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Biomechanical analysis of whiplash injuries;
women are not scaled down men
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ABSTRACT

Whiplash is the most common soft tissue injury sustained in car accidents. The term
is commonly associated with hyperextension of the neck as the head rotates
backwards in rear end collisions but the exact injury mechanism is not fully
understood because the neck is an anatomically and mechanically complex structure.
Experimental studies of the mechanism of injury are limited by several ethical and
practical factors, so biomechanical computational simulation, based upon
experimental research and mathematical modelling, appears to be the most
appropriate method of investigation.

During the last decade, significant progress has been made in improving car
occupant safety through the use of safety devices, such as airbags and advanced
seat belts, as well as the construction of the car body itself. Much still needs to be
done, especially for female occupants, because statistically they incur twice the risk
of whiplash injury as male car occupants. No simple explanation has so far been
found for this difference. It is thought that the anatomic dissimilarity of the sexes is
the principal reason, but there are undoubtedly a number of secondary, sociological
reasons: women tend to drive smaller cars than men and are more likely to be
passengers. The lack of a full explanation arises from the fact that, although there
have been several FE-models of the male cervical spine reported, female models are
rarely documented.

This paper addresses the problem by developing a biomechanical FEM model of the
50" and the 5™ percentile female cervical spines, based on the earlier published male
model created at the Nottingham Trent University, which relies on grafting a detailed
biomechanical model of the neck and head onto a standard HYBRID IlI dummy
model. All numerical analyses have been undertaken using LS-DYNA. Special
attention was paid to the behaviour of the scaled down male model in comparison
with the model, which included female characteristic features. FEM models of males
and females in a representative seat were therefore subjected to 9.5 km/h rear-end
simulated collisions and were compared against reported experimental tests. The
detailed behaviour varied significantly with gender. The female models revealed
greater and earlier peak horizontal acceleration of the head and smaller peak relative
extension than the male models. It was concluded that the presented FE models were
reasonably in accordance with available crash data on instrumented volunteers in
terms of head motion.

C-1-57



Occupant Il / Pedestrian Safety 4" European LS-DYNA Users Conference

The results confirmed that females couldn’t be modelled as scaled-down males, thus
underlining a need for separate male and female biomechanical models. Further
investigation is required to quantify the gender differences, and then
recommendations can be made for changes to the design of car seats and head
restraints in order to reduce the risk of soft tissue injury to women. The findings of
this study suggest that a revision of car test programmes and regulations, which are
currently based on the average male, would be beneficial to women.

INTRODUCTION

1. WHIPLASH INJURY MECHANISM

Whiplash-associated soft tissue neck injuries are one of the most common injuries
reported from automotive rear-end impacts. Although classified as minor (AIS=1),
their high incidence rate and long-term consequence lead to significant social cost
[1]. The annual cost in the UK is estimated at £2.5 billion [2]. Symptoms include neck
pain, stiffness, headaches, dizziness, blurred vision and numbness and may be
associated with damage to the cervical muscles, ligaments, facet joints, nerve roots,
vertebral arteries, or brain stem. However, despite numerous studies on human
volunteers, cadavers, and animals, there is no consensus about specific mechanisms
responsible for the majority of neck injuries to car occupants in rear-end impacts,
although several have been proposed. A list of injury types and mechanisms relevant
to rear impact are presented in Table 1

Mechanism Theory Injury Parameters Female response compared
to male during volunteers test
Cervical Head inertia Central Head rearward Higher and earlier peak head
hyperextension | causes cervical nervous rotation, head acceleration [4][5]
[3] extension as system angular acceleration
torso is pushed injury, relative to torso,
forward by intervertebr neck rearward
seat back, al disc bending moment
resulting in herniation,
excessive rupture of
stress on neck | ligaments
Cervical flexion | Rebound of the | Posterior Head linear More rebound motions, larger
during rebound | occupant out of tissue acceleration and maximum thorax flexion [5]
motions the seat results | stresses, velocity relative to
[61[7] in neck flexion. anterior torso during rebound
compresse
d
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Shear Torso pushed | Ligaments, Head rearward 20% smaller head retraction
(retraction), forward by facet joint | displacement relative | relative to C7-T1 [11], higher
Shear- seatback but capsule to torso, torso linear horizontal acceleration
compression head stays acceleration relative relative to earth [4,5]
[8][9][10] motionless due to head.
to inertia
resulting in
rearward
translation of
head relative to
torso, causing
shear stress on
cervical spine
structures.
Additional axial
compression
due to ramping
up reduces
shear stiffness
of neck.
Localized Formation of Facet joint Neck axial forces, Higher T1 horizontal
Cervical S-curvature injury, ALL neck bending acceleration relative to earth
Compression causes ligament, moments, head acc [4,5]
and Tension compression in | intervertebr | in z-direction, torso
[111[12] [13] posterior al disc linear acc., C5 to C6
elements of rotation.
lower neck,
tensile forces
in facets and
contraction of
tissue of upper
neck.
Spinal canal Growing Dorsal Head linear Higher and earlier peak
pressure pressure root, acceleration and | head acceleration relative
gradients [14] gradient in ganglia | velocity relative to to earth [4]
spinal canal upper torso
during
reward
translation of
head relative
to torso
Muscle strain Para cervical Muscle Head linear Higher and earlier peak
[15] muscle injury due | acceleration relative head acceleration relative to
contraction to to torso, during earth [4]
after impact | lengthening acceleration and
may resultin | contraction rebound motion,

cervical
excessive
strain

angular acceleration,
neck shear forces

Table 1 Whiplash mechanism
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The typical load scenario in a rear-end collision can be is as follows:

1. The vehicle accelerates forward when struck

2. The torso is pushed forward by the seat

3. The spine starts straightening and the neck/torso joint rises

4. The head lags behind the torso due to its inertia

5. The upper cervical spine undergoes flexion while the lower part undergoes
extension, promoting an S-shape

6. The rise of first thoracic vertebra, in (2) above, leads to a “ramping

phenomenon ” which causes cervical compression

7. The head rotates backward, producing a C-shape with extension of the entire
cervical spine. Presence of a head restraint reduces the C-shape

8. The occupant rebounds out of the seat, leading to flexion of the cervical
spine.

2. RISK OF INJURY DURING LOW SPEED REAR-END
ACCIDENTS

Study of crash and insurance data shows a 1.5-2 times higher risk of neck soft tissue
injury for female occupants than for men, not only in rear-end impacts but also front
or lateral impacts [16]. Females more often suffer distortion and soft tissue bleeding
(joint capsules, ligaments, muscles)[17] and sustain more often (+44%) long-term
consequence [18][19]. The reasons for this are not clear to date. Some attempts
have been made to attribute the gender difference in injury risk to anatomical,
physiological, behavioural, and sociological parameters.

2.1SOCIOLOGICAL FACTORS

Women tend to driver smaller, lighter cars than men and this situation is
disadvantageous since the car mass is a key factor that determines injury outcome.
However, Koch et al [20] reported that the relative risk of injury in smaller struck cars
was still higher for females than males, even when the female was the driver. Otte et
al [21] also suggested difference in sex-specific accident framework conditions and
confirmed that women suffer neck injury in small cars more frequently then men. In
the UK, where medium cars are driven most frequently by both sexes, 42% of female
driver collisions are in small cars compared to 23% for males [22]. Furthermore men
have lower disability levels than women despite having on average less optimal head
restraint positions [23]. It was suggested that females tend to sit farther forward in
their seats than males so their heads move farther before the headrest is reached
[24]. Seating position also can affect spinal kinematics and increase the risk of injury.
Matsumoto et al [25] showed that the percentage of kyphosis position is much higher
for females than males. Spine misalignment as a reason for soft tissue injury for
women was pointed out by Ono et al [11], who showed that rotational angles of
cervical vertebrae were larger at kyphosis for females, producing higher probability of
injury.
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2.2 Psychological factor

A completely different hypothesis was suggested by Spitzer et al [26] on the basis of
clinical experience; women are likelier report pain and disability cased by the injury.
However, no data has been presented by insurance companies to confirm this.

2.3PHYSIOLOGICAL AND ANATOMICAL FACTORS

Physiological and anatomical differences imply that the biomechanical tolerance of
the female neck is lower than males and may explain differences in neck injury
frequency.

Weight and height

Temming et al [27] indicated that the risk of whiplash injury for both females and
males increases with body height but females have higher risk of injury. Also injury
risk is higher for females in each weight group [28], disproving the hypothesis of Kraft
et al [29] that women are more vulnerable to soft neck injuries because they are
generally lighter.

Vertebrae

Significant gender differences were noted for depths of the superior and inferior
endplates of the cervical vertebrae, with those for males being larger [30,31].
Detailed studies on the C5 (fifth cervical vertebra) showed significant differences in
bone mineral density by gender with females demonstrating a 13% decrease in area—
density product, giving a greater risk of compressive injury, particularly facet joint
injury [32]. Injuries of this type are certainly more common in the female lumbar
spine.

Muscle

Differences in neck musculature between men and women are suggested as an
important factor in neck injuries [33]. Cervical muscles can be sources of pain and
influence neck motion, both passively and actively. Statistically females have smaller
neck circumferences, suggesting this may be the actual risk area. Furthermore, most
muscles in women have lower cross section than those in the men [34]. States [3]
attributed the differences in injury risk to the ratio of head volume to cross sectional
area of necks. For 50th percentile males the ratio is 1:135 and for the comparable
female it is 1:151, indicating females have narrower necks relative to head size. Male
neck muscles are also stronger than female cervical muscles; the female strengths
were 30 - 40% lower than their male counterparts [35] or according to others 20-25%
lower [36]. According to Vasavada [37] males have 2-2.5 times greater moment-
generating muscle capacities and only 1.1-1.3 greater mass and head inertia relative
to women, suggesting female muscles work closer to maximum capacity. Muscle
activation occurs 5% -15% earlier [38] [39] for females than males, which may be
another source of higher risk for females. As females tend to have smaller and
weaker supporting muscles in the cervical spine and also less body weight to
collapse back support it can make them more vulnerable to neck injury [40].
Ligaments

Surprisingly, there are no comprehensive data describing differences between female
and male ligaments in terms of geometry (cross area, length) and material properties
(Young’s modulus, load/deformation); this is a major shortcoming for any
biomechanical analysis.
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MODEL

Only a few attempts have been made to examine the biomechanical response of
female cervical spines during car accidents. There is no 50th percentile female ATD
(Anthropomorphic Test Dummy) or FEM dummy model in common use. The
population of female drivers and occupants is represented by the 50th percentile
male dummy in conjunction with 5th percentile female dummy, even though it was
shown by Welsh [41] that 90% of female drivers in the UK are lighter and shorter than
the 50th percentile male dummy. Table 2 indicates how poorly women are
represented when designing safety systems.

Mass [kg] Stature [cm] Head Mass [kg]
[42] [42] [43]

5th percentile Female 45 151.44 2.93

50™ percentile Female 66.7 162.00 3.64

50th percentile Male 79.75 175.51 4.44

5™ percentile female ATD 50 152 3,7

5™ percentile male ATD 71,2 165 ?

50™ percentile male ATD 77 178 4,54

Table 2 Basic measurements

Because the cervical spine is a complex biomechanical system, the finite-element
method seems well suited for parametric analytical study. FEM offers the advantage
that it can handle complex geometric configurations and material, contact and
geometric nonlinearities. LSTC offers Hybrid 11l 5th, 50th and 95th dummy models.
The 5th and 95th percentile dummy models are scaled versions of the 50th
percentile dummy model. There is also a 5th percentile female dummy model
available from FTSS (First Technology Safety Systems). This study deals with the
relative head and neck motion in whiplash, focusing on differences between female
and male models and aiming to explain the higher incidence of injury among
women. The biomechanical responses from a 50th percentile male dummy and a
simple scaled-down 50th percentile male dummy were compared against 50th and
5th percentile female models. The principal comparison is between a 50th percentile
female model and a 93%scaled-down male.

The basic 50th percentile male neck model was created by the Biomechanics Group
at Nottingham Trent University [44] and consists of a biomechanical head-neck
complex combined with the rigid Hybrid 1ll dummy model in a simplified vehicle seat
environment. Bony structures are modelled using shell elements with the geometry
modified to achieve better interaction with soft tissue. All ligaments are represented,
using a mixed structure of shell and non-linear springs elements, except for the
Nuchal Ligament which is modelled with shell elements only. The force/deformation
load curves for discrete element are based on experimental results [45]. Shell
element stiffness properties were calculated from 1% of the breaking force and
corresponding deflection. Ligament geometry is based on experimental available
data. Muscles are modelled by spring elements, as only passive action is
represented, with material properties based on sternocleidomastoid muscles [46].
Intervertebral discs are represented using solids elements of Blatz-Ko rubber.
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Figure 1 Isometric view of the FEA Model

The first approach in this study was structural scaling of the male model, defined as
overall pure size reduction of the male spine without incorporating the characteristic
female features. The model was scaled to 93%, assuming that 50th percentile
females are 93% as tall as males.

The second model female was more sophisticated; it was again based on a 93%
scaled male but allowed for a disproportionately larger female head mass (the 50th
percentile female/male body mass ratio is 80% whereas the corresponding head
mass ratio is 82%[43]). Strength properties of ligaments and muscle were modified
assuming constant Young’s modulus but reduced cross-sectional areas due to
scaling. It was also taken into consideration that female vertebrae are more slender

[31].

Vertebra height (anterior height
divided by depth)

Female Male Female-Male ratio
C3 0,935 0,911 1,026344676
C4 0,883 0,844 1,046208531
C5 0,845 0,812 1,040640394
Cé6 0,834 0,846 0,985815603
Cc7 0,909 0,923 0,984832069

Table 3 Anatomic parameters of vertebral height of the cervical spine

The impact loading data for the present study was based on sled experiments with a
standard car seat mounted on a trolley, accelerated to simulate rear-end impact at

AV = 9.5 km/h [5].
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VALIDATION

Experiments made by Kronenberg at el [5], were used to evaluate the models.
Linear acceleration of the head and the first thoracic vertebra (T1) were obtained.
Head angle and trajectories were filmed. Data were taken from a subject whose
measurements matched closely the mass and seating height of 50" percentile UK
females and males.

The marked increase in head x-acceleration and differences in head-neck
kinematics observed for females compared to males in the experiments was
confirmed by the computational models. The peak head acceleration is higher and
earlier for females than males. However, the acceleration is 10 times higher than
experiment because in the FEM model an unrealistic rigid seat model is used.

1 _
600 Experimental male
1400 -
= = Experimental female
1200 +
i 1000 | 50th male comp
£
b=t 800 - 50th female
i)
5 600 1 93%scaled dow n male
3 400 | comp
2
200 -
200 0,05 0,1 0,15 0,2 0,25
time (s)

Figure 2 Head horizontal acceleration

Reasonably good agreement was found for head rotation. In sled test carried out by
Siegmund et al [4] the females experienced smaller and earlier peak head extension
than males. The FEM models confirmed this even though peak values were always
higher than experiment. In this study only a passive muscle response is modelled.
This seems to suggest that muscle contraction played significant role in cervical
spine kinematics, although the muscle onset is developed 80-90 ms after impact [47]
and full muscle forces are not developed until 60-70 ms later [39]. It also may explain
later peak head extension for women, particularly that they activated their muscles
earlier.
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Figure 3 Head rotation relative to earth.
RESULTS

The biomechanical model of the female cervical spine is intended to solve the
mystery of higher risk of injury for females. The simplified scaled down male model
shows similarity in several parameters to male model rather than male (Figure 1).
The relative rotation between the head and C3 produces hyperflexion that is
considered a potential neck injury mechanism. The flexion is higher for the female
models, both the 50" and 93% scaled down. The curve for the 93%scaled down
model in the first second after impact shows the same shape as the 50" percentile
male.

30 q
20
10 - /
¥ o ‘ | ‘
3 ’ \ i 2 0,25
s 199
=
E -20 4
-30 50th female model
40
93% male model
.50
time [sec] e 5()th male model

Figure 4 Head rotation relative to C3

Ono [11] found that during S-shape formation the lower vertebrae (C6,C5,C4) are
extended and rotated earlier than upper vertebral segments, beyond the normal
physiological range. The rotational angle between the fifth and sixth vertebrae is the
largest. Such non-physiological motions were attributed to the mechanism of facet
joint injury.
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Figure 5 C5 rotation relative to C6

Hence, it could be hypothesized that females are at higher risk of this injury because
of higher C5 rotation relative to C6. Yoganandan et al [13] suggested that during
whiplash loading the lower facet joint undergoes dissimilar compression combined
with anteriorposterior sliding of the facet joint, resulting in a pinching mechanism.

Jimplammenl f==]
&

50th female computational
= 93%scaled dow n male

8 = 50th male model numerical

time [sec]

Figure 6 C5 horizontal displacement relative to C6

From Figure 8 and 9 it is observed that during the first phase the C5 vertebra slides
backwards. At the same time vertical translation is observed. At peak extension C5
is shifted downward, which may produce compression in the posterior part of the
vertebra and stretch the anterior tissue. Moreover, these relative vertical and
horizontal motions are higher for female models, suggesting it might be related to a
higher injury occurrence.
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Figure 7 C5 vertical displacement relative to C6

It should be noted that for female models there is higher downward translation during
rebound motion, followed by upward shift. The models show significant gender
difference in vertebral motions that should not be neglected.

CONCLUSION

Female neck biomechanics is a complex issue, exacerbated by a distinct lack of
biomechanical data. The exact mechanism of so-called whiplash injury is not
established and there are several hypotheses about the source of pain. In spite of
the observed higher risk of injury for female car occupants most research has
involved male subjects or gender differences were not specified. The 50" and 5"
percentile male dummies, both ADT and FEM models, do not represent the average
female. The 93% scaled down male model is not adequate to simulate female
responses even though the scaling constitutes a good height and mass match. The
50th percentile female model was in general agreement with test results considering
the lack of data about female neck biomechanical properties. This preliminary female
model exhibited satisfactory correlation with experimental results and the gender
differences in kinematics prove the need for a 50" percentile female model. The
observed difference in head rotation relative to C3 and C5-C6 relative motion could
be potential causes of higher neck injury for female and need further consideration.
Further model developments are needed in the following areas:

1. Enhancement of muscle response by modelling active response using LS-

Dyna code *MAT_SPRING_MUSCLE.
2. Remodelling vertebra geometry to incorporate gender differences in height
and cross section area.
3. Better car seat representation.
4. Kyphosis evaluation.
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More research should be performed to understand soft neck injuries, mechanisms
and thresholds. Standardised calculation of risk for injury would enable comparison.
Further study should be performed to evaluate gender differences in biomechanical
head and neck response during whiplash.
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