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ABSTRACT

A human FE model for rear-end accident analyses was developed in order to reconstruct not only

the whole body motion but also vertebra motions during impact. The validation of the human FE model

was confirmed as follows; The original model was validated against data obtained from human volunteer

testing during low-speed rear-end impacts in the past. This model was further validated by PMHS at a

high speed. This comparison showed that the human FE model could reconstruct the whole body and

cervical vertebral motions of the PMHS. Furthermore rear-end accident reconstruction simulations were

conducted with the human FE model. The simulations correlated the strains of the inter-vertebral discs

and the facet joint capsules, with that of the neck injury severity recorded in the accident data.

Keywords: Rear Impacts, Finite Element Method, Neck Injury, Cervical Vertebral Motion

In 2007, the number of the rear-end accidents in Japan represented 30% of the total number

(832, 454) of domestic traffic accidents. Moreover, around 90% of the injury suffered by drivers of

cars that figured in rear-end impact (the total number of which is 172, 918), in accidents resulting from

the collision of four-wheel vehicles was minor neck injury. Compared with other injuries, neck injury

is more likely to lead to permanent disability. Therefore, it is important to take safety measures so as to

reduce neck injury in traffic accidents. In order to come up with appropriate measures for the safety of

vehicles, it is necessary to ascertain the mechanism of injury incidence. However, since it is difficult to

diagnose minor neck injuries with CT or MRI (Davis, 1993), even in the medical field, it is of utmost

importance to be able to identify the mechanism causing the injury. So far, the occurrence factors of

minor neck injuries caused by whiplash phenomenon have been examined by analyzing the motions of

cervical vertebrae of human volunteers (Ono, 2006, Pramudita, 2007) and Post Mortem Human

Subjects (PMHS) (White, 2009) during impact through the use of X-ray images. However, due to the

constraints of the experiments using human volunteers (limitation of the impact velocity) and/or

PMHS (the absence of muscle reaction), the mechanism of injury incidence in cervical vertebrae has

not been identified. To analyze the specific motion of cervical vertebra by experiments using current

existing dummies also is impossible. Although it has also been considered that by reconstructing the

motions of cervical motion by using a finite element human model (hereafter called human FE model),

the regional displacement of the cervical vertebrae, which is difficult to analyze by experiments, (i.e.,

the relationship between the cervical vertebrae motion and the injury) could then be analyzed
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(Hasegawa, 2004, Kitagawa, 2005 and 2008). Therefore, the human FE model was reviewed and

improved (Kamiji, 2008, Ono, 2009), to model the structure and the mechanical properties of the

human body and thereby can be used to reconstruct occupant motions at the time of a rear-end impact.

The model was compared with reconstruction simulations of the rear-end impact experiments with

volunteers at ΔV8km/h (Ono, 2006, Kamiji, 2008) and it has been confirmed that the model indicates

the same cervical motions as those of the volunteers (Ono, 2009). However, this model was only

validated at a low-impact velocity range.

Rear-end impact experiments were done at ΔV16km/h with PMHS (White, 2009) and the

validation of the human FE model at a higher impact velocity was examined. In addition, these

accident reconstruction simulations were implemented with the human FE model in order to

reconstruct the occupant motions in actual rear-end accidents. Based on the kinematics of the head and

the neck in these accident reconstruction simulations, the relationship between the degree of injury in

actual rear-end accidents, and the local displacement in the soft tissue between the cervical vertebrae,

considered as the cause of minor neck injury, were also examined.

METHODS

HUMAN FE MODEL FOR REAR-END IMPACT ANALYSIS The basic human FE model

consists of the upper half body of the THUMS and the lower half body of the pedestrian model based

on the H-model and the Japan Automobile Research Institute (JARI) had modified and improved the

basic human FE model into the JAMA human FE model used in this study as a part of activities by the

Japan Automobile Manufacturers Association, Inc. (JAMA) (Sugimoto, 2005 and Kamiji, 2008). The

human FE model (Fig. 1) is equivalent to the average physical type of adult males, AM50 (NHTSA,

1985). The structure of the spinal column that exerts great influence on the occupant motion is

composed of each vertebra between the first cervical vertebra and sacral bone, the disk modeled by

solid elements and the ligament modeled by shell elements and seatbelt elements. The mechanical

properties of the spine were determined by comparison of the force/displacement or moment/rotation

properties of the functional spinal units between the human FE model and published experiment data

(Winkelstein, 1999, Jager, 2000, Schultz, 1979, Berkson, 1979, Begeman, 1994). In addition, in order

to reconstruct occupant motion during rear-end impact the flesh properties was modified by comparing

the motion of the human FE model with that of volunteers (Ono, 1999) and PMHS (White, 2009).

Fig.1 Occupant FE model for rear-end impact analysis
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Muscles around the neck are modeled with discrete elements but they are not activated in this study.

The number of the nodes is around 70,000, and that of the elements is around 90,000.

MODEL VALIDATION The human FE model employed in this research was developed based on

the data obtained from the collaborative study with Japanese medical colleges (Ono, 1999) so that not only

the apparent whole-body motion but also the cervical motion and the whole spinal column motion could be

made equivalent to the data of the rear-end impact experiments using volunteers (Kamiji, 2008). In order to

examine the bio-fidelity of this model, the reconstruction simulation of the rear-end impact experiment with

volunteers was conducted and it was confirmed that this model represents similar cervical motions to that of

the volunteers (Ono, 2009). Nevertheless, experiments with volunteers were constrained within the low

speed range of ΔV8km/h. Thus, in order to examine the reproducibility of the acceleration and kinematics

of the human FE model at a higher impact velocity than that of the volunteer tests, the reconstruction

simulation of the rear-end impact simulation was done with PMHS (White et. al., 2009).The acceleration

and motion of each point of the specimen and the human FE model were compared.

Rear-end impact experiment with PMHS In order to simulate the impact that affects the

occupant body during rear-end impact, White et al. (2009) employed HYGE mini-sled system

(hereafter called Mini-sled). This Mini-sled is made of a rigid aluminum plate and runs on two rails

made of I-type aluminum beams. On the plate, a rigid seat is set and the air cylinder set at the back of

the rigid seat gives impact to the plate, so that the situation of the collision can be reconstructed. The

seat back of the rigid seat leans 20°, while the seat pan leans 0° and the headrest is removable. PMHS

is seated on the rigid seat. From this experiment, various data were obtained such as the acceleration

response of the main regions of the occupant (the head, the 1st thoracic spine, and the hip), the

whole-body motion as captured by high-speed camera (1000fps), the motions of cervical vertebra

serially taken by X ray (1000fps), and so on. The experimental condition is under ΔV16km/h with

HR, and two human specimens were used. Since high-speed video and X ray cineradiography cannot

be done simultaneously, the experiment was conducted twice with each PMHS (Table 1).

Table 1 Summary of PMHS test conditions
Test No. Test Conditions

PMHS 1
1 Video
2 X-ray

PMHS 2
1 Video
2 X-ray

Simulation conditions for the validation of the human FE model In the PMHS experiments, the

posture of the human FE model was adjusted to a driving posture which was based on the seated,

mid-sized dummy anthropometric specifications from the University of Michigan Transportation

Research Institute (Robbins, 1983). As indicated in Fig. 2, the human FE model was seated on the

rigid seat with the head-restraint (hereafter abbreviated as HR). Then, in order to reconstruct the

situation wherein the PMHS was closely attached to the rigid seat, only gravity was given to the
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human FE model within the range of -200ms to 0ms. After the posture of the model became stable, the

sled acceleration (Fig. 3) that was obtained from the PMHS experiment (White, 2009) was given to the

seat model at 0ms. In this PMHS test simulation, the body size of the human FE model was AM50

without any scaling. The analysis code was LS-DYNA (Ver. 971).
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Fig.2 Simulation model Fig.3 Sled acceleration

ACCIDENT RECONSTRUCTION SIMULATIONS The human FE model which was

developed in this research was used in the accident reconstruction simulations published by Ono

(2009). With the results of the accident reconstructions, the risk curves for minor neck injury were also

published by Ono (2009). In this paper, detailed investigation into occupant kinematics and cervical

vertebral motion was carried out with the accident reconstruction simulations. The accident data and

simulation conditions used last year were as follows.

Accident Data Table 2 indicates the accident data (Ono, 2009) applied in these simulations. For

the selection of accident cases, the cars with CPR (Crash Pulse Recorder) and seat of the same type

were focused on. Table 2 shows ΔＶ, average acceleration, maximum acceleration, occurrence of

neck/spine injury, duration of the symptoms, and whiplash-associated disorders (WAD). Table 3

indicates the Quebec WAD classification (Spitzer, 1995) at each symptom grade. The recorded body

properties of the occupant include gender, age, height, and weight.

Simulation conditions for the accident reconstruction The occupant motion during impact was

reconstructed by using the human FE model with the crash pulses recorded on the CPR. Based on the

occupant motion from the accident reconstruction simulations, the relationship between the degree of

neck injury and the local displacement of the cervical vertebrae was analyzed.

For the accident reconstruction simulations, the human FE model was seated on the seat FE model

under gravity and then the recorded crash pulse was input into the seat FE model after the posture of the

human FE model and the deformation of the seat FE model became stable. The body size of the human

FE model was scaled for each accident case. The height and weight of the occupants, which were

indicated in the accident data as shown in Fig. 4, were used as the parameters to scale the physical

constitution of the human FE model validated with PMHS test simulation. The scaling was done

uniformly based on the height initially. Then the flesh of the human FE model was scaled and the density

of the flesh was modified within the range of the density of muscle and fat to make the human FE model

the same weight as that of the occupants in the accident data. The HR of the actual seats in the sampled

accident cases has four notches to adjust the height. Therefore, the HR height of the seat FE model was
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also set at four levels based on the actual position data measured at the four notches. However, there

were no data concerning the HR height in the accident data. For this reason, the HR height with which

the centre of gravity of the head of the scaled human FE model is closest to the centre of the HR was

adopted assuming that the occupants adjusted the HR height properly in their seating position. Fig. 4

shows the four levels of the HR height; No. 1 is the lowest HR height and No. 4 is the highest. The level

of the HR height for each accident case was summarized in Table 2 (the right edge column: HR).

The seat FE model was made using some experiment data of the same type of the seat in the

accident data. The dynamical compression characteristics were estimated from quasi static compression

experiments of the HR, seat back and seat cushion of the seat. The mechanical property of the hinge

structure installed in the seat was obtained by analyzing the time hysteresis of the inclination angle of the

seat back using the sled experiments with the BioRID II dummy.

Table 2 Collected cases of accident
HR

No. D/P
Δv

[km/h]
Mean

Acc.[g]
Peak

Acc. [g]
Neck/Spine Symptoms WAD Gender Age Height Weight Height

1 Driver 28.2 5.8 10.6 Injured 1-6 m 2 F 26 175 55 4
4 Driver 26.0 5.6 12.6 Injured >6 m 3 M 57 178 100 4
4 Passenger 26.0 5.6 12.6 Injured >6 m 3 F 57 168 80 3
2 Driver 23.3 6.7 14.7 Injured >6 m 2 F 59 156 60 1
8 Driver 20.4 5.2 12.8 Injured <1 m 1 F 22 171 63 4
8 Passenger 20.4 5.2 12.8 Injured <1 m 2 M 18 179 80 4
7 Driver 19.5 4.0 9.2 No injuries no 0 M 67 167 84 3
7 Passenger 19.5 4.0 9.2 Injured <1 m 1 F 72 165 63 3
10 Driver 17.6 5.0 12.4 Injured 1-6 m 1 M 74 175 62 4
10 Passenger 17.6 5.0 12.4 Injured 1-6 m 2 F 74 160 57 2
6 Driver 16.3 4.9 12.1 No injuries no 0 F 59 165 65 3
6 Passenger 16.3 4.9 12.1 Injured <1 m 1 M 88 170 70 3
11 Driver 16.3 6.5 15.2 No injuries no 0 M 61 176 77 4
11 Passenger 16.3 6.5 15.2 No injuries no 0 F 61 154 69 1
21 Driver 14.3 4.5 10.6 No injuries no 0 M 50 171 85 4
23 Driver 11.1 3.7 8.9 Injured <1 m 1 F 35 178 65 4
20 Driver 10.8 3.7 7.1 Injured <1 m 1 M 65 176 82 4
20 Passenger 10.8 3.7 7.1 No injuries no 0 M 68 176 77 4
24 Driver 8.8 3.5 7.5 Injured 1-6 m 1 F 35 165 55 3
3 Driver 14.7 5.2 7.5 Injured >6 m 2 F 35 165 55 3

Case Recorded Crassh Pulse Reported Injury Passenger Characteristics

Table 3 Quebec classification of WAD
Grade Clinical Classification

0 No complaint about the neck. No physical sign(s).

1 Neck complaint of pain, stiffness, or tenderness only. No physical sign(s).

2 Neck complaint and musculoskeletal sign(s).

3 Neck complaint and neurological sign(s)
4 Neck complaint and fracture or dislocation.

(a) No.1 (b) No. 2 (c) No. 3 (d) No. 4
Case 11 Passenger Case 10 Passenger Case 7 Passenger Case 8 Driver

Fig. 4 Adjustment of head restraint height
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RESULTS

VALIDATION OF THE HUMAN FE MODEL By comparison of motions between the human

FE model and PMHS, the human FE model was validated. Figures from 5 to 11 show the results of the

comparison between the results of the PMHS experiments and those of the human FE model

simulation. In each figure, the thin line and the thin dotted line indicate the results of the PMHS

experiments, while the thick line indicates the results of the human FE model simulations.

Fig. 5 indicates the contact force of the seat back and the HR. Table 4 indicates the time when

PMHS and the human FE model made contact with the HR. The time histories of the seat back contact

force of the human FE model and PMHS almost coincide, i.e., in both of them, the loading started to

increase at 0ms, reached the maximum value at around 75ms, and represented 0N at around 130ms

because the torso separated from the seat back (Fig. 5 (a)). The maximum loading force was the same as

that of the PMHS experiment. Likewise, the HR contact force of the human FE model showed the same

tendency as that of PMHS experiment (Fig. 5 (b)), which means that the human FE model well

represents the contact force between PMHS and the rigid seat. In addition, although the HR contact force

was observed to start to increase at around 40ms, the HR started to make contact with the head at around

70ms as shown in Table 4. It can be said that this phenomenon is due to the influence of the inertia of the

load cell.

Fig. 6 indicates the accelerations of the head COG, T1 and pelvis of the human FE model and

PMHS. In the PMHS experiment, the acceleration of the head is based on the local coordinate system

in SAEJ211, and the accelerations of T1 and pelvis are based on the local coordinate system shown in

Fig. 7. The maximum value of the head in z-direction of the human FE model is likely to be higher

than that of the PMHS. However, the occurrence time and the acceleration profile of the human FE

model coincide with those of the PMHS.

Fig. 8 shows the displacements of the head, T1 and pelvis of the human FE model and PMHS.

These are the displacements in the local coordinate system fixed to the sled shown in Fig. 9. In the

meantime, the displacement of T1 disappears during the time history. It is indicated that this was

because the marker attached to T1 became invisible and thereby was impossible to track. The receding

quantity in x-direction of the human FE model is less than that of the PMHS; however, the comparison

of the time of the maximum acceleration and the acceleration-time histories between the human FE

model and the PMHS were almost identical.

Fig. 10 shows the rotation angles of the head and T1 of the human FE model and PMHS. In Fig.

10, the plus value indicates extensional rotation, while the minus value indicates flexional rotation.

The motion of the head shows variability to some extent between PMHS 1 and PMHS 2, a variability

that is within the variability of the human FE model. On the other hand, the motion of T1 of the human

FE model is similar to that in the PMHS experiment, and the rotation angles of the head and T1 are

roughly similar to that of the PMHS.

Fig. 11 shows the rotation angle of each vertebra with respect to C6. In Fig.11, the plus value

indicates extensional rotation, while the minus value indicates flexional rotation. With regard to the

rotation angle of each vertebra against C6, the human FE model starts to rotate and extend slightly
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later than the PMHS at the beginning. However, both represent similar maximum flexional angles at

around 100ms. Moreover, the tendency of the rotational angle of each vertebra of the human FE model

coincides with that of the PMHS. Thus, it can be said that the human FE model can almost reconstruct

the motions of the cervical vertebrae of PMHS.
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Table 4 Head to HR contact time

Test Start time
[ms]

End time
[ms]

PMHS1-1 72.3 n/a
PMHS1-2 66.3 n/a
PMHS2-1 77.6 n/a
PMHS2-2 70.0 n/a

FEM 78 188(a) Seat back (b) HR
PMHS1-1 PMHS1-2 PMHS2-1 PMHS2-2 FEM

Fig. 5 Contact force time histories of the seat back and HR
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Fig. 6 Acceleration time histories of the head, T1 and Pelvis
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Fig. 7 Local coordinate system for T1 and Pelvis (White et. al., 2009)
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Fig.8 Displacement time histories of the head, T1 and Pelvis
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Fig. 9 Global and sled coordinate system Fig.10 Head and T1 angular displacement time histories
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Fig.11 Vertebral angular displacement with respect to lower vertebra

OCCUPANT MOTION DURING REAR-END ACCIDENT In this study, among the various

index candidates for minor neck injuries, the strains of the inter-vertebral disc and facet joint capsule

were focused on. Table 5 lists the strains that appear in the elements of the inter-vertebral disc and the

facet joint capsule of the human FE model in the accident reconstruction simulations. The strains in

Table 5 are the maximum value of the maximum principal strain of the inter-vertebral disc and facet

joint capsule between C1/C2 and C6/C7. The maximum neck forces (Upper Neck Fz, Lower Neck Fx,

Lower Neck Fz) which had high correlation with the strains of the inter-vertebral disc (Ono, 2009) are
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also summarized in Table 5. These maximum values of the strain and neck forces occur at almost the

same time when the head of the human FE model sank at its deepest point in the HR after HR contact

in each accident reconstruction simulation.

Fig. 12 indicates the occupant whole-body motion, while Fig. 13 shows the spinal kinematics.

In Fig.13, the coordinate of the frontal point of the upper edge of each vertebra as shown in Fig. 14

was extracted, and then each coordinate was linked with a straight line. The origin of the coordinate is

the sacrum. At the beginning of the analysis, the direction of the coordinate axis was set to be parallel

to the global coordinate system in Fig. 9, and then the coordinate axis was rotated along with the

rotation of the seat back. Fig. 15 indicates both the rotation angle of each vertebra against the lower

vertebra and the time when the head begins to make contact with the HR, when the head sinks into the

HR at its deepest point and the head velocity reaches 0m/s, and when the head ends contact with the

HR. In addition, among the various index candidates for minor neck injuries, this research focused on

the strains of the inter-vertebral disc and facet joint capsule. Fig. 16 shows the maximum principal

strain distribution of the inter-vertebral disc,, while Fig. 17 shows the maximum principal strain

distribution of the facet joint capsule, and in both Fig. 16 and Fig. 17, the motions are illustrated with

respect to T1. Fig. 18 indicates the neck force (Upper Neck Fz, Lower Neck Fx, Lower Neck Fz)(9) as

it had high correlation with the strains of the inter-vertebral disc. In Fig. 18, the plus-minus direction

of the neck force is in accordance with SAE J211. The results of the accident reconstruction simulation

of Case No. 10 Passenger are shown as a typical case. The features of the occupant motion during the

rear-end collision were divided and described in four phases as follows.

Phase 1 -The duration until the head begins contact with the HR: As Fig.12 and 13 indicate,

from 0ms on, the impact acceleration start to occur in the sled and the torso begins to sink in the seat

back. At this time, the rotation angle of the thoracic vertebra is small (Fig. 15), and thereby it can be

considered that the thoracic vertebra sinks in the seat back roughly with the initial shape. On the other

hand, the rotation angles of the cervical vertebrae and the lumbar vertebrae against the lower adjacent

vertebrae begin to be become large.

Phase 2 -The first half duration of the contact with the HR: Here, Phase 2 means the first half of

the time duration from when the head makes contact with the HR and begins to sink in the HR, to

when the head velocity reaches 0m/s. In the case of No. 10 Passenger, the head of the human FE

model contacted with the HR at 53msec, and at 88ms it sank at its deepest point in the HR and the

head velocity reached 0m/s.

In phase 2 also, the rotation angle of the thoracic vertebra is small, thus it can be considered that

the thoracic vertebra roughly keeps the initial shape due to the deformation of the foam. On the other

hand, the rotation angle of the lumbar vertebrae becomes markedly large, which means that because

the hips are pushed against the seatback, the lumbar vertebrae extend along with the seat back.

With regard to the motions of the cervical vertebrae, at around the time when the head sinks at

its deepest point in the HR, the flexion angle of the cervical vertebrae against the lower adjacent

vertebrae was at its largest (Fig. 15). At this time, as shown in Fig. 16 (86 ms) and Fig. 17 (84 ms), the

strains of the inter-vertebral discs and facet joint capsules were also at its largest. Likewise, as shown
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in Fig. 18, the neck force (Upper Neck Fz, Lower Neck Fx, Lower Neck Fz) which had high

correlation with the strains of the inter-vertebral disc (Ono, 2009) was largest at around the time when

the head sinks at its deepest point in the HR. From these results, it can be considered that at first, the

occupant moved backward sinking in the setback, but because its head made contact with the HR, this

backward motion stopped. As a result, at around the time when the neck was inflected and the flexion

angle was the largest, the strains of the inter-vertebral disc and facet joint capsule reached the

maximum value. As Fig. 16 and Fig. 17 show, the strains are large at the posterior region of the

inter-vertebral disc and facet joint capsule, which means that this is due to the flexion. At this time, the

position of the head CG is at the backwards against T1 compared with the positional relation between

the head CG and T1 at the initial phase (Fig. 13). Therefore, it can be considered that both Fx (+), the

shear force to inflect the head backwards against T1, and Fz (+), the pull force in the z direction, exert

their actions on the neck force.

Phase 3 -The second half duration of the contact with HR: Phase 3 means the second half of the

time duration during which the head is bounced back by the HR; that is, from the time when the head

velocity reaches 0m/s to when the head ends contact with the HR. In this simulation, the time when the

human FE model ends contact with the HR was 130 ms.

In this phase, as shown in Fig. 13, after the head of the human FE model sinks at its deepest

point in the HR, T1 rebounds forwards with its fulcrum near the sacrum. From Fig. 16 and Fig. 17, it

can be confirmed that the strains of the inter-vertebra disc and the facet joint capsule return to the

initial values, with the flexion angle decreasing in the rebounding process.

Phase 4 -The duration after the end of the contact with the HR: Continuing from the end of

Phase 3, T1 rebounds forwards with its fulcrum at near the sacrum (Fig. 13).

Table 5 Results of the accident reconstruction simulations

CP Injury

Stain Level Strain Level
1 Driver 28.2 2 175 55 0.306 C3/C4 0.383 C3/C4 856 596 657
4 Driver 26.0 3 178 100 0.313 C3/C4 0.393 C5/C6 1057 879 761
4 Passenger 26.0 3 168 80 0.271 C3/C4 0.335 C3/C4 832 564 699
2 Driver 23.3 2 156 60 0.303 C3/C4 0.377 C3/C4 793 644 502
8 Driver 20.4 1 171 63 0.248 C3/C4 0.325 C5/C6 660 379 579
8 Passenger 20.4 2 179 80 0.264 C3/C4 0.331 C6/C7 941 675 754
7 Driver 19.5 0 167 84 0.203 C3/C4 0.269 C3/C4 622 443 486
7 Passenger 19.5 1 165 63 0.16 C3/C4 0.222 C4/C5 491 340 452
10 Driver 17.6 1 175 62 0.268 C3/C4 0.349 C5/C6 767 509 599
10 Passenger 17.6 2 160 57 0.243 C3/C4 0.297 C4/C5 761 541 566
6 Driver 16.3 0 165 65 0.18 C3/C4 0.25 C4/C5 506 280 478
6 Passenger 16.3 1 170 70 0.224 C3/C4 0.287 C6/C7 734 427 631
11 Driver 16.3 0 176 77 0.228 C3/C4 0.303 C6/C7 880 603 699
11 Passenger 16.3 0 154 69 0.161 C3/C4 0.237 C3/C4 743 456 663
21 Driver 14.3 0 171 85 0.195 C3/C4 0.24 C3/C4 650 357 653
23 Driver 11.1 1 178 65 0.197 C3/C4 0.254 C4/C5 669 386 566
20 Driver 10.8 1 176 82 0.168 C3/C4 0.203 C4/C5 647 323 617
20 Passenger 10.8 0 176 77 0.174 C3/C4 0.226 C4/C5 665 355 606
24 Driver 8.8 1 165 55 0.125 C3/C4 0.169 C4/C5 390 444 234
3 Driver 14.7 2 165 55 0.193 C3/C4 0.261 C4/C5 485 357 369

Case

No. D/P
Δv

[km/h]
WAD

Passenger

Strain of discs LowerNeck
Fx [N]

LowerNeck
Fz [N]

Strain of facet
joint cupsles

Accident Reconstruction Simulation Results

Height Weight
UpperNeck

Fz [N]
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Fig.12 Occupant whole body motion (Case 10 Passenger)
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Fig. 15 Spinal angular displacement 0ms 53ms 70ms 84ms 130ms
(Case 10 Passenger) Fig.17 Strain distribution of facet joint capsule (Case 10 Passenger)
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Fig. 18 Neck Forces (Case 10 Passenger)

DISCUSSION

FACET JOINT CAPSULE STRAIN IN THE PMHS TEST In the PMHS test simulation as well

as the accident reconstruction simulations, at around the time when the head sinks at its deepest point

in the HR, the strains of the inter-vertebral discs and facet joint capsules were largest at their posterior

region. Some published papers listed in Table 6 reported symptom and strain of facet joint capsule in

tensile tests and the largest strain of the facet joint capsules in this PMHS test simulation was 0.180 at

C3/C4. Compared to the tensile tests of facet joint capsule shown in Table 6, it is smaller than the

strain level of subcatastrophic failure and the facet joint capsules could not be injured. In fact, White et

al. (2009) reported after a detailed autopsy performed after the PMHS sled tests, that the only findings

were instrumentation related and were minor.

Table 6 Tensile tests of facet joint capsule
Reference Symptom Strain

Yoganadan N., et al. (14) Catastrophic failure 1.49

Winkelstein B. A., et al.(15) Catastrophic failure 1.18±1.03
Subcatastrophic failure 0.67±0.26

Siegmund G. P., et al.(16) Catastrophic failure 0.94±0.85
Subcatastrophic failure 0.35±0.21

NECK INJURY SEVERITY AND CERVICAL VERTEBRAL MOTION It has been reported

that, in neck injuries caused by rear-end collisions it is possible that the soft tissues of the neck are

damaged by the excessive regional deformation of the soft tissues between the vertebrae (Lu, 2005,

Deng, 2000, Stemper, 2005). This is because many nerve ganglia called nocicepters exist in the soft

tissues near the facet joint (Stemper, 2005, McLain, 1994), and thus the regional deformation of the

soft tissue is considered as the main cause of neck injuries. In addition, it has been clarified through

animal experiments that the strain of the facet joint capsule is also related to pain (Lu, 2005, Lee,

2006). In this research, therefore, the relationship between the strains of the inter-vertebral disc and the

facet joint capsule of the human FE model and WAD in the accident data were investigated. In last

year’s paper (Ono, 2009), the 2-dimensional strain in the sagittal plane was calculated from the human

FE model in order to correspond the strain data to those obtained from the successive X ray pictures of
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the volunteer tests. In this study, in order to make detailed analysis into the strain that occurs in the

soft tissues between the cervical vertebrae, the study targeted the strains that appear in the elements

which constitute the inter-vertebral disc and the facet joint capsule of the human FE model.

Fig. 19 indicates the relationship between the strains that occur in the inter-vertebral disc and

facet joint capsule and WAD in the accident reconstruction simulations. The strains in Fig. 19 are the

maximum value of the maximum principal strain of inter-vertebral disc and the facet joint capsule

between C1/C2 and C6/C7. The correlation coefficient of the maximum principal strain of the

inter-vertebral disc with WAD was around 0.66 (R2 = 0.438) and the correlation coefficient of the

maximum principal strain of the facet joint capsule with WAD was 0.61 (R2 = 0.374). Therefore, it can

be said that the maximum principal strain of the inter-vertebral disc and the facet joint capsule

correlates with the severity of neck injury. In fact, in many studies, the strain in the soft tissues

between cervical vertebrae is found to be related to neck pain. Likewise in this accident reconstruction

simulation, it was detected that the strain on the soft tissues between the cervical vertebrae is related to

presence of neck injury.

The relationship between the maximum principal strain that occur in the inter-vertebral discs,

the facet joint capsules and the cervical spine motions was investigated. Fig. 20 described the levels of

the cervical vertebra where the maximum values of the inter-vertebral disc and the facet joint capsule

strain occurred. The level of the cervical vertebra where the maximum principal strain reached

maximum was C3/C4 in the case of the inter-vertebral disc, and in the case of the facet joint capsule it

was C4/C5, next to which was C3/C4. This phenomenon which shows the maximum strain revealed in

the relative upper cervical spine region was the same tendency exhibited in the volunteer test

(Pramudita, 2007). Therefore, the accident reconstruction simulation with the human FE model

predicts the location of higher strain at the inter-vertebral disc and facet joint capsule during real-life

rear-end impacts.

Fig. 21 and Fig. 22 indicate the average vertebral motions of the 20 occupants in the collected

accident cases when the maximum principal strains are maximal at each vertebral level. During HR

contact, the rotational angles of the upper vertebrae with respect to the lower adjacent vertebrae have a

flexional tendency and Fig. 21 shows the flexion angles of the upper vertebrae with respect to the

lower adjacent vertebrae. Fig. 22 indicates displacements of each vertebral body and facet joint with

respect to the lower adjacent vertebra in the coordinate system expressed in Fig. 23. The displacements

of vertebral bodies and facet joints showed the maximum value at C3/C4 (Fig. 22(a)) for the vertebral

body, and C4/C5 (Fig. 22(b)) for the facet joint. The displacements have the same tendency as that of

the maximum principal strains. On the other hand, the flexional angles of the upper vertebrae against

the lower adjacent vertebrae were indicated maximum at C5/C6 as shown in Fig.21, which were

different from the maximum level of the maximum principal strain. From these results, it can be

considered that at first, the occupant move backward sinking into the seat back, but because the

occupant’s head made contact with the HR, this backward motion stopped and constrained the upper

cervical motion. As a result, at around the time when the neck was inflected and the flexional angle

was at its largest at the lower cervical spine as shown in Fig. 15 phase 2, the strains of the
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inter-vertebral disc and facet joint capsule reached maximum value relative to the upper region of the

cervical spine.

In order to investigate the relationship between the maximum principal strains and motions of

the inter-vertebral disc and the facet joint capsule in more detail, Fig 24 and Fig. 25 indicated the

relationship between WAD and vertebral motions at C3/C4 and C4/C5 where the maximum values of

the inter-vertebral disc and the facet joint capsule strain occurred most frequently. The correlation

coefficients of the translational displacements of the vertebral body and facet joint with WAD were

much greater than those of the rotational angle. Therefore, it can be said that the translational

displacements of the inter-vertebral disc and the facet joint capsule have good correlation with the

severity of neck injury, especially in the z-direction affect on the maximum principal strain of the

inter-vertebral disc and facet joint rather than on the rotational motions of the vertebrae.

As shown in Fig. 26, the maximum principal strain reached the maximum value at the posterior

region of the inter-vertebral discs and the facet joint capsules. This is because each vertebra shows

flexional tendency against the lower adjacent vertebra. It can be considered that, when the head makes

contact with the HR, because the head is pushed by the HR, the neck expresses flexional tendency, and

the strain at the posterior region of the inter-vertebral discs and facet joint capsules increases. Taylor

(2002) mentioned that posterior synovial fold bruises were often associated with a hematoma located

behind the joint. The lesions might be caused by the strain observed at the posterior region of facet

joint capsules in the accident reconstruct simulations.
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Fig. 19 Relationship between the strain and WAD
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LIMITATION

The accident reconstruction simulations were carried out with ideal HR positions for each

occupant and assumed that the occupant properly adjusted the head restraint height, because there

were no data concerning the head restraint height in the accident data. In addition, the seat FE model

was modeled on the only one type of mass production seat in the only one type of mass production car.

Therefore, additional accident reconstruction simulations should be conducted using various types of

seats and reconstruct accidents involving various cars. Parametric studies on the HR height and seat

positioning are also needed to generalize our results. The use of an human FE model to calculate the

strains could also be a limitation concerning on the accuracy of these calculations that are of course

dependent on the quality of the validation of the model and it would be necessary to verify the

accuracy of the strains of the intervertebral disc and facet joint capsule that were obtained in this

research.

CONCLUSION

A human FE model was developed for the analysis of rear-end collisions. The original human

FE model was validated against data obtained from human volunteer tests of low-speed rear-end

impacts. The human FE model was also validated through comparisons with the accelerations, visual

motions and so on between the human FE model and PMHS at a higher speed. This comparison

showed that the human FE model could reconstruct the whole body motions and cervical vertebral

motions of the PMHS during the rear-end collision. As a result of the comparison, the human FE

model was also validated through simulations of rear-end collisions at ΔV16km/h was.

By using the human FE model which was developed in this research, the rear-end accident

reconstruction simulations were carried out and the occupant motions during the collisions were

recreated. With these accident reconstruction simulations, the relationship between cervical vertebral

motion and neck injury severity recorded in the accident data were analyzed. The strains of the

inter-vertebral disc and the facet joint capsule have good correlation with the severity of neck injury

and the displacements (especially in the z-direction), affect the maximum principal strain of the

inter-vertebral disc and facet joint, rather than the rotational motions of the vertebrae. This, in turn,

indicates that the stretch motion of the inter-vertebral disc and the facet joint capsule due to the

interaction between the head and the HR system significantly influences the maximum principal strain.

These parameters are important factors in discussing and analyzing the relationships between the

head-neck motion with the seat and the HR system during the rear-end collisions.
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