation (Hill-
curve)
FL = the normalized active force-length relation
Vr = dimensionless lengthening velocity
Lr = dimensionless muscle length

T = muscle force output filter value between 0 and 2

Fig. (6). Discretized neck.

A translational joint is used between the side panel and
ground to provide a translational acceleration profile to the
model representing a side impact. And the translational joint
is driven with a translational joint motion using a velocity
spline created from two dimensions velocity data according
to Fig. (4). So the side panel can move as being hit by the
moving deformable barrier.

NECK INJURES SIMULATION

Following motor crash evaluations, a EuroSID-2 adult
male dummy were seated on a sled, restrained using belts,
and lateral velocity was applied.

The cervical spine muscle force provided postural stabi-
lity to maintain the neutral posture and passive resistance to
intervertebral motion following the side impact, thus app-
roximating the response of an unwarned occupant. Although
a driver may be able to foresee the side impact, he may not
respond quickly enough to develop sufficient neck muscle
force in time to alter the intervertebral kinematics during the
impact [4]. Therefore, there was no active force to exert on
the joints of C1-C7 vertebrae elements.

Fig. (7) is the dummy body movement after side impact.
As we can see from the figures, due to the huge impact
energy, the neck sprains and strains are inevitable.

RESULTS ANALYSIS

The human cervical spinal column is a three dimensional
structure, and the ligaments responsible for maintaining fun-
ctional interrelationships among the various spinal compo-
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Fig. (7). Dummy body movement after side impact.

nents are complex in geometry and material property. Fig.
(8) to Fig. (11) provide an overview of disk bending loads,
extension muscle loads, interspinous ligament loads disk
shear strain at head-cl, c1-c2, c2-¢3, ¢3-c4, c4-c5, ¢5-c5, c6-
c7 and c7-t1.

Compressive forces are transferred through the interver-
tebral disc, the vertebral body, and the facet joints. The inter-
vertebral disc is a viscoelastic material and its mechanical
properties are dependent on the rate of loading. At low load
rates the disc deforms and is more flexible, but at higher
rates the disk becomes stiff [40].
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Fig. (8). Disk bending loads.

The results show that bending torque in the discs
increases with flexion of the vertebrae and reaches a
maximum at all levels at around 48 ms in conjunction with
maximum neck rotation. A peak in anterior shear of the discs
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at all levels can be seen at around 30 ms. During the whole
side impact, the load of the tl-c7 interspinous ligament is
predominant, as well as the shear strain force of the tl-c7
disc. Therefore, for a neck injured patient, the tl-c7 of the
cervical spine is the important inspection area because it is
the most likely to be sprained and strained.
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Fig. (9). Interspinous ligament loads.
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Fig. (10). Disk shear strain for the lateral impact.

c7 and tl injuries can be classified as either complete or
incomplete injuries. Complete injuries result in the total loss
of movement and sensation below the point of injury, while
incomplete injuries indicate that some function below the
level of injury is retained.

Forces and moments causing disc injury increase
progressively down the vertebral column. Hiroshi Yamada,
Anthony Sances Jr. et al and Bradford Burton et al (and
others) found that cervical discs fail at mean loads and
moments about 1/5 to 1/3 of lumbar disc values [41]. Since
injury thresholds are reduced by up to 1/3 for degenerated
discs, the values the 1/5 proportion most likely reflects some
degree of disc degeneration.

At more a severe load rate found in higher velocity
collisions (44 J of energy) disc failure occurred at a mean
bending moment of 185 Nm, and min of 149 Nm.
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Fig. (11). Extension muscle loads for the lateral impact.

Using the higher 1/3 proportional value, the mean
bending moment injury threshold for the cervical region for
a somewhat higher speed collision is about 61 Nm, and the
corresponding minimal threshold value is about 50 Nm.
(Mean and min at 1/5 proportion is 37 Nm and 30 Nm).

The disk bending loads maximum at head-cl and c2-c3
are about 27 Nm and 28 Nm respectively, which are close to
the minimal injury threshold value, which means this
driver’s cervical spine was injured to a certain extent.

The greatest interspinous ligament load tended to occur
at 53 ms, with the largest interspinous ligament load
observed at c3-c4. Excessive interspinous ligament load may
lead to neck sprains and strains.

CONCLUSIONS

The purpose of this study was to preliminarily evaluate
the utility of the multibody approach in cervical spine inju-
ries analysis.

Numerous epidemiologic studies have been completed in
the hopes of identifying the cervical spine injury risk pat-
terns that are associated with motor vehicle collisions. Some
cervical spine injury may result in a huge economic burden
of medical and insurance costs and loss of work force. The
mainstay of prevention and treatment of cervical spine
injuries is to diagnose exactly in time and maintain good
strength and flexibility through conditioning.

This study shows that the methods used in this paper
have the potential to provide a costeffective and versatile
platform to examine local loadings on the cervical spine and
soft tissues, including the kinetics and the kinematics of the
cervical spine and its components and the mechanical
response of the intervertebral discs under complex dynamic
loading environment.
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