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Analysis of Human Test Subject Kinematic
Responses to Low Velocity Rear End Impacts

Whitman E. McConnell, Richard P. Howard, Herbert M. Guzman,

John B. Bomar,

James H. Raddin, James V. Benedict, Harry L. Smith, and Charles P. Hatsell

ABSTRACT

The head, neck and trunk kinematic responses of four
volunteer test subjects, recorded during & series of
experimental low velocity moter vehicle collisions, have been
measured and analyzed. Using data obtained from multiple
high speed film, video and electronic accelerometer
measuremnents of the test subjects, it was found that the actual
kinematic responses of the human head, nock and trunk that
occur during low velocity rearend collisions are more complex
than previously thought. Our findings indicate that the time-
bonored description of the cervical “whiplash™ responsc is
both incomplete and inaccurate.

Although the classic “whiplash™ neck response to
rearcnd collisions and the widely accepted hyperextension/
hyperflexion cervical injury mechanism have been extensively
written and speculated ahout, there have been litthe human
experimental data available, especially for low velocity
collisions. Low velocity collisions are defined in this report
as motor vehicle collisions in which the impact related change
of the rearended vehicle's velocity (AV) is about 12.9 kph (8
mph) or less. Throughout nearly 4 decades of experimental
crash testing, low velocity mishaps (as defined above) have
been felt to have a minor injury causation potential and have
remained a relatively unstudied area. The absence of good
experimental data, accurately defining real occupant kinematic
response during this common type of traffic accident has
spawned a plethora of divergent concepts, idess and
speculation about possible injury mechanisms.

In February 1991, a series of vehicle collision tests
using fully instrumented volunteer human test subject/drivers
and a Hybrid 11l manikin passenger was conducted, utilizing
local testing facilities. This project was undertaken to better
define human, dummy and vehicle responses during low
velocity collisions.
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METHODS

VEHRICLES — Four test vehicles, a 1986 Dodge 600
convertible, 8 1984 Buick Regal Limited coupe, a 1984 Ford
Club Wagon van and a 1984 GMC 1500 pickup truck were
prepared for the test protocol. Each vehicle was without
evidence of collision structural damage and was in roadworthy
condition with factory standard equipment and parts. The
convertible and coupe had factory standard energy absorber
bumper systems, and the truck and van bumper systems were
rigidly mounted to the vehicle frame structure. Althougheach
vehicle remained in stock condition to the maximum exteat
possible, the testing profocol required a number of
modifications, The test subjects had to be photographically
accessible, so the upper portion of the Ford van's left B-pillar
und the front doors of each vehicle were removed. The rear
window of the pickup truck was replaced with a small Lexan
panel, and headrests in the convertible and the coupe were
kept in the raised position. Several mounting points for high
speed cameras were installed on each vehicle. Each vehicle's
original, factory standard 3-point restraint system was used
throughout the tests. Vehicles were checked prior to testing
and any bumper assembly damage found was repaired with
new parts.

TEST SUBJECTS — The proposed test protocol was
evalusted by the University of Texas Health Science Center
Institutional Review Board and IRB Protocol #9010099006 of
the University of Texas Health Science Center, under DHHS
Regulation 46.110(3), approved the use of four human test
subjects selected from the siaff of Biodynamic Research
Corporation in the test series. Four healthy volunteer male
test subjects, ranging in age from 45 to 56, completed pre-
testing physical evaluations including radiographic imaging
studies of the cervical, thoracic and lumbar regions of their
spines. Test subject marking for photographic amalysis
included a stiff U™ shaped yellow rod attached lo an
individually fitted biteblock and accelerometor assembly and
oriented rearward on both sides parallel to the aluminum strip
connecting the accelerometers and the closed



mandible/maxilla. There was also 8 photographically visible
mark placed below and slightly behind the left external
auditory canal over the mastoid prominerce as an
approximation of the lateral projection of the upper end of the
cervical spine.  Reference marks were applied to the skin
over the test subject’s left neck, mimulating the lateral
projection of the cervical spine.  Targets were placed
approximately over the lefi gleno-humeral joint and lateral left
elbow on a tight titting garment wom over the torso and arms.
A Hybrid 11l anthropomorphic test dummy was fitted with a
biteblock type accelerometer assembly and had similar aght
side anatomical reference point markings applied. with te
exception of the dummy’s already exposed nock urea.

INSTRUMENTATION — Each vehicle, had a tnaxial
LSCB-10 avcelerometer armay mounted on the vehicle frame
to measure Gx (forward/rearward), Gy (right and left lateral),
and Gz (upward/downward) muotions and a  biaxal
accelerometer array (G and Gz) on the driver's side seathack.

Contact switch operated flash units were installed in visible
positions 1o allow photographic time marking of initial bumper
(0 bumper contact and a similar contact switch cued the
electronic data acquisition system.  Additional intrumentation
10 accomplish other test objoctives was also installed on the
vehicles. Test subject instrumentativn included a lightweight
triaxial accelerometer assembly of Endeveo #7290-30 and
Endeveo #7290-10 accelerometers mounted on a  short
aluminum strip fixed to an individually fabricated mouth picce
(bitchlock) which, when held with normal jaw closure
pressure, allowed no appreciable relative motion botween the
accelerometer  assembly  and  the test  subject's
maxilla/mandible. An identical accelerometer array mounted
on an aluminum stnp was affixed in an equivalent position on
the Hybrid 11l manikin's head. A biaxial accelerometer
assembly using similar sensors was affixed to a corset-like
garment and was wom by one test subject during two of the
test runs to measure Gx and Gz direction acceleration.
Electronic data transfer during test runs was accomplished by
a sliding {oop umbilical bundle connected to a PAC-S800 high
volume data acquisition system housed nearby.

PHOTOGRAPHIC EQUIPMENT — Photographic
documentation of test runs was accomplished by several
Rediake LoCam Model #51 high speed 16 mm cemeras
operated at 500 frames per second (nominal) and equipped
with an LED timing light operating at 100 hertz. These
cameras were mounted at various locations on the vehicles and
from several fixed positions about the test site. One high
speed video unit and several tripod mounted standard video
cameras also recorded the events.

TEST SITE — The test site was established on a level
section of a standard, asphalt paved roadway and had
electronic speed trap instrumentation and high speed video
tracking with near realtime velocity measurement capability.
Impact spoed reproducibility was achieved by the use of a
specially constructed ramp permilting gravity acceleration of
the striking vehicle, The striking vehicle's starting position on
the ramp was calibrated before each test run to ensure that the
resulting velocity at the impact point was in the desired range.

The actual closure speeds and resulting changes in velocity of
both the striking and the siruck vehicles during the test runs
were accunately determined by high speed film, high speed
video and the clctronic speed trap with satisfactory
apreement.  High spoed camerss on the vehicles and at fixed
sile positions were actuates by a central electronic control and
the video cameras were controlled by individual operators
responding to auditory and visual cues.

TEST PROCEDURES — Test runs were conducted
according to a protocol which tested a variety of combinations
of vehicle to vehicle collisions and exposed test subjects to
both strking and strwck moles during tests planned for a
forward struck vehicle AV of 4 kph (2.5 mph) and 8 kph (5.0
mph). The striking vehicle was backed up the ramp by the
test subject-driver to a calculated position and released with
the transmission i neutral and the engine ruaning. It then
rolled down the ramp and through the impact point speed trap
where the velocity was recordod.  This procodure was
repeated until the desired impact speed was reproducibly
achieved. The vehicle to be struck was then placed into its
stationary position at the impact point. The striking vehicle
then rolled down the mmp and over the level pavement to the
impact point. No vehicle control inputs were made during test
runs, except for minimal steering inpuls to ensure centerline
contact between vehicles and late braking after the test impact
perturbations were over. In some cases, 10 preveir an over or
underride situation, the height of one of the two vehicles was
elevated by the use of wooden planking which formed sn
clevated roadbed. Afer each test collision, the driver's
physical condition was checked, post-test photographic
assessment of vehicle damage was completed, and electronic
test result data storage was accomplished. Data from tea
manned vehicle 1o vehicle test collisions were recorded.

HEAD, NECK AND TRUNK KINEMATIC
RESPONSE ANALYSIS — The purpose of this article is to
report our findings afier » detailed analysis of buman head,
neck and frunk kinematic responses occurring during snd
immediately afier fow velocity rearend impacts. Relevant data
included the recorded G-time informatioa from the buman and
vehicle mounted accelerometers, displacement-time data taken
from the high speed film record and the slow motion video
record of each test subject’s motion during the collision
sequences. The electronic G measurement data was processod
into & usable form with smoothing to climinate noise astifacts
and very short term tramsients. Biteblock G-time vector
resultants were calculated from Gx, Gy and Gz dats recorded
for each collision sequence. In order to obtain true (esrth
orthogonal) G vector resultant data, mathematical coordinate
transformation was dome to sccount for the curvilineasly
displaced path of the biteblock reference frame from its initial
earth orthogonal orientation and required utilization of time-
angle data obtained by measurement from the high speed film
record.  An additional series of mathematical msnipulations
gave an earth reference based G-time history for a point near
the junction of the bead and upper cervical spine. This
information was correlaled with point displacement
information obtained from the high speed film by ploiting each



test subject’s reference points (biteblock, mastoid process,
shoulder and hip) with respect to tims, as well as the vehicle
and background reference points using a precision optical
digitizing process. Cervical extension and flexion angles were
determined using digitized high speed film displacenwnt Jata,
The G-time and displacement-time data was then correlated
and the results validated by a detailed companson of the
calculated data with the frame by frame video recordings of
the impact related test subject kinematic responses.

RESULTS

TEST RELATED CLINICAL FINDINGS - Each
test subject had trom 3 to 7 vehicle to vehicle test collision
exposures, divided betwwen the striking and struck roles
during the 10 test collision series, (Sex Table 1.} These test
runs were conducted during two weckend test penods
separated by an eight day hiatus. No test subject reported
having discomfort symptoms dunny or immediately after any
of the test collisions. Test subject number 4 noted no

low and mid-neck discomfort over the area of his C6, C7 and
T1 vertebra and discomfort in his trapezius musculature on the
moming following his three test runs on day 10. The pain
was gope the next day, but bhe continued to bave mild
discomfort on extreme neck extension and Iateral flexion until
it gradually resolved during the next three days. No treatnwat
or therapy was needed and none of the test participants had
any further symptoms that related to their test exposures for
greater than eighteen months following the testing.

PHOTOGRAPHIC ANALYSIS OF AN EXAMPLE
KINEMATIC RESPONSE — The following is a description
of one test subject’s kinematic responses to a typical test (Run
7). as he experienced a forward AV of 7.83 kph (4.87 mph).
(See Figure 1.)

Phase | - Initial Response (0 to 100 millisoconds) —
During the first S0 milliseconds after bumper impaci, the
subject’s entire body appeared motioaless with reference 1o the
test site background, while the vehicle and driver's seat moved
forward about S to 8 centimeters (2 10 3 inches). At about 60
milliseconds after contact, the lower part of the seatback

symptoms at all related to his 6 test exposures.  Beginning cushion had bocome compressed enough to begin moving the
Run Test Struck Test Striker Day
No. Suby Vehicle av Subj Vehicle AV No.
No. Type (kph) No. Type (kph)

1 2 Van 348 i Convert -4.81 1
2 1 Van 6.45 4 Pickup -6.04 2
3 1 Packup 3.04 4 Van -3.35 2
4 4 Pickup 6.65 1 Van 6.74 2
5 3 Convert na 2 Coupe ns 10
6 k] Convert 8.06 2 Coupe -7.82 10
7 2 Coupe 7.83 3 Convert -9.24 10
8 2 Van 6.61 4 Pickup -8.21 10
9 2 Coupe 393 4 Pickup -3.28 i
10 4 Pickup 7.03 2 Van -7.48 11

Table 1. Test Subject Driven Low Velocity Collision Test Series

about 45 to 60 minutes after Test 2, test subject number |
reported a “twinge” of discomfort at the posterior base of his
neck which lasted about two hours. The discomfort was gone
by the time of his participation in test number 3 and did not
recur later. Test subject number 2 noted the onset of
*achiness™ in the paraspinal musculature at the base of his
neck the morning of test day 12, after participating in a total
of 6 test runs during the preceding two day test period. His
symptoms lasted about 4-5 hours and resolved without
recurrence,  Test subject number 3 reported the onset of mild
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test subject’s hips and low back forward and upward (See
Figure 2). At the same time, the upper past of the seatback
was flexing rearward with respect to the vehicle and the
seathack cushion was being compressed on the test subject’s
still nearly stationary upper torso.
se 2 - Principal F rd th 00 1

milliseconds) — At about 100 milliseconds, the seatback had
nearly reached its maximum rearward flexed position of about
10 degrees past its normal position, and the test subject’s
upper trunk had hegun movement forward and upward, The
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200 ms

Figure 2.

subject’s herd and meck were still almost stationary with
respect to the earth until about 120 milliseconds when, as the
subject’s hips and trunk rose upward on a path paralle} to the
rearward flexed seatback, his meck appeared to be axially
compressed and straightened as the top of the cervical spine
began moving upward and rearward with respect to the
forward moving vehicle, Subsequently, the subject's head
began a biteblock upward and rearward rotating movement
with respect to the subject’s shoulders. By 160 milliseconds
the forward and upward movement of the subject’s ascending
upper torso had begun to pull the base of his neck forward
into apparent tension and starting the forward motion of the
subject’s head, even as his occiput continued to tip dowsward

i —MZOOmnllweoonds&eupwardmouon
of the subject’s trunk and shoulders had ceased afier about 9
centimeters (3.5 inches) of rise and the extension and
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Head, Neck and Trunk Responses 1 Low Velocity Rear End Impact

rotational angulstion of his head had stopped about <3 degrees
rearward from vertical. The subject’s top of the cervical spine
marker point had rison about 1.25 centimetess (0.5 inches)
above its initial vertical position and the subject’s head was
starting to reverse its molion, with respect to the vehicle, into
s forward arcing movement. By 250 millisoconds the forward
rebounding head had not yet reached vertical, but the subject’s
trunk, neck and head were already deacending along a path
parallel to the seathack. His tnmk wes nearly balfway
towards ils stasting position with respect o the seel botlom,
By this time, the seatback had refurned to its pre-impect
pormal augle and the subject’s torso was rebounding forward
snd away from the seatback's surface. At this point the test
subject's upper body was probably being actively relanded by
the tightened restraint sysiem. The restraint system had
become more than normally tightesed when the spring

seatbelt retractor reeled in about 5 to 8 centimeters
(2 to 3 inches) of seatbelt and shoulder hamess slack that had



beecn produced by the initial compression and relatively
rearward flexion of the forward moving seathack cushion by
the stationary test subject’s torso.  This autotightening
phenomencn was noted consistently in several vehicles during
our test senes,

4- tion est (300 to 4
millissconds) — After 300 rmlhseconda from first bumper
contact, the descent of the test subject's trunk had been
completed and his trunk was moving at essentially the same
velocity as the vehicle. The rebound forward motion of his
head, now positioned near vertical, continued but was being
actively decelerated by the tension in his neck. At about 400
milliseconds his head had reached its most forward position
with respect to the vehicle.  The biteblock to mastoid
reference line was nearly level with the horizon and the head
was slowing to a nearly level, forward and lowered position
with respect to the subject’s shoulders. The subject’s head
then began a return movement relatively rearward and upward
towards a normal upright position over his shoulders.

Phase S - Restitution Phase (400 to 600 milli-
seconds) -~ Afer about 450 milliseconds after first bumper
contact, all test subject body parts were (traveling at
approximately the vehicle’s velocity and his immediate impact
related motions were nearly completed. During this period the
test subject’s head and biteblock returned to approximately
their pro-test positions with respect to the vehicle. However,
the test subject’s shoulders and hips rested in a position about
3.8 centimeters (1.5 inches) higher than before.

TIME-DISPLACEMENT AND ACCELERATION
ANALYSIS — Analysis of the time-displacement record of the
body reference targets and the G-time record of the biteblock
sensors, referenced by calculation to a point approximately at
the top of the cervical spine, defined the x direction
acceleration profile for each test. Analysis also confirmed the
existence of significant upward and downward accelerated
motion of the trunk, neck and head along the z axis. Vehicle
and fest subject motions along the y axis were not found to be
significant in this test series.

Test subject cervical extension and flexion angles
observed during this test series were always found to fall
within the subject’s voluntary physiological limits.
Hyperextension or hyperflexion did not occur during any of
the test runs. The maximum cervical extension (nose up)
observed for all struck vehicle test runs appeared (o be self
limited to 3 maximum of about 40 to 45 degrees, even for test
runs using the van, which had no headrests. Rebound cervical
flexion was minimal for every test with head angulation (nose
down) from the normal upright posture averaging three to five
degrees or less, as the typical test subject’s head followed a
mild, head level, controlled forward and downward
decelerative motion, followed by a gentle return to a normal
upright posture. Throughout their impact rvlated kinematic
responses, each test subject’'s head and torso generally
remained within 13 to 18 centimeters (5 to 7 inches), or less,
of their pre-impact positions with respect to the vehicle.

Figure 3 shows Test Run 7 resultant accelerations
acting 8t the top of the cervical spine Jor selected limes,

beginning 60 milliseconds after bumper contact (time 0).
Figure 2 also shows these G vector resultants.
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Figure 3 Resultant Acceleration (Gs) of the
Neck Top at Selected Times after
Impact (milliseconds).
Test 7
- Initial se (0 to 100 milli -

The initial top of the cervical spine resultant acceleration at
about 60 milliseconds after contact is upward at abowt 0.3 G
and soon rises to 1.8 G upward and forward by 100
milliseconds.

Phase 2 - Principal Forward Accelegatiop (100 to 200
milliseconds) — At about 120 milliseconds scceleration
forward and upward climbs to an overall peak of about 4.3
Gs. As forward Gx acceleration continues, the top of the
cervical spine Gz acceleration réverses from a +1.2 Gz
positive (upward) peak at 150 milliseconds to a peak negative
(downward) -3.5 Gs at about 220 milliseconds. At 190
milliscoonds resultant acceleration at the top of the cervical
spine is nearly46smadownwnrdnd fotwcrdduwbon

M_llﬂg_)—mm:mmm lbemhjud'tkﬂd
begins to arc forward with respect to his torso and over the
next 30 milliseconds the top of the cervical spine is being
accelerated forward and downward at 2 to 3.5 G.
Simultaneously, the torso begins to retum forward and down
the seatback slope. By 220 milliseconds most of the forward
acceleration of the top of the cervical spisv Iws hecn
accomplished and the actual upward motion o7 the tors srd
head has nearly ceased. Also by this time, b scoelerion
sltered seatback angle has nearly returned to its nermal
position and the seat springs have become almost unioaded.
By 250 milliseconds, the forward moving torso is being
retarded by the restraint sysiem and the Gz acceleration of the



top of the cervical spine is reversing s the trunk is now about
halfway down the seatback and moving towards its original
position. The subject’s head has now arced forward with
respect to the torso, decreasing its rearward angle to shout
half the maximum angle achieved and the top of the cervical
spine is being accelerated rearward and slightly upward at
about 2.3 G. Over the next 50 milliseconds, as the seaf
cushion is compressed by the subject’s downward moving
body, the upward Gz acceleration experienced at the top of the
cervical spine increases to about 1.5 G.

- {erati est (300 to 400
milliseconds) — Around 300 milliseconds the downward
motion of the trunk reverses and the subject’s head bas
returned to about its pre-impact position over his torso, At
this point, the resultant acceleration at the top of the cervical
spine decreases (0 about 1 G directed upward and rearward.
During the next 50 to 100 milliseconds, the trunk and torso
begin to reassume a rest pasition. At the same time. the more
rapidly forward moviag head continues forward and dowaward
while maintaining a nearly level position with respect to the
horizon. During this maneuver the lower neck becomes
mildly flexed while the top of the cervical spine mildly extends
resulting in a kind of “level head bob™. At around 400
milliseconds the subject’s head begins a controlled retum
upward and rearward while still remaining nearly level. The
resultant upward and rearward acceleration at the top of the
cervical spine at this point is 1.7 G.

Phase 5 - Restjtution Phase (400_to 600 milli-
seconds) — After 400 milliseconds the test subject’s hody
position returas to about ils pre-impact position with the
exceplion of hip and shoulder positions about 3.8 centimeters
(1.5 inches) higher than at the start of the test. This may have
resulted from shifting of trunk and hips on the seat’s surface,
residual spinal curvature straightening, or perhaps due to lack
of time for the seat cushjons to fully confonm to their recently
reacquired load, Between about 400 and 600 milliseconds
after initial contact, mild Gx and Gz oscillations appear t0
briefly continue but are rapidly damped and soon biend into 2
low level “jiggle”, probably associated with the vehicle's
movemeat over the pavement.

GENERALIZED FINDINGS

The kinematic responses of the struck vehicle test
subjects for each test run were qualitatively similar to the
above description. There were some subtle but consistently
observed differences in the kinematic responses of test subjects
due to the dissimilar design between the coupe/convertible
sests and the more upright and somewhat stiffer seats of the
pickup truck and van. The test subject’s kinematic responses
for the 4 kph (2.5 mph) AV test runs were similar to the 8
kph (5.0 mph} AV categories but visibly reflected the four-fold
decrease in collision related ecnergy. Lower velacity test runs,
in genersl, mnsoculed‘vntheomdenbly lessened overall
kinematic activity and much milder cervical extensions. From
a clinical standpoint, the nominal 8 kph (5 mph) AV test runs
sppeared to be on the threshold for mild cervical strain injury
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for our repetitively exposed test subjects. The nominal 4 kph
(2.5 mph) AV iest runs were comsidered later by the
participating physician test subjects to have been so very mild
that a single exposure would have been unlikely to huve
resulted in any symptomatology. .

DISCUSSION

In reviewing the voluminous literature on this subject,
especially the many articles on clinical analysis, experimental
testing and computer based modeling efforts, one must be
caseful about making the assumption that the conclusions about
human head and neck kinematics reached in these studies
necessarily apply to low and very low velocity rearead
collisions involving “real people”. The majority of these
studies have been primarily based on higher speed, 24 to 80
kph (15 1o 50 mph) or more, rearend collisions utilizing
dummies, cadsvers, animals, computer models and very few
live volunteers.

The puzding, and sometimes stubbornly persistent
clinical symptom picture frequently associated with “whiplash™
injury, especially in the absence of objective physical findings,
leads by default to the assumption that something unknown is
happening during low velocity rearend collisions which is
damaging cervical structure(s) without causing objectively
discernable acute changes, Since exaggerated neck motion far
beyond tolerable human limits had been frequently observed
in dummies and csdavers during high speed testing, it has
been commonly assumed that cervical hyperextension and
hyperflexion would also occur during low and very low
velocity collisions. 1t has been conjectured by many that the
forced movement of the neck beyond physiologic limits was
the injury mechanism causing the “whiplash” syndrome,
especially in thin necked, nnptqnmd people.

The test subjects ip this series were robustly healthy
middle-aged men who were well aware of testing procedures.
To the maximum exteat possible, test subjects were kept
unaware of the specific time of the impending test impact and
all consciously attempied 10 maintain 8 normsl relaxed mmuscle
tone while swaiting the impact. While uo fest subject
exceeded his normal voluntary mage of cervical motion during
the test runs, three of the four did subsoquently develop
transient, mild cervical strain symptoms which indicated that
there was an injury mechanism that was sot dependent upon
exceeding the physiologic limits of cervical motion,

There has been an occasional reference in the
reviewed literature to vertical movement of the resrended
vehicle test subject (usvally s dummy) undes specific test
circumstances, or a8 a possibility in conceptual mwodeling.
However, since forward acceleration becomes so dominant in
the often studied higher speed rearcad collision, analysis of
test subject vertical motion has been generally ignored. We
were conceptually aware before the test series of the
possibility of impact-relsied acceleration is the Gz direction
and made provisions to measure it. However, the magnitude
and apparent causes of the vertical movement associsted with
our human test subjects and the corresponding lack of a



similar vertical excursion observed in the Hybrid Il dummy
had not been predicted from our review of the subject
literature.

Observation of the high speed film record of the
struck vehicle test runs disclosed that the test subject's early
upward neck movement and initial forward head motion were
due 1o several probable mechanisms, First, there was an
upward lofting action caused by the normal vehicle seatback
angle, which was itself increased by acceleration related
deflection of the seatback. Second, there appeared to be an
aoceleration related straightening of the normal thoracic,
cervical and, perhaps, lumbar spinal curvatures sgainst the
forwsrd moving seatback surface, resulting in an apparent
axial lengthening of the spine. Third, resistance to meck
structure bending generated by the normal postural muscle
tone of the upright neck may coatribute to the initial forward
head acceleration as recorded at the top of the cervical spine.

The upward movement of the test subject’s trunk and
neck base causad a more complex than expected motion of the
peck and head. This initial upward motion was immediately
followed by a sudden and surprisingly vigorous descent of the
trunk, which may have resulted from a “rubberband™ effect of
the kinematically straightened and streiched trunk/spinal
structures as the upwardly moving pelvis becomes restricted
by the lapbelt. Shortly after the subject’s trunk reaches the
limit of upward compliance permitted by the lapbelt, the spine
appeared to forcefully retum to its original unstretched and
curved state,

According to our measurements of the struck vehicle
test subjects during the 6 to 8 kph (4 to 5 mph) AV test runs,
there was an initial axial compression, measured at the top of
the cervical spine, which accelerated the head at about 1 0 £.5
Gs upward, followed, as the base of the neck was pulled
forward and downward, by s brief peak axial tension through
the rearward extended cervical spine of about 2 to 4.5 Gs.
The less energetic 3 to 4 kph (1.9 to 2.4 mph) AV test runs
resulted in esseatially the same type of head and neck motion
with much decreased accelerations and kinematic responses.

At the low and very low velocity rearend collisions
evaluated during our test series, the most likely injury to have
occurred was a mild cervical and upper shoulder muscular
strain. In our experience, this relatively mild injury would
have been expected to be, and was, self-limited. It appears
from our present results that the principal mechanical stress on
the cervical spine related to rearend vehicle collisions in the
low to very low velocity range is a rapid compression-tension
cycle directed axially through the cervical spine and neck
musculature as the meck sequeutially compresses, extends,
accelerates the head in tension and then flexes, all occurring
within the normal physiologic range of motion limits of the
neck. A suggested probable injury causation mechanism
coasisten! with these observations would be a localized
cesvical/upper thoracic muscular strain caused by rapid, short
excursion, forced muscular compliance to sudden unanticipated
tension, occurring at an onset rate beyond the physiologic
tolerance of the affected muscles’ intrecellular micro-
structures. Belated, overactive or out of synchronization

reflex muscular tensioning to control head motion may
contribute to the muscular strain process, although our test
subjects muscular corrective mechanisms appeared to be
appropriately coordinated and effective by about 200 to 250
milliseconds sfler impact. An additiomal, less likely, but
possible injury mechanism may be simple corpression-related
acute micro~confusional injuries to the cesvical and upper
thoracic spine connective tissue and joint structures, Similar
compression-teasion injury causation mechanisms may account
for the mild low back discomfort symptoms that are sometimes
reported by individuals involved in low velocity rearend
collisions. .
Photographic observation of the head, neck and upper
torso relationships that occurred during each test subject’s
peak cervical exteusion suggested the possibility of an
inberent, anatomically besed, pock extension limitation
mechanism, A trisngular shaped support structure for the top
of the cervical spine is formed by the supporting structures of
the upper torso, the partially extended (straightened) cervical
spine and the muscles of the anterior neck thst mormally
maintain the head erect. Initial cervical muscle bracing would
involve pre-existing normal nock muscle tone, followed dusing
the middle and end of the initial kinematic response peviod by
reflex and voluntary muscular head righting activity, This
progressively more active bracing mechanism, in conjunction
with the downward and forward movement of the shoulders
and base of the neck, (which occurred in cur test series well
before the subject’s head and neck had reached full extension),
may help self-limit (at least in the low velocity situation) neck
extension to within physiologically tolerable limits. The
absence of this active bracing mechanism in both
anthropomorphic dummies and cadaver test subjocts may
account for the observation of unchecked resrward head
motion and neck hyperextension reported in experiments
utilizing these imperfect human snalogs as test subjects.

CONCLUSIONS

The data from our low velocity rearend collision test
series using volunteer test subjects supports the preliminary
conclusion that substantial Gz direction acceleration occurs snd
is sssociated with both compressive and tensile forces
sequentially directed axially through the cervical spine.

These push-pull forces probably represent an injury
causation mechanism indepeadent of the commoaly deacribed
cervical *whiplash™ hyperexteasion/hyperflexion mechanism.
For rearend collisions within the velocity range included in our
test series, the classic “whiplash” injury mechanism, scems
ualikely since no hyperextension or hyperflexion was obeerved
in any of our test subjecis. Despite having expericaced no
neck excursions beyond their voluntary range limits, three of
our four test subjects transicotly had very mikd, but clinically
classic neck discomfort symptoms.

During the lower energy level 4 kph (2.5 mph) AV
test runs, the test subject’s relatively rearward head motion
was similar but much milder snd, in each case, the beck of the
test subject's head did nol reach the hemdrest. The injury



causation potential during these tests was subjectively judged
by the pbysician test subjects to have been minimal or non-
existent.

The reported results of this low velocity test series
suggest a compression-teasion injury causation mechanism
which probably can cause self-limited minor cervical, thoracic
and lumbar muscle strains and, possibly, connective tissue
and/or vertebral joint micio-contusional injuries and that may
account for the discomfort symptoms commonly reported after
low velocity rearend collisions. The very mild discomfort
symptoms experienced by our three test subjects, after
multiple tost exposures, indicated that the 6 to 8 kph (410 5
mph) struck vehicle AV test conditions were probably at, or
near, typical human threshold for very mild, single event
musculoskeletal cervical strain injury.

The test results from our small number of test runs
and relatively homogeneous test panel should be supplemented
by fusther testing. This testing, which should include a wider
variety of test subjects arranged in different seating positions,
various riding postures and restraint system usage, would
better define the complete range of expected kinematic
respoases by the vehicle riding general public to low and very
low velocity rearend collisions.
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