
ORIGINAL COMMUNICATION

The Relationship Between Lower Neck Shear
Force and Facet Joint Kinematics During

Automotive Rear Impacts

BRIAN D. STEMPER,* NARAYAN YOGANANDAN, FRANK A. PINTAR,
AND DENNIS J. MAIMAN

Department of Neurosurgery, Medical College of Wisconsin, Milwaukee, Wisconsin

A primary goal of biomechanical safety research is the definition of localized
injury thresholds in terms of quantities that are repeatable and easily meas-
ureable during experimentation. Recent biomechanical experimentation using
human cadavers has highlighted the role of lower cervical facet joints in the
injury mechanism resulting from low-speed automotive rear impacts. The
present study was conducted to correlate lower neck forces and moments with
facet joint motions during simulated rear impacts in an effort to define facet
joint injury tolerance thresholds that can be used to assess automobile safety.
Four male and four female intact head–neck complexes were obtained from
cadaveric specimens and subjected to simulated automotive rear impacts
using a pendulum-minisled device. Cervical spine segmental angulations and
localized facet joint kinematics were correlated to shear and axial forces, and
bending moments at the cervico-thoracic junction using linear regression. R2

coefficients indicated that spinal kinematics correlated well with lower neck
shear force and bending moment. Correlation slope was steeper in female
specimens, indicating greater facet joint motions for a given loading magni-
tude. This study demonstrated that lower neck loads can be used to predict
lower cervical facet joint kinematics during automotive rear impacts. Higher
correlation slope in female specimens corresponds to higher injury susceptibil-
ity in that population. Although lower neck shear force and bending moment
demonstrated adequate correlation with lower cervical facet joint motions,
shear force is likely the better predictor due to similarity in the timing of peak
magnitudes with regard to maximum facet joint motions. Clin. Anat. 24:319–
326, 2011. VVC 2011 Wiley-Liss, Inc.
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INTRODUCTION

Whiplash associated disorders (WAD) most com-
monly result from low velocity automotive rear
impacts and are characterized by somatic pain along
the posterior aspect of the neck, neck stiffness during
bending, and suboccipital headache (Spitzer et al.,
1995). Symptoms are characterized as chronic in
15–20% of WAD patients who seek medical treat-
ment (Radanov et al., 1995; Spitzer et al., 1995;
Cote et al., 2001). Structural abnormalities of the
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joints of the human neck are implicated in the chronic
pain from these impacts. However, affected tissues
and mechanisms of injury remain ambiguous, as
injuries are often not detectable using conventional
imaging modalities. Patients often see a primary
care health provider and chronicity is unknown at
the time of evaluation.

Human response dynamics to automotive rear
impact consist of three discrete phases (Fig. 1). The
first phase, known as retraction, involves anterior
thrust of the seatback on the thorax, which results in
forward displacement relative to the head. This initial
phase leads to a non-physiologic S-shaped curvature
of the cervical spine, wherein upper cervical seg-
ments experience flexion rotation and lower cervical
segments experience extension rotation (Bostrom
et al., 1996; Grauer et al., 1997; Kaneoka et al.,
1999; Stemper et al., 2003). Inflection of the curva-
ture is centered around the C3–C4 segment.
Because of the non-physiologic cervical spine curva-
ture, the retraction phase is often cited as the time
during which soft tissue injury occurs (Penning,
1992; Bostrom et al., 1996; Ono et al., 1997; Pan-
jabi et al., 1998; Brault et al., 2000). The cervical
spine transitions into normal lordotic curvature as
the head and cervical spine transition into extension
following the retraction phase. Head restraint contact
can occur during either the retraction or extension
phase, depending on the relative position between
the posterior aspect of the head and the restraint.
Extension rotation magnitude is dependent on posi-
tioning of the head restraint relative to the head.
The final stage begins as the head rebounds from
the head restraint and the head–neck complex tran-
sitions into flexion.

Over the past 45 years, a number of theories
have been proposed as the mechanism of cervical
spine soft tissue injury during low velocity automo-
tive rear impacts. The original theory involved cervi-
cal spine hyperextension leading to tension injury of
the anterior longitudinal ligament and anterior inter-
vertebral disc fibers (Macnab, 1964). A second

theory posited that damage to the cervical nerve
roots resulted from transient pressure elevations
within the spinal canal due to relative motion
between the head and thorax (Aldman, 1986;
Svensson et al., 1993). Both of those injury theories
were explored using animal models. The primary
criticism of animal models is a lack of biofidelity rela-
tive to the human, wherein animal anthropometry
and anatomical characteristics are different from
humans. Experimentation using human volunteers
was used to develop the theory that neck muscle
injuries occur due to eccentric contraction (Brault
et al., 2000). Following that logic, anterior neck
muscle injuries would occur in the early stages of
automotive rear impact as the head moves posteri-
orly, and posterior neck muscle injuries would occur
during the rebound phase. However, due to ethical
considerations, volunteers are required to be tested
below what was considered to be the threshold of
injury although 20 of 42 subjects in that study
sustained acute symptoms.

Recent biomechanical experimentation using
human cadavers has highlighted the role of lower
cervical facet joints in the injury mechanism. Biome-
chanical studies offer the unique advantage of care-
fully examining the mechanism of injury by applying
controlled and repeatable loads similar to those
encountered during automobile impacts to biological
models and evaluating the efficacy of these theories.
Human cadavers have the advantage of incorporat-
ing the primary load-bearing anatomical structures
(e.g., entire head–neck complex), and therefore, are
an excellent model that can be used as an adjunct to
clinical and epidemiological outcomes. An early
investigation into the role of facet joints in the whip-
lash injury mechanism incorporated isolated cervical
spines and quasi-static shear loading to hypothesize
that compression forces due to thoracic ramping
combined with posterior shear induces stretch of the
facet joint capsule during automotive rear impact
(Yang et al., 1997). In the same year, details of a
dynamic head–neck complex model were published

Fig. 1. Phases of head–neck kinematics following low-speed automotive rear
impacts.
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that was subsequently used to quantify kinematics
of the cervical spine segments and components
during simulated rear impacts (Yoganandan and
Pintar, 1997; Yoganandan et al., 1998). More recent
biomechanical investigations using whole-body and
intact head–neck cadavers, and isolated cervical
spine specimens, demonstrated non-physiologic
facet joint motion during initial kinematic stages
(Deng et al., 2000; Cusick et al., 2001; Pearson
et al., 2004; Stemper et al., 2004; Sundararajan
et al., 2004). Facet joints sustained shear motion
during the retraction phase, wherein the superior
articular process displaced posteriorly relative to the
inferior process, coupled with tension in anterior
regions and compression in posterior regions of the
joint (Cusick et al., 2001; Stemper et al., 2004).
This kinematic pattern was shown to be statistically
significantly different from physiologic extension ki-
nematics (Stemper et al., 2005). Injuries resulting
from this mechanism include tension-induced inju-
ries in the anterior region of the joint capsule and
pinching of synovial folds or compression-induced
injuries to articular cartilage or subchondral bone. A
study by Yoganandan et al. (2001) confirmed facet
joint and posterior column soft-tissue injuries in full-
body cadavers following single exposure to simulated
automotive rear impacts using a full-scale sled de-
vice. Injuries such as facet joint widening and hema-
toma, joint capsule disruption, and ligamentum
flavum rupture were identified using cryomicrotomy.
Translation of biomechanical cadaver data to clinical
application is accomplished using patient studies.
Pain distributions resulting from injured cervical
facet joints were mapped using local anesthetic and
found to result in similar pain patterns to the most
commonly reported symptoms associated with WAD
(Bogduk and Marsland, 1988; Aprill et al., 1990;
Dwyer et al., 1990; Barnsley et al., 1995). These an-
atomical- and biomechanics-based studies, among
others, identified lower cervical facet joints as a key
factor in the whiplash injury mechanism.

A primary objective of biomechanically related
injury research is quantification of tolerance thresh-
olds in terms of measureable and repeatable quanti-
ties (Prasad and Daniel, 1984; Bostrom et al., 1996;
Klinich et al., 1996; Panjabi et al., 1999; Schmitt
et al., 2002; Viano and Davidsson, 2002; Heitplatz
et al., 2003). These thresholds are used by safety
researchers to assess the likelihood of occupant
injury in specific impact scenarios. Lower neck
kinetics (i.e., forces and moments) are the most
likely correlates because loading is transferred from
the seat to the cervico-thoracic junction during rear
impacts. Therefore, the present study was conducted
to correlate lower neck forces and moments with
facet joint motions during simulated rear impacts.
Quantification of these relationships may lead to
injury tolerance thresholds that can be used to
assess automobile safety.

MATERIALS AND METHODS

Data from previously published cadaveric experi-
mentation were used in the present analysis

(Stemper et al., 2003, 2004). Experimental details
are summarized here. Four men (mean age: 62 6 15
years) and four women (mean age: 49 6 11 years)
intact head–neck complexes were obtained from
human cadavers and screened for HIV, and hepatitis
A, B, and C using standard guidelines. Sagittal radio-
graphs were obtained before specimen selection to
rule out pre-existing spinal trauma or substantial
spinal degeneration. Specimens were isolated at the
level of the T2–T3 intervertebral disc, and consisted
of the head, ligamentous cervical spine, and first and
second thoracic vertebrae. Skin and musculature
remained intact. Head–neck complexes were
mounted in polymethylmethacrylate (PMMA) at the
level of T1, which was given a 258 anterior orienta-
tion to facilitate normal sagittal lordosis. A small por-
tion of skin and musculature was removed from the
right side of the neck to place targets in the lateral
side of the vertebral body and lateral mass of each
vertebra from C2 to C7. Smaller targets were placed
at the four sagittal plane corners of C4–C5 to C6–C7
facet joints. Skin and musculature were attached to
the PMMA base to provide passive neck muscle re-
sistance to head–neck motions.

Simulated automotive rear impact acceleration
was applied to the specimens using a pendulum-
minisled apparatus. Specimens were rigidly
attached to the minisled and oriented with the T1
posterior longitudinal ligament superior to the cen-
ter of the load cell. To simulate normal driving posi-
tion, the Frankfort plane was maintained horizontal
and occipital condyles were aligned superior to the
center of the T1 vertebral body. Rear impact accel-
eration was applied using a pendulum, which was
raised to increasing initial height for greater impact
severities. The pendulum was released and allowed
to swing unconstrained to strike the posterior edge
of the minisled, which accelerated it horizontally
along linear rails. Minisled acceleration was meas-
ured using redundant linear accelerometers. Char-
acteristics of the acceleration versus time pulse
were controlled using a spring and foam damping
materials at the pendulum-minisled interface. The
pulse shape was designed to match the horizontal
T1 acceleration pulse from a series of full-body
PMHS rear impact experiments (Yoganandan et al.,
2000). Impact severity was classified as change in
velocity of T1, which was computed as the integral
of the acceleration versus time pulse of the mini-
sled. Each specimen was exposed to four impact
severities: 0.6, 1.3, 1.8, and 2.6 m/sec. Accelera-
tion pulse duration was *100 msec for all impact
severities and maximum acceleration was varied to
achieve different velocities. The test matrix con-
sisted of two 0.6 m/sec tests conducted prior to
then again after each higher velocity test (i.e., 1.3,
1.8, and 2.6 m/sec). These tests were used to
dynamically precondition the spine and to assess
possible kinematic evidence of injury following test-
ing. Specimens were investigated for tissue failure
after each higher velocity test using visual inspec-
tion, palpation, and radiography. Testing stopped if
injury was detected. After testing was completed,
spinal kinematics were compared between lower
velocity tests to identify markedly increased
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segmental angles at a specific level. In the event of
this occurrence, injury at that level would be
assumed to have occurred during the previous
higher velocity test. Likewise, data from the
previous and all subsequent tests using that speci-
men would be removed from analysis.

Axial (Fz) and shear (Fx) forces, and sagittal
bending moments (My) were measured at 12,500 Hz
using the load cell. Kinetics data were low-pass fil-
tered to remove high frequency noise according to
Society of Automotive Engineers (SAE) specifica-
tions. Spinal kinematics were recorded at 1,000
frames/sec (fps) from the right side using a high-re-
solution digital imaging system (Redlake MASD, San
Diego, CA). Temporal angular motions were defined
for each vertebra from C4 through C7. Segmental
angles were computed as the sagittal plane angle of
one vertebra relative to the adjacent vertebra. Linear
facet joint motion was analyzed in a joint-specific
localized anatomic coordinate system, with the origin
at the dorsal inferior target (Fig. 2). Shear motion
was defined as motion of the superior target along
the joint line with respect to the inferior target. Dis-
traction and compression were defined as motions
perpendicular to the joint line with respect to the in-
ferior target (distraction: positive, compression:
negative). Resultant facet joint motion was com-
puted in ventral and dorsal anatomic joint regions.

Segmental angulations and resultant facet joint
motions in dorsal and ventral joint regions were

computed at the time of maximum flexion at the C2–
C3 segment. This time was chosen as the C2–C3
level consistently demonstrated the highest magni-
tude of flexion during the retraction phase. As such,
cervical S-curvature was considered to be maximum
at that time. Mean time of attainment was computed
for each velocity. Data from 1.3, 1.8, and 2.6 m/sec
tests were analyzed. Single factor Analysis of Var-
iance (ANOVA) was used to determine statistically
significant differences (P < 0.05) in segmental angu-
lations, facet joint motions, axial and shear forces,
and bending moments with regard to gender. Seg-
mental angulations and facet joint motions were cor-
related to lower neck loads at the time of maximum
S-curvature using linear regression. All three impact
severities were grouped for this analysis. Strength of
correlation was assessed using R2 coefficients. Cor-
relation slope defined the relationship between lower
neck loading magnitudes and spinal kinematics.

RESULTS

All specimens were subjected to the entire experi-
mental protocol without sustaining soft-tissue injury
detected during palpation or radiography. Following
the initiation of rear impact acceleration, all speci-
mens demonstrated retraction and extension kine-
matic phases as identified previously. The mean time
of maximum S-curvature was 80, 77, and 76 msec

Fig. 2. Localized facet-joint coordinate system.

TABLE 1. Lower Neck Loads and Spinal Kinematics (Mean 6 Standard Deviation)

Fx (N) Fz (N) My (Nm) SA (deg) VFJ (mm) DFJ (mm)

Male 145.9 6 47.8 26.2 6 21.3 18.4 6 11.5 5.0 6 2.5 1.6 6 0.8 1.6 6 0.9
Female 126.3 6 44.1 41.9 6 25.7 15.4 6 5.2 6.9 6 3.3 1.9 6 0.7 1.8 6 0.8
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for 1.3, 1.8, and 2.6 m/sec tests. Mean segmental
angulations were significantly greater (P < 0.05) in
women (Table 1). Gender differences in resultant
facet joint motions in the ventral joint region
approached statistical significance (P ¼ 0.06), with
motions in female specimens marginally greater than
in males. Resultant facet joint motions in the dorsal
joint region were not significantly different based on
gender (P ¼ 0.40). Mean shear force and bending
moment magnitudes during maximum S-curvature
were lower in female specimens (Table 1). Mean
axial force (Fz) was greater in females. None of the
three kinetic measures varied significantly (P < 0.05)
by gender.

Lower neck loads correlated well with lower cervi-
cal segmental angulations and facet joint motions in
ventral and dorsal joint regions. In general, lower
neck loads demonstrated higher correlation with
ventral facet joint kinematics than dorsal facet joint
kinematics and segmental angulations (Table 2). Av-
erage R2 values of lower neck loads with ventral
facet joint kinematics was 0.78, compared to 0.72
and 0.70 for dorsal facet joint kinematics and seg-
mental angulations, respectively. Average R2 value
was greatest for ventral facet joint kinematics corre-
lation with lower neck shear force (mean R2 ¼ 0.87).
Linear correlation slope was greater in female speci-
mens than male specimens for all nine correlations
(Table 3). Cervical spine kinematics correlations with
lower neck bending moment were most sensitive to
effects of gender, with slopes increasing an average
of 65% for female specimens compared to 31% and
10% for correlations with lower neck shear and axial
forces, respectively.

DISCUSSION

This manuscript describes an analysis of the cor-
relation between lower neck loads and spinal kine-
matics in cadaveric specimens during simulated
automotive rear impacts. The end goal of this
research remains development of facet joint injury
thresholds based on repeatable and measureable
quantities that can be used to predict the likelihood
of injury in specific automotive impact events. Lower
neck loads are the most likely candidates as rear
impact acceleration is transferred to the head–neck
complex through interaction of the body with the
seatback at the cervico-thoracic junction. Highest
linear correlations were evident between ventral
facet joint kinematics, and shear forces and bending

moments. Strong correlations indicate that lower
cervical facet joint motions predictably increase with
those quantities. Because facet joint motions are
directed posteriorly (e.g., the superior process trans-
lates posteriorly relative to the inferior process),
shear motion coupled with distraction in ventral joint
regions leads to joint capsule stretch (Stemper
et al., 2004). Therefore, lower neck loads can be
used to estimate the level of joint capsule stretch in
a given impact situation. Because ligaments fail in
tension (i.e., stretch), lower neck loads can then be
used to assess the relative likelihood of soft-tissue
injury in a given impact.

Slope of the correlation between lower neck loads
and facet joint kinematics was greater in female
specimens for all investigated correlations. This indi-
cates that lower cervical facet joints are subjected to
greater motions and a correspondingly higher injury
likelihood for a given loading magnitude. Clinical
reports supported this finding by identifying that
females report a higher number of whiplash injuries.
Although the issue has not been definitively
resolved, several studies identified possible biome-
chanical and anatomical explanations. Increased spi-
nal motions in females during identical rear impacts
(Stemper et al., 2003, 2004) indicates that the cer-
vical spine responds differently to rear impact based
on gender. This may be due to several factors includ-
ing spinal geometry, soft tissue material properties,
and neck muscle contractile properties and position-
ing. A recent study obtained CT scans of the cervical
spine in 51 young, healthy volunteers and identified
a more slender cervical column in size-matched
females, which may be more susceptible to bending
when subjected to rear impact acceleration (Stemper
et al., 2008). Another study reported similar results
(Vasavada et al., 2008). In addition, neck muscles
may be oriented differently in males and females,
such that male muscles provide more stability to the
head–neck complex. In a sample of five female and
11 male volunteers, neck moments were shown to
be approximately twice as large in males (Vasavada
et al., 2001). Because the magnitude of contractile
force is proportional to muscle cross-sectional area,
greater muscle sizes indicate a greater ability to sta-
bilize the head–neck complex during inertial loading.
Another study identified significantly increased range
of motion in lower cervical motion segments in
female specimens (Nightingale et al., 2007), indicat-
ing greater flexibility in the female cervical spine.
Results of these studies indicate a propensity toward

TABLE 2. R2 Values for Correlation of Lower Neck
Loads and Spinal Kinematics

Female Male

VFJ DFJ SA VFJ DFJ SA

Fx 0.88 0.82 0.80 0.86 0.81 0.81
My 0.87 0.81 0.78 0.80 0.73 0.61
Fz 0.80 0.75 0.70 0.45 0.37 0.47

VFJ, ventral facet joint motion; DFJ, dorsal facet joint
motion; SA, segmental angulations.

TABLE 3. Slope of Linear Correlation for Lower
Neck Loads and Spinal Kinematics

Female Male

VFJ DFJ SA VFJ DFJ SA

Fx 0.014 0.013 0.050 0.011 0.011 0.034
My 0.119 0.109 0.411 0.071 0.072 0.233
Fz 0.038 0.036 0.132 0.036 0.034 0.113

VFJ, ventral facet joint motion; DFJ, dorsal facet joint
motion; SA, segmental angulations.
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greater motions, increased soft tissue strains, and
higher injury likelihood during inertial loading in the
female cervical spine during the type of loading
experienced during automotive rear impacts.

The present analysis provided gender-specific
correlations of lower neck loads to localized spinal ki-
nematics. The logical follow-up to this analysis is de-
velopment of lower neck loading-based tolerance
thresholds. Although correlations were approximately
equal for ventral facet joint motions with lower neck
shear force and bending moment, shear force may
be a better indicator as maximum shear force magni-
tudes occurred during the retraction phase, wherein
bending moments peaked at the end of the extension
phase. To this end, linear correlations developed dur-
ing the present analysis were extrapolated to previ-
ously reported tensile failure levels (Myklebust et al.,
1988). In that study, lower cervical joint capsules
sustained between 8.7 and 10.0 mm of distraction
prior to catastrophic failure. However, catastrophic
ligamentous failure is not commonly reported follow-
ing whiplash injury. In addition, in vivo experimenta-
tion has correlated pain with facet joint distraction by
reporting allodynia in rats following capsular ligament
subfailure (i.e., mechanical yield) (Lee et al., 2004).
An investigation of human ligamentous tensile prop-
erties identified that ligamentous yield occurred at
*80% of the distraction to failure (Chazal et al.,
1985). The point of ligamentous yield can be used to
determine critical force values and was computed to
be an average of 7.4 mm across C4–C5, C5–C6, and
C6–C7 levels. According to the relationships identi-
fied in Table 3, shear force required for 7.4 mm ven-
tral capsular ligament distraction is *670 N in males
and 530 N in females.

The extrapolated shear force magnitudes
described above are not intended to represent cap-
sular ligament injury tolerance thresholds for low ve-
locity automobile rear impacts. As stated above, all
tests were conducted below the level of injury and
resulted in no soft tissue failures in any of the tested
cadavers. Rather, these extrapolations represent a
first estimate at a possible new rear impact injury
criterion and were justified for this purpose given the
linearity of the correlation between lower neck shear
force and facet joint capsular stretch. However, fur-
ther validation of this metric is required and accurate
gender-specific tolerance levels should be deter-
mined through an iterative process involving cadav-
eric specimens and dynamic testing under a variety
of rear impact conditions. In addition, existing
dummies capable of being used for the study of
automotive rear impacts have fundamental design
differences. For example, the BioRID has a seg-
mented neck and kyphotic thoracic spine whereas
the Hybrid III has a solid neck component with no
thoracic spine. Dummy-specific validation of lower
neck loads and specific tolerance levels needs to be
accomplished prior to incorporation of this injury
metric for the assessment of automotive safety. This
type of validation has been performed by Prasad
et al. using the Hybrid III dummy and Hybrid III
dummy with RID neck (Prasad et al., 1997). That
study reported dummy-specific lower neck moment

tolerance values. An initial attempt to validate the
concept of lower neck shear force as a rear impact
injury criterion was recently performed using stock
automobile seats and a the Hybrid III dummy
(Stemper and Storvik, 2010). That study identified
increased lower neck shear forces for rear impact
conditions generally associated with higher injury
likelihood (i.e., higher velocity and seatback vertical-
ity), although specific tolerance thresholds in terms
of shear force magnitudes were not investigated.
Lower neck shear force was more sensitive to
changes in those conditions than NIC, Nij, Nkm, LNL,
and lower neck bending moment. Similar studies
investigating other relevant occupant- and crash-
related factors coupled with cadaveric studies within
the injurious range should be conducted. Occupant-
and crash-related factors were shown to influence
outcome following automotive rear impacts. Only
gender was incorporated into the present analysis.
This decision was made because gender is the most
commonly cited clinical factor influencing injury,
gender was experimentally shown to influence spinal
kinematics during rear impact, and gender can be
accounted for in automobile safety testing in the
form of the fifth percentile female anthropomorphic
test dummy. However, other factors may also affect
injury outcomes. For instance, older age is associ-
ated with anatomical changes in the cervical spine
including loss of intervertebral disc height, dehydra-
tion of the nucleus, sclerosis of the vertebral body,
and osteophyte formation. These anatomical
changes are likely to affect tissue mechanics and the
corresponding likelihood of injury. In fact, greater
injury likelihood and more persistent symptoms have
been associated with older age in patients with WAD
(Axtelius and Soderfeldt, 2003; Suissa, 2003; Mietti-
nen et al., 2004; Pobereskin, 2005; Sterling et al.,
2005; Crouch et al., 2006). Older age was also
experimentally identified as an influencing factor in
static and quasi-static spinal biomechanics (Pintar
et al., 1998; Board et al., 2006). Therefore, it is
hypothesized that age influences spinal kinematics in
automotive rear impact. However, it is unknown
whether age affects the relationship between lower
neck loads and spinal kinematics. Mean specimen
age in this analysis was 58 years. Therefore, contin-
ued rear impact testing using younger and older
specimens may be required to fully assess the effect
of this important factor.
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