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Abstract: Whiplash injuries occur frequently in rear-end car accidents even at low speed.
In order to investigate the mechanism of whiplash injuries, experimental and finite
element method (FEM) analyses were conducted. The Hybrid Il dummy has been used
for various experimental tests. However, since this dummy’s neck is too rigid for low-
speed collisions, we developed a new flexible neck model for low-speed rear-end
collisions. In the experimental analysis using the new flexible neck model, the new neck
model was more flexible than the Hybrid Ildummy neck model, and the displacement of
the second cervical vertebra of the new flexible neck model was different from the others
at 5 km/h. Higher compressive stress appeared in the soft tissues around the third
cervical vertebra at 5 km/h in the FEM analysis. Therefore, it is supposed that the region
between the second and the third cervical vertebra would be the most vulnerable to
whiplash injuries.
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Introduction
In Japan, statistical data show that 50% of all car accident injuries are caused in rear-end
accidents, and 90% of people in rear-end accidents suffer neck injuries [1, 2]. Neck injuries in
rear-end accidents occur even at low-speed and are known as «Whiplash injuries». It has been
reported that these neck injuries occur in 40% of persons who sustain rear-end accidents even
at low speeds of 5 km/h [1, 2].

Although various researchers have attempted to clarify the mechanism of whiplash
injuries, this mechanism is not yet wholly understood [3-11], partly because research tests
cannot reproduce actual rear-end car accidents. The Hybrid llldummy (GM Ltd.) has typically
been used internationally in experimental analyses. However, it is too rigid to analyze the
whiplash motions in low-speed collisions because the Hybrid Il dummy neck model is made
of aluminum plates and hard rubber, and is developed for frontal impact tests at high speed.
Therefore, we developed a new neck model, which is more flexible than the Hybrid IIl dummy
neck model. In this study, we performed experimental analyses with the new flexible neck
model to investigate the mechanism of whiplash motions. The results using the new flexible
neck model were compared with those of the Hybrid Il dummy neck model.

However, it is impossible to observe internal stresses in experimental analyses with
the new flexible neck model. Therefore, it is also valuable to carry out a computer numerical
simulation. Thus, in this study, a numerical analysis was conducted using a finite element
method (FEM). The FEM analysis was performed at low-speed rear-end collision to evaluate
the deformation and the stress distributions after collision.
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Fig. 1. New flexible neck model. Fig. 2. Pendulum test.

Method

The new flexible neck model consisted of cervical vertebrae, ligaments, intervertebral
disks, and soft tissues without muscles (Fig. 1) [4-7]. Since the response time of muscles by
stimulus is reported to be as much as about 150ms to 250 ms after stimulus, the actions of the
muscles could be disregarded during the analysis period up to 150ms in this study [12].

Each component of the new flexible neck model was made of many kinds of polymers
having material properties close to those of the human body.

The cervical vertebrae were made of polyurethane and the first cervical vertebra was
eliminated to make the length of the new neck model the same as that of the Hybrid IIl dummy
neck model. Thus, the number of cervical vertebrae was six. Ligaments were made of a 3-D
(three-dimensional) textile (Cubic-eye HA6003, Unitika Co., Ltd.). The anterior longitudinal
ligament had an elastic modulus of 6.6 MPa in the physiological range less than 5% [13, 14].
Tensile testing was performed and the result of Young’s modulus of the 3-D textile was 3.7
MPa. Since the material properties of ligaments allow wide variations, we employed a 3-D
textile for the ligaments. The 3-D textile has a nonlinear relation in tensile stress-strain action,
which is peculiar to the behavior of the human soft tissues [15]. Five intervertebral disks were
made of a silicone rubber (Dent silicone-V, Shofu Inc.). Young’s modulus of the silicone
rubber was 1 MPa or less from the results of tensile testing, and the annulus fibrosus of the
intervertebral disk was 2 MPa [16]. In order to take the surrounding soft tissues of the human
neck into consideration, the new flexible neck model was embedded in a transparent colorless
silicone rubber (RTV Rubber KE1603, Shin-Etsu Chemical Co., Ltd.).

The response of the new flexible neck model was evaluated using a conventional
Hybrid Ill neck calibration pendulum test based on the rotation angle of the neck and the
moment acting on the occipital condyle (Fig. 2) [4]. The new flexible neck model with the
Hybrid Il dummy head was mounted on a rigid pendulum, and the pendulum was allowed to
fall freely from a height at an impact speed of 5 km/h.

Experimental analysis was carried out to compare the behavior of the new flexible
neck model with that of the Hybrid Il dummy neck model. These neck models were mounted
on the Hybrid I1150™ percentile male dummy. The Hybrid lll 50™ percentile dummy was seated
on a frontal conventional seat for a small size car with and without a headrestraint in the sled
tests (Fig. 3). The seatback angle was 22 degrees and the distance between the head and the
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Sled 5 km/h

Fig. 3. Sled test. Fig. 4. FEM neck model.

headrestraint was set as 80 mm. The Hybrid Il dummy was restrained with a seat belt and the
test speed was 5 km/h. Sled tests using the new flexible neck model were carried out and the
initial seating posture of the Hybrid IIl 50™ percentile dummy was the same in all tests. The
motions of two neck models were recorded with a high-speed video camera and this video
system recorded one frame per one millisecond.

The FEM neck model was developed from X-ray photographs of a normal adult male
and consisted of skull, cerebral cortex, cervical vertebrae (cortical bones, cancellous bones),
thoracic vertebrae, ligaments, intervertebral disks (nucleus pulposus, annulus fibrosus) and
soft tissues (Fig. 4). The FEM model was constructed as a pseudo 3-D neck model
representing the head and neck down to the second thoracic vertebra. Thus, this FEM model
consisted of three layers; the first layer included cancellous bones and intervertebral disks, the
second layer included cortical bones, and the third layer included intertransverse ligaments.

The FEM analysis was conducted for the first 150 ms after collision and the restraint
conditions were determined based on our sled test at 5 km/h (Fig. 5(a), (b)). Table 1 shows the
material properties of each component. Since ligaments have a nonlinear relation in tensile
stress-strain action, this property was introduced to ligaments of the FEM neck model.
Analyses were carried out with Cosmos/M Ver.1.75 (SRAC Ltd.) on an IBM PC/AT
compatible personal computer.
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Fig. 5: a — horizontal displacement of the second thoracic vertebra applied as an impact loading condition in
FEM; b — upward displacement of the second thoracic vertebra applied as an impact loading condition
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Fig. 6. Relation between rotation angle of neck and moment acting on occipital condyle in pendulum test.

Table 1. Material properties of FEM neck model.

Material Young's modulus (MPa) Poisson ratio
Cancellous bone 450 0.25
Intervertebral disk
(annulus fibrosus) 5 0.4
Intervertebral disk
1 0.4

(nucleus pulposus)
Ligament 10 0.3
Cortical bone 10000 0.29
Mandible 10000 0.25
Tooth 20000 0.25
Soft tissues 10 0.45
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Fig. 7: a — time vs. moment of dummy neck model in pendulum test; b — time vs. moment of new flexible
neck model in pendulum test.
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Fig. 8: a — displacements with headrestraint in sled test (dummy: equivalent point to center between C2 and
C3 of dummy neck); b — displacements without headrestraint in sled test.

Results and discussion

Figure 6 is a graph of the relationship between the rotation angle of the neck and the
moment acting on the occipital condyle [4]. The X-axis shows the rotation angle and the Y-
axis shows the moment. The curves representing the positions of the volunteer and cadaver
were previously published data [4] and those of the new flexible neck model and the Hybrid Il
dummy neck model were obtained from the results of our pendulum tests at 5 km/h.

The curve of the volunteer was located far to the left of the cadaver curve, which
means that volunteers’ necks were more rigid than cadaver’s necks. It is assumed that this is
because volunteers were already aware of the collision and they were thus subconsciously
alert, so their necks were more rigid than real drivers’ necks. Therefore, it is assumed that the
curves of real drivers would be between the volunteer’s curves and the cadaver neck curves. It
is supposed that the motion of the new flexible neck model is more similar to that of real
drivers in rear-end accidents because the curve of the new flexible neck model is presumed to
be closer to the curve of the real drivers.

The shape of the curve of the new flexible neck model was different from the others in
the pendulum test (Fig. 6). We attempted to consider this result from the relation between the
time and the moment. Figures 7 (a) and (b) show the relationship between time and moment
for the Hybrid Il dummy neck model and the new flexible neck model at 5 km/h, respectively.

The moment of the new neck model fell to zero at 80 ms while that of the dummy
neck model did not fall. At 130 ms, the moment of the new neck model fell to zero again.
From the result of the Hybrid Il dummy neck model in the pendulum test, the Hybrid Il
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Fig. 10. Deformation of FEM neck model Fig. 11. Compressive stress at 140 ms (only soft
at 140 ms. tissues are illustrated).

dummy neck model did not rotate until 40 ms and the neck rotated backward up to 80 ms.
After 80 ms, the dummy neck returned smoothly forward. In contrast, in the new flexible neck
model, the neck rotated smoothly backward up to 80 ms. Since the neck bent around the third
and the fourth cervical vertebrae at 80 ms, it was considered that the moment decreased. The
neck continued to rotate backward until 120 ms and the moment fell to zero because shear
displacement in the plane of the intervertebral disks appeared in the neck at 130 ms. The
region within the dotted circle in Figure 6 is equivalent to the period from 80 ms to 130 ms in
Figure 7 (b). Therefore, due to the difference in behavior during the period from 80 ms to 130
ms, the shape of the curve of the new flexible neck model was different from the others. It is
supposed that this difference was caused by the flexibility of the new neck model; the 3-D
textile of the new flexible neck model connects each cervical vertebra and each cervical
vertebra can move separately and freely to some extent. However, the Hybrid Il dummy neck
model consists of three plates of aluminum, hard rubber and a single steel cable, which exists
through the center of the dummy neck model, and thus the parts do not move separately.

The results of the displacements of the cervical vertebrae of the new flexible neck
model in the sled test are shown in Figures 8 (a) and (b). These are graphs of the displacement
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of each cervical vertebra to the torso with and without the headrestraint. The positive direction
of the Y-axis indicates the posterior displacement of the neck and a negative direction in the
Y-axis shows an upward direction. Origin (0 ms) is the time when the sled was collided.
Figure 9 gives photographs of the new flexible model with and without the headrestraint in
the sled test at 150 ms after collision.

The displacements of the new flexible neck model were wholly larger than those of
the Hybrid Il dummy neck. The new flexible neck model began to rotate at 50 ms and was
restrained at 105 ms with the headrestraint. In the upward direction without the headrestraint,
the displacement of the second cervical vertebra began to deviate from the others after 110
ms. The behavior of the new flexible neck model after collision was as follows; the torso was
pushed to the seat back by the impact and then the torso moved forward by the reaction force
of the seat back while the head remained in position due to inertia. After 100 ms, the torso
continued to move forward while the head was rotating backward.

The FEM analysis showed that the head remained in position until about 100 ms after
collision. The head remained in position due to inertia while the torso was abruptly moved
forward. Subsequently, the neck was extended and it is considered that tensile stresses were
generated. After 100 ms, the head began to rotate backward and the neck was significantly
flexed around the third cervical vertebra (Fig. 10). When the shock wave reached to the head,
the neck was compressed by the head and the highest compressive stress was observed in the
soft tissues around the third cervical vertebra at 140 ms after collisions (Fig. 11). There is a
possibility that the soft tissues around the second and third cervical vertebra would be
damaged by this stress at about 140 ms. In the experimental analysis of the sled test, the
displacement of the second cervical vertebra was different from the others. Therefore, this
experimental result agrees well with the FEM result of the highest compressive stress at 140
ms.

Svensson reported that the head moves rearwards relative to the torso without any
angular motion during the first phase, the linear rearward motion of the head is decelerated at
the same time as the head starts rotating backward in the next phase, and the whole cervical
spine goes into full extension in the last phase [8-9]. In our FEM analysis, the head remained
in position and the neck was extended until about 100 ms, and the head began to rotate
backward after 100 ms. Therefore, our FEM result was similar to the results of Svensson’s
report.

In the experimental analysis in the sled test, the displacement of the second cervical
vertebra was different from the others. Stress concentration was observed in the soft tissues
around the third cervical vertebra at 140 ms after collision in the FFM analysis. Therefore, it
can be concluded that the region between the second and the third cervical vertebra is the
most vulnerable to whiplash injuries.

According to the statistics of critical regions of whiplash injuries in rear-end accidents,
the regions of injury symptoms are generally classified into two parts; the region including the
upper cervical vertebrae (C2/3) and the region of the lower cervical vertebrae (C5/6/7) [17].
In this study, it was supposed that the region between the second and the third cervical
vertebra, i.e. the upper cervical vertebrae, is the most vulnerable to whiplash injuries.
Therefore, the results of this study agree well with the statistics.

Conclusions
Experimental and FEM analyses were carried out to investigate the mechanism of
whiplash injuries.
In the experimental analysis using the new flexible neck model, the new neck model
was more flexible than the Hybrid Il dummy neck model, and the displacement of the second
cervical vertebra of the new flexible neck model was different from the others at 5 km/h.
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In the FEM analysis, the highest compressive stress appeared in the soft tissues around

the third cervical vertebra at 5 km/h. This FEM result agrees well with the results of the
experimental analysis of the sled test.

Therefore, it is thought that the region between the second and the third cervical

vertebra is the most vulnerable to whiplash injuries.

Acknowledgments
The authors wish to express their special thanks to the staff of Daihatsu Motor Co.,

Ltd. for providing the test devices and information.

10.

11.

12.
13.

14,

15.

16.

17.

References
Japan Automobile Research Institute, Inc., Research of a traffic accident, 1986, 1992 (in
Japanese).
Japan Traffic Safety Association, Traffic Green paper, 1997 (in Japanese).
SHIMAMOTO N., TANAKA M., TSUTSUMIS., YOSHIDAH., MIYAJIMAY. Developing
Experimental Cervical Dummy Models for Testing Low-speed Rear-end Collisions. Enhanced
Safety of Vehicles, 16™ ESV Conf, paper NO. 98-S9-0-10, 1998.
MERTZ H, PATRICK L. Strength and Response of the Human Neck, SAE Paper No. 710855,
1971.
TSUTSUMI S., YOSHIDA H., MIYAJIMA Y. Impact Analysis of Whiplash Neck Behaviors in Rear-
end Collisions. Transactions of Jpn Soc Mech Eng. 63: 791-796, 1997.
YOSHIDA H., MIYAJIMA Y., TSUTSUMI S. Numerical and Experimental Impact Analyses of Neck
Behaviors in Rear-end Collisions. International Conf. New Frontier Biomech. Eng: 277-280, 1997.
YOSHIDA H., MIYAJIMA Y., TSUTSUMI S. Impacts Analyses of Whiplash Injuries in Rear-end
Accidents. J Jpn Soc Clin Biomech Related Res, 18: 203-207, 1997 (in Japanese).
SVENSSON M.Y., ALDMAN B., HANSSON H.A., etc. Pressure Effects in the Spinal Canal During
Whiplash Extension Motion: a Possible Cause of Injury to the Cervical Spinal Ganglia, SAE paper
NO. 1993-13-0013, 189-200, 1993.
SVENSSON M.Y., etc. A Dummy for Rear-end Collisions: Development and Validation of a New
Dummy-neck, SAE paper NO. 1992-13-0024, 299-310, 1992.
DENG Y.-C. Anthropomorphic Dummy Neck Modeling and Injury Considerations Accid Anal
Prev, 21: 85-100, 1989.
SEEMANN M.R., MUZZY W.H., LUSTICK L.S. Comparison of Human and Hybrid Il Head and
Neck Response. STAPP Car Crash Conf, Paper NO. 861892, 1986.
INOKAI M. Guide of Physiology. Kyorin shoin, 1963 (in Japanese).
AKAISHI F. Biomechanical Study of the Anterior and Posterior Longitudinal Ligaments in the
Lower Cervical Spine. J Jpn Soc Clin Biomech Related Res, 15: 109-112, 1994 (in Japanese).
NOYES F.R. Functional Properties of Knee Ligaments and Alternations Induced by
Immobilization. Clin Orthop, 123: 210-242, 1977.
YAMAGUCHI T. Study on the Strength of Human Skin. J Kyoto Prefectural Univ Med, 67: 347-
379, 1960 (in Japanese).
TOTORIBE K. Biomechanical Study of The Lumbar Spondylolysis Using a Three-dimensional
Finite Element Method and 3D-CT. J Jpn Soc Clin Biomech Related Res, 15: 99-102, 1994 (in
Japanese).
SUGIMOTO T. Whiplash Injury, Nagai Shoten, 1972 (in Japanese).



Russian Journal of Biomechanics, Vol. 4, Ne 3: **-** 2000

9KCMEPUMEHTAINbHbIA U YACTNIEHHbIA AHANU3 OBUXEHUA NPU
“YOAPE XIbICTOM", BO3HMUKAIOLLUM NMPU YOAPE C3AlN B CINYHAE
ABAPUUN ABTOMOBWITEN C MAJION CKOPOCTbIO

X. Mocunpa, C. Llyuymu (Kuoto, AAnoHus)

TepMuHOM “yaap XJbICTOM” HA3BIBAIOT yAap, BO3HUKAIOIINN NP yaape c3a/u 10 1iee
B CJly4yae CTOJKHOBEHHUS aBTOMOOMWIEH ¢ Majoi cKopocThio (1o 5 km/uac). CraTuUcTHKa
MoKa3bIBaeT, uto B Amonuu 50 % Bcex TpaBM MPHU JOPOKHO-TPAHCTIOPTHBIX MPOUCIIIECTBHSIIX
BbI3BaHbI yaapoM c3agu v 90 % moTepmneBmIMX B ATOM ClIy4ae MOJy4YaloT TPaBMbI IIEH.
HecMmotpst Ha MHOTHE pabOTHI B 3TOM HAIPABJIICHUH, MEXAHU3M TPAaBM HEJOCTATOYHO TMOHST.
DTO B 3HAUUTENBHOW CTENEHU CBA3AHO C TE€M, YTO B OMNbBITAX HE YAAeTCs BOCIPOU3BECTH
peasbHYI0 cuTyanuio. [IpuMeHseMble MOJETM YelOBEKa, CICNIaHHbIE W3 aFOMHHUEBBIX
IUTACTHH U JKECTKON Pe3UHbI, UMEIOT CIUIIKOM OOJBIIYIO KECTKOCTb.

B nmannoii paboTe mpemIokeHa W HM3TOTOBJIEHA HOBAs KOHCTPYKIIMSI MOJIEINH,
UMEIOIIasi MEHBIIYI0 XECTKOCTh. HoBas Mojenb COMAEp>KUT IIeHHBIE MO3BOHKH, CBSI3KH,
MEKITO3BOHKOBBIE JTUCKA M MATKHE TKaHU Oe3 Mmblml. llocnemaHee CBsA3aHO ¢ TeM, 4YTO
JICWCTBYE MBI, KaK MOKAa3bIBAET OMBIT, MposBisieTcs dyepe3 150-250 MuiucekyH | mociie
MOCTYIIJICHUSI UMITYJIbCA, a MPOAOIKUTENBHOCTD yaapa MeHble 150 Musmucekyna. Onucanbl
MaTepuaibl, U3 KOTOPBIX ClIeJaHbl HOBBIE 3JeMEHTHl Mojenu. [IpomsBeneHo cpaBHEHUE
pe3yabTATOB MO MEPEMEIICHUSIM U MOMEHTaM JUIsl 00euX MOJeNe MpH yaape ¢ MOMOIIbIO
KaTuOpOBOYHOrO MasATHUKA. VccrnenoBana AuHAMMKa MepeMeNIeHnid 1 MOMEHTOB Uit 00enx
Mojiesiel. AHaTU3UPYETCS pa3HUIA PE3YJIbTATOB U3MEPEHUH.

Pacuer HanpspkeHMIl U mepeMenieHril MPOU3BElIEeH C MOMOIIbI0 METOJla KOHEYHBIX
DJIEMEHTOB, TPUYEM TPOAHATU3UPOBAHA JUHAMHUKA U3MEHEHHN B TeueHue 150 MUIUTHCEeKYH]T
nocne ynaapa. B Mozenb BXOZST depen 4YelloBeKa, IIEHHbIe MO3BOHKH (KOpTHUKaiIbHAas U
TpaOeKyisipHass KOCTHBIC TKaHH), TPYAHBIC TO3BOHKH, CBSI3KH, MEKIIO3BOHKOBBIC JUCKU
(mynbroBoe s1po, GUOPO3HOE KOMBIO) U MATKUEe TKaHW. [IpuMeHsics mceBAOTpeXMEpHBII
METO/1 pacyeTa, Py TOM MOJIEIb COCTOsIIA U3 TPEX CIIOEB.

[TpoBeneHHBIE pacdyeT W IKCHEPUMEHT IMO3BOJMIN HMCCIEI0BAaTh MEXaHH3M TPaBMBI
npu “ymape XJIbICTOM’. AHAIU3UPYIOTCS IMOBOPOTHI TOJIOBBI M HW3THMOAIONIME MOMEHTHI B
3aBUCHUMOCTH OT BPEMEHHU TOCIe yaapa, MpruueM pacueT U HOBas SKCIepUMEHTANIbHAsI MOJIEIb
JArOT OJIM3KHUE Pe3yIbTaTHL.

[Toxazano, yTo Haubosee onacHas o0JacTh TeNla MpU JAHHON TpaBME COCPeNOTOYeHA
MEX]Ty BTOPBIM U TPETHUM IICWHBIMH IMO3BOHKaMu. bubm. 17.
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