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ABSTRACT

Component tests on the head, neck, thorax, abdomen and
face were conducted to evaluate the biofidelity of
THOR-NT. HYGE sled tests were also conducted to
evaluate repeatability and to investigate the influence of
different positioning to dummy responses.

Three frontal HYGE sled tests were conducted under the
same conditions with a velocity of 56km/h, acceleration of
270m/s, and a designed standard seat position.
Repeatability of dummy responses was evaluated by
coefficient of variation (CV) calculated based on the peak
values of accelerations, deflections, forces and moments
measured. The following three categories were defined
as evaluation criteria of repeatability by CV: CV<=5% as
good, CV<=10% as acceptable and CV>10% as poor.

The kinematic and dynamic responses of THOR-NT were
additionally compared with that of Hybrid-III.
Furthermore, in order to investigate the influence of
different positioning to dummy responses, a 56km/h
frontal HYGE sled test was conducted on a dummy
positioned according to the ATD positioning procedure
developed by UMTRI.

In the biofidelity evaluation, only head responses were
within the PMHS response corridors.

For repeatability, 10 (32%) out of 31 items in all of the
data had an evaluation criteria within CV<=5%.
Comparison of dummy responses between UMTRI and
standard positioning showed similarity in kinematic
responses of the upper body. However, the maximum
displacement of ankle in X-direction with respect to the
initial position was larger in the UMTRI position
compared to the standard position.

In the UMTRI position, the feet which are initially
positioned away from the toe board comes in contact with
the toe board and slide upward due to the forward

movement to the vehicle body during impact. Due to

this, difference in dynamic responses of the legs between
the UMTRI and standard position was observed.

INTRODUCTION

In October 2003, NHTSA (National Highway Traffic
Safety Administration) had released the THOR-NT (Test
Restraint -
Technology) as the next generation frontal impact dummy.
Almost at the same time, the THOR-FT was also released
by the FID (World Frontal Impact Dummy), the European
project. Here, FT means "FID Technology."

Although both of these dummies were developed from
THOR-alpha, several components of each dummy have
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been individually improved. Therefore, it is our concern
that the responses of these dummies against the impact
may differ with each other.  If such original development
and improvement continue at this pace, two different types
will eventually appear as next generation dummies.
Therefore, the harmonization of THOR dummies is now
being sought in eamest. From such a background, SAE
THOR Evaluation Task Force Group was established in
order to harmonize the specifications such as structures
and characteristics that are required for dummy. Efforts
aimed at the harmonization of two THOR dummies have
started.

In order to contribute to the harmonization of THOR
dummies, the biofidelity of THOR-NT was evaluated in
this study.  Furthermore, the repeatability on the
responses of THOR-NT in dynamic tests using HYGE
sled and the influence on the dummy responses by the
different dummy positioning was evaluated.

METHODS

Biofidelity Tests
Biofidelity evaluation tests on the head, neck, thorax,
abdomen and face were conducted in accordance with test
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procedures for THOR determined by NHTSA and
GESAC (General Engineering and Systems Analysis
Company), Inc. [1], [2], and responses were compared
with PMHS (Post Mortem Human Subjects) response
corridors.

Head

Head Drop Test - As shown in Figure 1 a), only the
head of the dummy was hanged so that the lowest point on
the forehead was held 376 mm above the impact plane,
and the base of the head-neck mounting platform was
inclined at 29 degrees against the vertical line.  Then, free
fall of the head was performed onto the horizontal rigid
plane. The results were evaluated by the peak of 3-axial
resultant acceleration of head center of gravity and its
occurrence time.

Head Impact Test - The dummy was sat on a flat plane,
and the head of the dummy was hit by the impactor with a
mass of 23.4 kg and diameter of 152 mm at a speed of 2.0
m/s. The impact point was where the center-line of the
impactor is 30 mm above the horizontal marking line at
the lowest point of the forehead (Figure 2 b)). The
biofidelity evaluation parameters of this head impact test
were the peak of the impact force and its occurrence time.

a) Drop test
Figure 1. Setup of biofidelity tests on the head

b) Impact test

Neck

Neck Frontal Flexion Test - The head and neck of the
dummy are fixed on the HYGE sled by means of fixed
attachment as shown in Figure 2, and the dynamic and
kinematic responses of the neck at the specified sled pulse
were evaluated [3].

With regard to the mini-sled test for the neck in frontal
flexion, the correct sled pulse which should be given is the
pulse (T1 pulse) as shown in Figure 3. However, since
our sled apparatus did not have the ability to generate such
complex pulse, the sled pulse (15G) which was used in
volunteer testing at the NBDL (Naval Biodynamics
Laboratory) as shown in Figure 4 was used in this study.

The evaluation parameters were head rotation angle,

resultant acceleration of head center of gravity, back-forth
and up-down kinematic displacements and neck moment
around Y-axis with respect to the head rotation angle.

—— e e m——

Figure 2. Setup of neck frontal flexion test

Neck Kinematics: T1 Acceleration
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Figure 3. Mini-sled pulse (T1 pulse) in the neck frontal
flexion
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Figure 4. 15G sled pulse in frontal flexion of NBDL
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Neck Lateral Flexion Test - Just like the setup of the
neck frontal flexion test, the head and neck of the dummy
were fixed on the HYGE sled by means of a fixed
attachment. The dynamic and kinematic responses of the
neck at the specified sled accelerations were evaluated.
With regard to the mini-sled test for the neck in lateral
flexion, the correct sled pulse which should be given is the
pulse (T1 pulse) as shown in Figure 5. However, since
our sled apparatus did not have the ability to generate such
complex pulse, the sled pulse (7G) which was used in
volunteer testing at the NBDL as shown in Figure 6 was
used in this study.

The evaluation parameters were head rotation angle,
right-left and up-down kinematic displacements of head

center of gravity, and neck moment around X-axis with
respect to the head rotation angle.
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Figure S. Mini-sled pulse (T1 pulse) in the neck lateral
flexion
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Figure 6. 7G sled pulse in lateral flexion of NBDL
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Thorax

Kroell Test - The dummy was sat on a flat plane, and
the thorax of the dummy was hit by the impactor with a
mass of 23.4 kg and diameter of 152 mm at 4.3m/s and
6.7m/s.
the impactor coincides with the vertical level of the middle
of dummy rib #3, and positioned over the mid-line of the
sternum (Figure 7).  The biofidelity evaluation parameter
was the response of impact force versus thorax deflection.

The impact point was where the center line of

Figure 7. Setup of Kroell test

Abdomen

Upper Abdomen Impact Test - The dummy was sat
on a flat plane, and the upper abdomen of the dummy was
hit by the rigid steering wheel impactor with a mass of 18
kg and angle against the vertical line of 30 degrees at
8.0mys.
the steering wheel coincides with the center of the seventh

rib (Figure 8 a)).

The impact point was where the leading edge of

Lower Abdomen Impact Test - The dummy was sat
on a flat plane, and the lower abdomen of the dummy was
hit by the rigid impactor with a mass of 32 kg, diameter of
25 mm, and length of 300 mm at 6.1m/s. The impact
point was where the center line of the impactor coincided
with the vertical level of the line joining the centers of the
attachment nuts of the right and left DGSPs and aimed at
the mid-point of this line (Figure 8 b)).

b) Lower abdomen
Figure 8. Setup of biofidelity tests on the abdomen

a) Upper abdomen

Face

Disk Impact Test - The dummy was sat on a flat plane,
and the face of the dummy was hit by the impactor with a
mass of 13 kg and diameter of 152 mm at a speed of 6.7
m/s. The center of the disk was configured to impact at
the mid-point of the line joining the two maxilla plates on
the face (Figure 9 a)).

Rigid Bar Impact Test - The dummy was sat on a flat
plane, and the face of the dummy was hit by the rigid bar
impactor with a mass of 32 kg, diameter of 25 mm, and
length of 300 mm at a speed of 3.6 m/s. The rod was
configured to impact along the mid-line of the left and
right maxilla plates on the face (Figure 9 b)).

IMPACT TESTO8
36(ms]; 320/k3]

a) Disk impact b) Rigid bar impact
Figure 9. Setup of biofidelity tests on the face

HYGE Sled Tests

The white-body of a passenger car was fixed on the sled
and the white-body which seated the dummy was given
an impact at 35 mph (56 kmvh). The accelerations and
forces, etc of the dummy was measured by each sensor.
The motion of the dummy was recorded by high speed
video cameras and analyzed. Figure 10 indicates the
acceleration curve and the velocity curve of the sled.
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Figure 10. Acceleration and velocity of the sled

Measurements - The accelerations and forces, etc of
the dummy were measured. These data were recorded
by the data acquisition system attached to the sled and
were filtered based on SAE J211 [4]. The behavior of
the dummy was recorded by three high speed video
cameras from the side view of the sled, and the motion of
the target mark of each component of the dummy was
analyzed.

Test Conditions
a) Evaluation of Repeatability - In order to evaluate
the repeatability of the dynamic responses of THOR-NT,
three tests were conducted under the same conditions.
The dummy was set according to the positioning
procedure for Hybrid-IIl specified in FMVSS 208
(Federal Motor Vehicle Safety Standard No. 208,
Occupant Crash Protection) [5]. The dummy seating
position, the seat position, and the restraint devices were as
follows:
1) The dummy seating position: driver's seat
2) The seat slide position: at the mid position
3) The seat lifter position: at the lowest position
4) The seat back position: at the designed standard
position
5) Restraint devices: airbag, and seatbelt with
pretensioner and force limiter
Hereafter, this seat position is called "standard position".

b) Investigation on the influence of different
positioning to dummy responses - In order to investigate
the influence of different positioning to dummy responses,
tests were conducted on a dummy positioned according to
the ATD positioning procedure, developed by UMTRI
(University of Michigan Transportation Research Institute)
[6]. The positioned posture and response of the dummy in
this test were compared with those in the tests to evaluate
repeatability. The seating position of dummy, the seat
position, and the restraint device were as follows:

1) The seating position of dummy: driver's seat
2) The position of the seat slide: 50 mm rearward from
the middle position

3) The position of the seat lifter: 18 mm above the
lowest position
4) The position of the seat back: a designed standard
position
5) Restraint device: a seatbelt with force limiter and
pretensioner, and an airbag
Hereafter, this seat position is called "UMTRI position".

Definition for Evaluation of Repeatability - The
repeatability of the dynamic responses of the dummy was
evaluated by means of coefficients of Variation (CV). As
shown in (Equation 1), CV is the percentile of the standard
deviation of the peak value of data which measured in
three tests divided by the average of those. In addition, it
can be considered that CV equal to or less than 5% is
"Good", equal to or less than 10% is "Acceptable", and
exceeding 10% is "Poor" [7].

15 V100 % M
cv L?} 100 (%)

S : Standard deviation of the measured peak value
X : Average of the measured peak value

RESULTS
Biofidelity Tests

Biofidelity on the head, neck thorax abdomen and face
were compared with PMHS response corridors.

Head

Head Drop Test - Figure 11 indicates the results of the
head drop test. The method of biofidelity test and that of
certification test are the same [1], [2]. However, since the
corridors of these tests were different, both biofidelity
corridor and certification corridor are shown in this figure.
The responses of the head were within the range of
biofidelity corridor in all three tests, indicating good
repeatability. ~ However, with regard to certification
corridor, the peak occurrence time of the head resultant
acceleration was out of the corridor.

THOR Head Response: Head Drop
376 mm drop height

300 :
I ===No.1
250 \! —
g 200 \ _Bio—Oorrildor H
b= Cer-Corridor
£150 \
©100
3 \
< 50
0
0 1 2 3 4 5 6

Time (msec)

Figure 11. Response on head drop

Yaguchi



Head Impact Test - Figure 12 indicates the results of
the head impact test. The method of biofidelity test and
that of certification test are the same [1], [2]. However,
since the corridors of these tests were different, both
biofidelity corridor and certification corridor are shown in
this figure.

With regard to the repeatability, the results of No. 2 and No.

3 were quite similar, whereas the undulation of No. 1 rose
up more gently, and the peak occurrence time of the
impact force of No. 1 was slightly late. It can be
presumed that this difference stemmed from a little
variation of the test setup such as the sitting posture of the
dummy and the impact position. However, in all the
three tests, responses were within the biofidelity corridor
and certification corridor.

Head Impact Response-Whole Body
Impactor: 23.4kg, 152mm, 2.0m/s
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Figure 12. Response on head impact
Neck

Neck Frontal Flexion Test - Figure 13 to Figure 17
respectively indicates the results of the neck frontal flexion

tests concerning following evaluation items:

1) Head rotation angle (Figure 13)

2) 3-axial resultant acceleration of head center of gravity
(Figure 14)

3) Kinematic displacement of head center of gravity in
the X-direction (back-forth) (Figure 15)

4) Kinematic displacement of head center of gravity in
the Z-direction (up-down) (Figure 16)

5) Neck moment around Y-axis (My) with respect to the
head rotation angle (Figure 17)

The results indicate that the responses were outside the
corridors in all the evaluation items. With regard to the
sled acceleration corridor, the sled does not accelerate at
time 0 and begins to accelerate at around 20 to 30 ms as
shown in Figure 4. On the other hand, biofidelity
corridors of neck begin to respond at around 50 to 80 ms.
Therefore, in the tests conducted in this study, although the
sled actually began to accelerate at time 0, the time 0 of the
test data was shifted so that it could be synchronized with
the sled acceleration corridor. Likewise, time O of the

dummy data was also shifted in order to synchronize with
the time shift of the sled acceleration data. However, the
results in all the evaluation items were outside the
corridors.  Note: These results take notices that were
responses where not T1 pulse but 15 G sled pulse of
NBDL was used.

Neck Kinematics: Head Angle 15g Frontal Flexion
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Figure 13. Head rotation angle
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Figure 14. 3-axial res. acceleration of head C.G

Neck Kinematics: Head CG X Disp. 15g Frontal Flexion
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Figure 15. Disp. of head C.G in the X-direction

Neck Kinematics: Head CG Z Disp. 15g Frontal Flexion
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Figure 16. Disp. of head C.G in the Z-direction
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Figure 17. Neck moment around Y-axis (My) w.r.t. the
head rotation angle

Neck Lateral Flexion Test - Figure 18 to Figure 21
respectively indicates the results of the neck lateral flexion
tests concerning the following evaluation items:

1) Head rotation angle (Figure 18)

2) Kinematic displacement of head center of gravity in
the Y-direction (right-left) (Figure 19)

3) Kinematic displacement of head center of gravity in
the Z-direction (up-down) (Figure 20)

4) Neck moment around X-axis (Mx) with respect to the
head rotation angle (Figure 21)

The results indicate that the responses were outside the
corridors in all the evaluation items. In particular, the Y
and Z-direction displacements of the head C.G. deviated
from these corridors. However, these results take notices
that were responses where not T1 pulse but 7 G sled pulse
of NBDL was used.

Neck Kinematics: Head Angle 7g Lateral Flexion
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Figure 18. Head rotation angle
Neck Kinematics: Head CG Y Disp. 7g Lateral Flexion
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Figure 19. Disp. of head C.G in Y-direction

Neck Kinematics: Head CG Z Disp. 7g Lateral Flexion
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Figure 20. Disp. of head C.G in Z-direction

Neck Dynamic Response: Lateral Flexion
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Figure 21. Neck moment around X-axis w.r.t. head
rotation angle

Thorax

Kroell Test - Figure 22 indicates the results of the

Kroell test at 4.3m/s. In the Kroell test, the method of
biofidelity test and that of certification test were the same
[1], [2]. However, since the corridors of these tests are
different, both biofidelity corridor and certification corridor
are shown in this figure.
The repeatability of the three tests was good; however, all
of them deviated from both the biofidelity corridor and the
certification corridor. It can be presumed that the reason
why chest deflection was smaller than that of the corridor
was because when the thorax of the dummy was hit, the
lowest point of the impactor may have come in contact
with its upper abdomen and thereby the intrusion of the
impactor may have been restricted.

Sternal Impact: 4.3m/s Impactor: 150mm, 23.4kg
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Figure 22. Response of Kroell test at 4.3m/s

Figure 23 indicates the results of the Kroell test at 6.7mys.
The repeatability of the three tests was good. Although
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the response near the maximum impact force greatly
deviated from the biofidelity corridor, the response
approximately fell within the corridor at the deflection of O
to 60 mm. On the other hand, the response fell within
both the first and the second certification corridors.
However, as shown in this figure, the impact force
suddenly increased at approximately 55 mm of the chest
deflection. It can be presumed that because there were
vestiges that indicate the contact between the mid sternum
mass assembly and the spine (Figure 24), the impact force
suddenly increased due to the metal contact caused by
bottoming out of thorax.

Sternal Impact: 6.7m/s Impactor: 150mm, 23.4kg
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Figure 23. Response of Kroell test at 6.7m/s
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Figure 24. Vestiges of contact between mid sternum
mass assembly and spine

Abdomen

Upper Abdomen Impact Test - Figure 25 indicates the
results of the upper abdomen impact test. The response
on deflection from 50 to 100 mm was within biofidelity
corridor, but force on deflection at 120 mm was greater
than biofidelity corridor. Therefore, it was found that the
upper abdomen of THOR-NT had stiffer characteristics
than that of a human body.

THOR Upper Abdomen Impact
8.0 m/s; 18 kg impactor
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Figure 25. Response of upper abdomen impact

Lower Abdomen Impact Test - Figure 26 indicates the
results of the lower abdomen impact test. The response
on deflection from 0 to 100 mm was within biofidelity
corridor, but force on deflection at 120 mm was far greater
than biofidelity corridor. Therefore, it was found that the
lower abdomen of THOR-NT had stiffer characteristics
than that of a human body.

THOR Lower Abdomen Impact
6.1 m/s; 32 kg impactor
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Figure 26. Response of lower abdomen impact
Face

Disk Impact Test - Figure 27 indicates the results of the

face disk impact test. In the face disk impact test, the
method of biofidelity test and that of certification test were
the same [1], [2]. However, since the corridors of these
tests are different, both biofidelity corridor and certification
corridor are shown in this figure.
Not only the early section of response slightly deviated
from the biofidelity corridor, but also the peak impact
force was higher than the corridor.  In addition, the peak
impact force was also higher than certification corridor.
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THOR Face Impact
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Figure 27. Response of face disk impact

Rigid Bar Impact Test - Figure 28 indicates the results
of the face rigid bar impact test. In the face rigid bar
impact test, the method of biofidelity test and that of
certification test were the same [1], [2]. However, since
the corridors of these tests are different, both biofidelity
corridor and certification corridor are shown in this figure.
The results of all the three tests greatly deviated from
biofidelity corridor, and the peak impact force was higher
than that of the certification corridor.

THOR Face Impact
3.6 m/s; 32 kg; 25 mm rod
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Figure 28. Response of face rigid bar impact
HYGE Sled Tests

In this chapter, it states the results of the evaluation on
repeatability of dynamic responses for THOR-NT, and the
results of the investigation on influence on responses by
the difference of dummy positioning. Furthermore, it
states the results of the dynamic and kinematic responses
compared between THOR-NT and Hybrid-II1.

Positioning of Dummy

Figure 29 indicates the comparison of the positioning of
the head, shoulder, hip point (H.P)), knee, and ankle in the
three tests on the standard position and one test on the
UMTRI position, for THOR-NT. In addition, the
positioning in one test on the standard position for
Hybrid-111 is plotted in this figure.

The repeatability of THOR-NT positioning was good.

Even at the maximum, difference in positioning of the
head in the vertical direction was only 12 mm.

Comparing the UMTRI position with the average of three
tests in the standard position, in the X-direction, the
difference of H.P. was the largest, namely, the H.P. in the
UMTRI position was positioned 43 mm rearward with
respect to that in the standard position.  In the Z-direction,
the difference of the shoulder was the largest, namely, the
shoulder in the UMTRI position was positioned 37 mm
above with respect to that in the standard position.
Comparing the positioning of THOR-NT with that of
Hybrid-1II on the standard position, in the X-direction, the
H.P. of THOR-NT was approximately close position to
that of Hybrid-III, but the head of THOR-NT was more
rearward than that of Hybrid-Ill while the knee of
THOR-NT was more forward than that of Hybrid-III. In
the Z-direction, on the whole, each component of
THOR-NT was positioned above than that of Hybrid-III.

1200 | |
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NT UMTRI
—&— HYIIl Mid

1000 —
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Figure 29. Comparison of the positioning among
THOR-NT/Hybrid-III on the standard position, and
THOR-NT on the UMTRI position

Kinematic Response

Figure 30 indicates the behavior of each component of the
dummy in the three tests on the standard position and one
UMTRI position, for THOR-NT.
Furthermore, the behavior in one test on the standard
position for Hybrid-III is drawn in this figure.

The behavior of THOR-NT was quite similar in the three
tests on the standard position. However, as for the head,
whose maximum displacement was the most different, the
maximum difference in the three tests was 35 mm in both
back-forth and up-down directions. As for the other
components, the difference in the back-forth direction was
8 to 16 mm, and that in up-down direction was 3 to 6 mm.

The behavior in the UMTRI position and that in the
standard position were similar, comparing the kinematics
of each part of THOR-NT. However, with regard to the
difference in the maximum displacements (X, Z) with

test on the
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respect to the initial position, there were (31mm, 17mm) at
the head, (2mm, 3mm) at the shoulder, (2mm, 7mm) at the
H.P, (13mm, 10mm) at the knee, and (46mm, 14mm) at
the ankle. The difference in the maximum displacement
of the ankle in X-direction was the largest.

Comparing the behavior of THOR-NT with that of
Hybrid-1II on the standard position, both behavior was
similar. However, the forward displacements of the head
and shoulder for THOR-NT were larger than that of
Hybrid-Ill.  Furthermore, since the knee of THOR-NT
was initially positioned on the forward and the upward to
that of Hybrid-III, the knee of THOR-NT came hard in
contact with instrument panel, compared with Hybrid-I11.

Z-Position (mm)

-
. MID-Tr TESTO

-1000 -800 -600 -400 -200 O 200
X-Position (mm)

Figure 30. Comparison of the behavior among
THOR-NT/Hybrid-1II on the standard position, and
THOR-NT on the UMTRI position

Dynamic Response

Acceleration Response - Figure 31 indicates the

acceleration responses of the dummies’ head, thorax, and
pelvis. In each of these three components, the
acceleration appearance, duration, and the peak value were
quite similar in the three tests for THOR-NT. The
occurrence situation and duration of acceleration were also
similar for the standard position and the UMTRI position.
Furthermore, the acceleration responses were also similar
between THOR-NT and Hybrid-III.
Figure 32 indicates HIC36 ms and clip 3msG on the head
acceleration, and Figure 33 indicates clip 3msG on the
chest acceleration and maximum 3-axial resultant
acceleration of pelvis. The average (Ave.) + standard
deviation (S.D.), and CV of the data of the three tests is
also shown in these figures. The clip 3msG of the head
(CV=1.7%) and pelvis acceleration (CV=1.9%) were
approximately the same in the three tests. On the other
hand, HIC36ms (CV=8.7%) and the clip 3msG of the
chest (CV=5.8%)) increased in repeated tests.
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Figure 31. Acceleration responses of the head, thorax,
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Figure 32. Injury Criteria of the head, and CV
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Figure 33. Injury Criteria of the chest, peak
acceleration of the pelvis, and CV

Force and Moment Responses of Neck - Figure 34
indicates the neck responses of the shear force (Fx), the
tension/compression force (Fz), and the flexion/extension

moment around Y-axis (My). With regard to the Fx in
the first test (Mid-T01), noises were detected near the peak
both in the plus (1) side output (the head backward and the
thorax forward) and in the minus (-) side output (the head
forward and the thorax backward). The presumed reason
is that the cable of the upper neck load cell had already
deteriorated. Due to this, even a light touch on the cable
caused noise when the functions of the sensor were
confirmed after the test. Therefore, the ineffective
contact of the wires in the cable caused the noise when the
cable was wagged during impact. However, except for
the noises of Fx, regarding both Fx and Fz, the responses
were similar in the three tests. With regard to My, its
appearance was similar in the three tests, but the peak near
90ms in the minus (-) side output (extension) in the first
test (Mid-T01) was slightly lower than that in the other
two tests. On the other hand, in the plus (+) side output
(flexion), the peak in the third test (Mid-T03) was slightly
lower than that in the other two tests.

With regard to the repeatability of Fz, both tensile force
and compression force were good in the three tests
(CV<=2.5%). In the minus (-) side of Fx, repeatability
was acceptable (CV=7.7%), but in the plus (+) side, CV
exceeded the acceptable criteria (CV=11.7%). In the
flexion side of My, repeatability was narrowly acceptable
(CV=9.6%). However, in the extension side, the value
increased after repeated tests and, as a result, CV greatly
exceeded the acceptable criteria (CV=16.8%).

In all the measured points, the occurrence situations of

force and moment were similar between the UMTRI
position and the standard position. In the response of Fx on
the UMTRI position, noise was detected as well as the
result in the first test on the standard position.

The circumstances in which the neck force and moment
were generated were similar between the THOR-NT and
Hybrid-Ill. However, generation level of Fx in the minus
side output of THOR-NT from 0 to 60ms was smaller
than that of Hybrid-III, while generation level of that from
110 to 160ms was larger than that of Hybrid-IIl. ~ As for
Fz (tension), although the occurrence of the peak force
was similar between the THOR-NT and Hybrid-III on the
standard position, the circumstance during falling of force
was different between them. If anything, the response on
UMTIR position was close to that of Hybrid-Ill. My
(flexion) tended to be larger in the Hybrid-II1.
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Figure 34. Force and moment responses of neck

Deflection Responses of the Thorax and Abdomen -
Figure 35 indicates responses of the upper thorax
deflection in X-direction, and Figure 36 indicates
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responses of the lower thorax deflection. With regard to
repeatability, deflection appearance was similar in the
three tests on the standard position, but the maximum
values of the right and left side of the chest deflections vary.
However, we would like to note that the result of the upper
right side in the second test (Mid-T02) was obviously
extraordinary. The CV to evaluate repeatability is
indicated in this figure. Here, it should be noted that the
CV of the upper right deflection was calculated from the
results of the first and second tests only. The upper right
deflection exhibited the biggest value of the four
measuring points, and when compared between the right
and the left deflections, the deflections of right side were
twice as big as those of the left ones.

As for the repeatability, the CV of the upper right
deflection was 0.5% (n=2) and the CV of the lower right
deflection was 1.6%, both indicating good results with
regard to the right side of the dummy.  On the other hand,
the CV of the upper left deflection was 19.7% and the CV
of the lower left deflection was 17.8%, both indicating that
the deflections of the left side of the dummy greatly
deviated from the acceptable range.

As for the deflections of the upper area on the thorax, both
the timing of the deflection occurrence and the maximum
deflection were similar between the UMTRI position and
the standard position. However, for the two deflections
of the lower area on the thorax, although the timing of the
deflection occurrence was similar, a difference in the
maximum deflection level was observed probably due to
the different positioning. With regard to the maximum
values of the four measured points, there was a difference
of about 2 mm on the upper left. The deflection on the
lower left in the UMTRI position was smaller by about 5
mm than that of the standard position, and oppositely, the
deflection on the lower right in the UMTRI position was
larger by about 5 mm than that of the standard position.
When the right side deflections in THOR-NT are
compared with Hybrid-Ill measurement taken at the
center sternum, the deflection of THOR-NT was larger
than that of Hybrid-II1.

Figure 37 indicates responses of the abdomen deflection.
With regard to repeatability, both deflection occurrence
situations and the maximum values of the left side of the
lower abdomen were quite similar in all the three tests.
The deflections of the upper abdomen were quite similar
from the start of the undulation to the maximum deflection,
but the result of the first test was slightly different from that
of the other two tests. In addition, with regard to the
deflection of the lower right abdomen, the maximum
value of the first test was slightly smaller than that of the
other two tests.

The deflection of the left side of the lower abdomen was
quite similar in all the three tests, having CV value of 1.1%,
indicating very good repeatability. — Likewise, the
deflection of the right side of the lower abdomen indicated
good repeatability with a CV of 4.2%. Even the upper
abdomen which indicated the greatest deflection
fluctuation had a CV of 5.3%.

From the beginning of deflection occurrence to the peak
deflection, the deflection response of the upper abdomen
was quite similar between the UMTRI position and the
standard position. However, after the peak deflection, the
response curve of the UMTRI position decreased slowly
compared with that of the standard position. As for the
deflection responses of the lower abdomen, from 50 ms to
130 ms, the deflection of the left side in the UMTRI
position was slightly lower than that of the standard
position. While the responses in other time ranges were
approximately the same between the UMTRI position and
the standard position. The difference in the maximum
deflection level between the UMTRI position and the
standard position was larger in the right side than in the left
side. The maximum deflection value of the upper
abdomen was approximately the same in both seat
positions. As for the lower abdomen, the maximum
deflection values of the UMTRI position were smaller by
4 mm on the left side and by 10 mm on the right side than
those of the standard position.
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Figure 35. Deflection responses of upper thorax
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Chest Deflection(Lower Right-X) Peak defl.: -26.5+0.43mm (CV=1.6%)
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Figure 36. Deflection responses of lower thorax
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Figure 37. Deflection responses of abdomen

Force and Moment Responses of the Legs - Figure

38 indicates the responses of the tension and compression

forces on the femur.  The compression force (-) of the left
femur of THOR-NT was very low and the tension force
(+) was high. The compression and tension forces of the
right femur were similar.

With regard to repeatability, the force appearance situation
of the right and left femur were similar in all the three tests.
The repeatability of the compression force of the right
femur was good (CV=3.4%)), but the compression force of
the left femur greatly deviated from the acceptable range
(CV=18.8%).

In the occurrence of the compression force (in the minus
output) in the beginning of the impact, the left femur force
at the UMTRI position was slower than that at the
standard position and the force indicated higher value.
However, for the tension force (in the plus output), the
time of the maximum force occurrence and force level
were approximately the same in both positions. In the
occurrence of the right femur force in the standard position,
the compression force occurred at about 50 ms, and then
changed into tension force by about 80 ms. On the other
hand, the compression force of the right femur in the
UMTRI position occurred before 50 ms, and changed into
tension force immediately after that. The maximum
compression force of the left femur in the UMTRI
position was higher than that in the standard position,
however, opposite results were obtained in the right femur.

Comparing the responses of the THOR-NT and
Hybrid-1II, the occurrence situation from 0 to 60ms of
right femur was similar, whereas left femur became
completely different situation.
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Figure 38. Force responses of femur
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Figure 39 indicates the axial force responses of the tibia.
The axial force was similar in both the right and left tibia.
However, the axial force of the upper tibia was larger than
that of the lower tibia. In addition, in all the four
measuring points, both force occurrence situation and the
maximum force were similar in the first and the second
tests. But in the third test, the force at the first peak (about
40 ms) was smaller than that of the other two tests. It can
be presumed that this difference was due to the slight
fluctuation on the setup of the legs in the dummy
positioning.

The tibia force was approximately the same at the four
measuring points in the tibia (the upper and lower on right
tibia and the upper and lower on left tibia). With regard
to the repeatability, the lower tibia force on the right leg fell
within the acceptable range (CV=7.2%), but the upper
tibia force on the right leg, and the upper and lower tibia
force on the left leg deviated from the acceptable range, i.e.,
all of the CVs were higher than 10%.

At the four measured points (upper right, lower right,
upper left, and lower left), the occurrence situation of tibia
axial force was different between the UMTRI position and
the standard position. While the first peak force in the
standard position occurred at about 35 ms, the first peak
force in the UMTRI position occurred at about 45 ms, and
the force level was higher than that of the standard
position.

Comparing the responses of the THOR-NT and
Hybrid-Ill on the standard position, the occurrence
situation of femur force was similar. However, the peak
forces of Hybrid-III were higher than that of THOR-NT.
Figure 40 indicates the moment responses around Y-axis
of the tibia. In the three tests of THOR-NT on the
standard position, the moment occurrence situations were
similar in both the right and left tibia. The maximum
moment of the lower tibia was smaller than that of the
upper tibia.  Also in the three tests, the lower moment of
the right tibia tended to indicate smaller values than other
three measuring points. Moreover, in all the measuring
points on the tibia moments, the values decreased by
repeating the test. However, the CVs of the upper and
lower tibia moment of the left leg and the lower tibia
moment of the right leg were within the range (4% to 6%),
while the CV of the upper tibia moment of the right leg
was 9.8%. All the CVs fell within the acceptable range
of repeatability.

At the four measured points (upper right, lower right,
upper left, and lower left), the moment began to appear
approximately at the same time in both the UMTRI
position and the standard position. However, the
undulations from the moment occurrence to the maximum

moment were different. In addition, the occurrence time
of the maximum moment of the UMTRI position was
slightly later than that of the standard position. The
maximum tibia moment of the UMTRI position tended to
be higher than that of the standard position.

Comparing the responses of the THOR-NT and
Hybrid-III on the standard position, in the upper of the
right and left tibia, the first peak of Hybrid-III occurred at
early timing than THOR-NT.

On the other hand, in the lower tibia, Hybrid-III shifted
toward minus after it responded toward plus at early
timing, and thereby responses between THOR-NT and
Hybrid-11I were different.
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Figure 39. Force responses of tibia
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Right Upper Tibia My Peak moment: -76.7+7.53Nm (CV=9.8%)
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Figure 40. Moment responses of tibia

Figure 41 indicates the time history data of the tibia index.
In both right and left legs, the curves of the tibia index
were similar. As for the maximum values in the tibia
index, the value of the upper tibia of the right leg
fluctuated larger than that of other three measuring points
(CV=9.1%). The CVs of the other three points were
from 5.1% to 6.2%.

At the four measured points (upper right, lower right,
upper left, and lower left), both the undulation of the
UMTRI position and that of the standard position began to
appear approximately at the same time, however, the
undulations from the starting point to the maximum point
of tibia index curves were different. Furthermore, the

occurrence time of the maximum tibia index of the
UMTRI position was slightly later than that of the
standard position. The maximum tibia index of the
UMTRI position tended to be slightly higher than that of
the standard position.

Comparing the responses of the THOR-NT and
Hybrid-III on the standard position, in the upper of the
right and left tibia, the first peak of Hybrid-III occurred at
early timing than THOR-NT. However, with regard to
the maximum values of tibia index, THOR-NT and
Hybrid-1II were similar. On the other hand, in the lower
tibia, tibia index of THOR-NT was higher than that of
Hybrid-I11.
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Figure 41. Tibia Index
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DISCUSSIONS

Difference between Biofidelity and Certification
Corridors

With regard to the head, thorax and face, the method of
biofidelity test and that of certification test are the same.
However, the corridors of these tests are different.
Therefore, even if the response falls within the one
corridor, the response will deviate from another corridor.

It is required how it arranges corridor based on PMHS
data.

Suggestion to Improve the Obscure Test Procedures
on the Biofidelity and Certification Tests

In biofidelity tests, if it was only the description of the test
procedures in the THOR biofidelity/certification test
manuals, there was the difficult case of set-up of the test
conditions. For instance, as for the head impact test, the
test procedure is described in certification manual
following as: "The head of the dummy is placed, such that
the axis of the impactor is aimed at a point on the forehead
on the midsagittal plane and 30 mm above the horizontal
line marking the division with the face skin" [2].
However, authors could not correctly judge "the horizontal
line marking the division with the face s Therefore,
authors conducted test assuming that 30 mm above the

A"

horizontal line to be approximate point.

Also, as for the rigid bar impact test on the face, the test
procedure is described in certification manual following
as: "The rod is configured to impact along the mid-line
of the left and right maxilla plates on face" [2]. Likewise,
as for the disk impact test on the face, the test procedure is
described in certification manual following as: "The center
of the disk is configured to impact between the cheek and
chin plates on the face" [2]. However, authors could not
correctly judge "the mid-line of the left and right maxilla
plates on face" and "the point between the cheek and chin
plates on the face". Therefore, authors conducted these
tests, judging the impact point from photographs in the
certification manual.

It can be presumed that the slight differences in the test
set-up appeared as slightly different result between authors
and GESAC. Note: The results of tests which were
conducted by GESAC are indicated in the publication of
reference [1].

It could be pointed out that it is necessary to arrange the
manual such that it is possible to duplicate more faithfully
test procedures.

Influence of Different Positioning to Dummy
Responses on HYGE Sled Test

With regard to the seat of the white-body of a passenger
car used in this test, the seat-slide position in accordance
with the ATD positioning procedure of UMTRI was
positioned 50 mm rearward with respect to the seat-slide
position of the standard position.  Therefore, the
positioning of the dummy in the UMTRI position was
positioned rearward than that in the standard position.
The behavior of the dummy was basically similar in both
the UMTRI position and the standard position. However,
the moving distance of the dummy before coming in
contact with the airbag and/or the instrument panel was
longer in the UMTRI position than that of the standard
position. The clearance between the body of the dummy
and the steering wheel/ instrument panel at the initial
positioning of the dummy was wider in the UMTRI
position compared to the standard position. Therefore,
the maximum displacements of each body-part with
respect to the initial positioning of the dummy in the
UMTRI position were larger relative to the standard
position. In particular, there was a difference of about
31 mm at the head and 46 mm at the ankle in the
back-forth direction.

With regard to the dynamic responses of the upper body of
the dummy, there were little differences observed between
the UMTRI position and the standard position. On the
other hand, the occurrence situations of force and moment
at the femur and the tibia were different relative to those at
the upper body probably due to the difference in the
behavior of the ankle as stated above.

‘When the behavior of the dummy in the UMTRI position
was checked by means of a video camera, it showed that
the ankles moved forward during Oms to about 40ms and
the heels came in contact with the toe board (at the initial
position the heels were away from the toe board), and then
the feet slide on the toe board at about 40ms to 80ms.
On the other hand, in the standard position, the heels were
on the toe board at the initial position, and the feet did not
slide on the toe board.  Instead, the feet appeared to brace
against the toe board.

However, the toe board used in the HYGE sled tests series
was not the toe board of a real vehicle but a jig-attachment
which imitated the real toe board and its surface was
covered by a floor carpet of a real vehicle. Therefore, it
can be considered that the behavior of the lower legs in
these tests did not necessarily reproduce the one in the real
driver seat where the lower legs were positioned on the
accelerator and the brake pedals.

In addition, the white-body of a passenger car used in
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these tests had a rather spacious interior space, and thereby
even in the standard position, the clearance between the
dummy's knees and the instrument panel was relatively
wide. Therefore, it is presumed that this is the reason
why conspicuous differences of dummy responses did not
appear between the standard position and the UMTRI
position.

CONCLUSIONS

The biofidelity of the head, neck, thorax and abdomen of
the THOR-NT was evaluated according to the biofidelity
test procedures of THOR.

- Only the head responses of the Thor-NT were within
the PMHS corridors.

- It was found that the thorax characteristic of Thor-NT
dummy was stiffer than the human body. In the test
at 6.7m/s, it can be presumed that the maximum force
became higher due to the metal contact inside thorax
bottomed out.

- With regard to the abdomen, the responses of both
upper and lower deviated from each corridor, namely,
it was found that the abdomen characteristics of the
dummy are stiffer than that of the human body.

- In the head, thorax and face, the test procedures of the
biofidelity and certification test are quite same.
However, corridors for evaluation in both tests do not
overlap with each other. This would cause the result
that even if the dummy response is within the corridor
of either test, it is outside the corridor of another test.
It is required how it arranges corridor based on PMHS
data.

In order to obtain the impact response properties of the full
assembly of the dummy, four HYGE sled tests were
conducted. Evaluation of the repeatability of dynamic
response and investigation of the influence on the dummy
response by different positioning was performed. In
order to evaluate repeatability, three tests were conducted
under the same conditions.

- The kinematic responses of the dummy were similar in
the three tests.

- As for the dynamic responses of the dummy,
coefficient of variation (CV) was used as the
evaluation criteria of the repeatability, which was
calculated by dividing the standard deviation (SD) of
the maximum value of the measured data by the
average value. In this study, repeatability was
evaluated in the measured data and injury criteria of
31 items. As a result, 10 items (32%) in all the
measured data and the injury criteria (31 items)

indicated the result that CV is less than 5% as good for
repeatability. 23 items (74%) in 31 items indicated
the result that CV is less than 10% as acceptable.
Thus, the remaining 8 items (26%) indicated that CV
is larger than 10% as poor.

In order to investigate the influence of different

positioning to dummy responses, a test was conducted
on a dummy positioned according to the ATD
positioning procedure developed by UMTRI, and then
repeatability was evaluated. When comparing the
dummy positioning in the standard and UMTRI
position, the dummy in the UMTRI was positioned 50
mm rearward and 18 mm above with respect to the
standard seat position. In the back-forth direction, the
difference of the H.P. was the largest, namely, the
H.P. in the UMTRI position was 43 mm rearward
compared with the standard position. In the
up-down direction, the difference of the shoulder was
the largest, namely, the shoulder in the UMTRI seat
position was approximately 37 mm upward compared
with the standard seat position.

The behavior of the dummy was basically similar in
both seat positions, but the maximum displacement
with respect to the initial position differed in the head
and the ankle. The difference in the dummy
response due to different positioning was small in the
upper body, but large in the femur, legs, and ankles.
This is presumed to be due to the difference in the
behavior of the ankles.
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ABSTRACT

An experimental study of driver side air bag loads for
out-of-position (OOP) occupants at the ISO-1 (chin
on bag) position was performed using the 50th per-
centile THOR-NT dummy. The main objective was
to observe the response of the dummy under expo-
sures to various types of air bags. Dummy sensitivity
to the air bags was evaluated in terms of upper neck
loads and head acceleration. Five types of late-model
fleet air bag modules were used in a total of ten tests
(two repeat tests per air bag). Sealed tank tests were
also performed to characterize the five different air
bag inflators. For one bag, the THOR-NT produced
very repeatable measurements. For other bag types,
the THOR-NT exposed the variability of the air bags,
especially in its upper neck moment measurements.
The high-speed videos confirmed the inflation vari-
ability of those air bags. The THOR-NT was able to
segregate the moment at the head/neck pin joint (rep-
resenting human occipital condyles) from the total
head/neck cross-sectional moment. The THOR-NT
performed smoothly throughout the test and was gen-
erally user-friendly. A limitation is recognized that
only two air bags for each model were used for repeat
tests.

INTRODUCTION

The THOR (Test device for Human Occupant
Restraint) dummy is an anthropomorphic test device
(ATD) developed for advancing the study of biome-
chanical phenomena and the development of new
injury criteria supported by other efforts in human
volunteer tests, cadaver tests and modeling [1-3]. The
notable new features of THOR include a neck design
that segregates load paths within the cervical spine,
and the use of multiple potentiometers for measuring
chest and abdomen deformations at distributed loca-

tions. The current THOR version, denoted as THOR-
NT, has an improved design to overcome the limita-
tions of the previous version.

The study herein focuses on the performance of air
bags as measured within the THOR-NT head/neck
complex. As shown in Figure 1, the THOR-NT dis-
tinct neck subassemblies reflect a design premise that
human necks are loaded along multiple paths, and
that loads are borne by both ligamentous tissues and
musculature. Loads that pass through a human neck
are presumed to include those borne by “external”
musculature only (represented in THOR-NT by the
two cable subassemblies), and those borne by both
“internal” muscles and ligaments (represented in
THOR-NT by the molded neck subassembly and the
pin joint/nodding block subassembly).

Front cabl
lorzi)c]l1 cgfll § Rear cable
load cell
Rear cable
Front cable i
i in joint
i OC pin |
Upper neck »;gi i B
load cell i%""ﬁ i [IL.:,'
=

Figure 1. THOR-NT neck structure.
The THOR-NT design philosophy also presumes that

human neck injuries occur when ligamentous tissues
become overloaded. Hence, a THOR-NT injury crite-
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rion will be based on measurements in its upper neck
load cell alone, which is mounted on the neck rather
than in the head (Fig. 1). Forces measured in the load
cells attached to THOR-NT anterior and posterior
cables represent “external” noninjurious loads borne
by musculature alone (and not ligamentous tissues).
These load cell measures are contemplated as refer-
ence measures only, and may not be directly linked to
an injury criterion.

Other previous work has been performed showing
favorable biofidelity evaluation of the head/neck
complex of THOR-NT. These tests include a com-
parison of THOR-NT loads against muscle and
occipital condyle (OC) loads measured in tests run by
the Medical College of Wisconsin (MCW) using post
mortem human subjects [4]. A favorable comparison
of the THOR-NT neck response against a human
model was also demonstrated by Duke University

[5].

Previous tests by L-3/Jaycor using the Air bag Test
Simulator (ATS) with a previous version of THOR-
NT has shown highly repeatable head/neck responses
to well-controlled air bag deployments in out-of-
position (OOP) conditions [6-8]. The ATS is a device
developed by L-3/Jaycor that deploys air bags in a
very repeatable fashion and with the same deploy-
ment characteristics as an actual production air bag
module [9]. Using the ATS, the air bags were pneu-
matically inflated and two air bags with conventional
folding were used with tests conducted at the ISO-1
(chin on bag) and ISO-2 (chin on upper steering
wheel rim) positions [10]. At least five repeat tests
were conducted at the same condition, respectively,
for both the 50" percentile Hybrid-IIT and THOR
dummies, for data comparison. Data showed that the
THOR neck design could carry loads through the
cable elements and the head/neck pin joint akin to the
way loads are transferred through and around the
occipital condyles of a human neck.

This paper presents results from testing the THOR-
NT using fleet driver side air bag modules in the
laboratory. As the THOR-NT is a relatively new
dummy, this paper also serves to provide an evalua-
tion of the dummy itself under well controlled condi-
tions. The tests conducted do not represent standard
regulatory tests since there is no standard OOP posi-
tion or injury metrics established for THOR-NT.

METHODS
Five models of fleet driver side air bags were used,

which are labeled as Bag A, B, C, D, and E, respec-
tively (Table 1). Other than Bag E that has a single-

stage inflator, the other four models have dual-stage
inflators (Table 1).

Table 1. Five driver side air bag modules.

Bag Model Position | Stage

A compact driver dual
B SUvV driver dual
C sedan driver dual
D sedan driver dual
E light truck driver single

The air bag inflators were characterized using the
SAE standard sealed tank test as specified in SAE
J2238 [11]. The inflator was separated from the air
bag unit, connected to the tank, and electrically dis-
charged. The tank gas pressure and temperature his-
tories were recorded. Pressure and temperature
gauges were mounted on the top, side and bottom of
the tank (Fig. 2a). To characterize both stages of a
dual-stage inflator in a single tank test, the second
stage was triggered about 0.12 sec after the first stage
(Fig. 2b). This 0.12-sec trigger delay for the second
stage was only used for the tank tests to characterize
the dual inflators in a single test.

(a) Sealed tank and instrumentation

Trigger Signal For Dual Stage Inflator
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Second stage
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Time (sec)

(b) Trigger signal for dual stage inflator

Figure 2. Sealed tank test setup.
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For the OOP air bag impact tests, the 50th percentile
male THOR-NT dummy was placed in the adjustable
seat fixture of the ATS platform (Fig. 3). The dummy
was placed at the ISO-1 position (Fig. 3). The posi-
tion of the dummy was accurately controlled using
fixed position markers on the seat and the adjustable
neck positioning arm for each test. The transducers
used in THOR-NT included accelerometers, load
cells, displacement string potentiometers, and rotary
potentiometers. All signals were recorded using a
digital data acquisition system with a sampling rate
of 10 kHz. A high-speed digital camera recorded the
air bag-dummy interaction at 1000 frames per sec-
ond. Signal conditioning, filtering, and recording
techniques complied with the SAE J211 standard
[12]. A complete new air bag module with the origi-
nal steering wheel was used for each test.

=7 NI
ﬁr ¢ o

Figure 3. THOR-NT test setup at ISO-1 position.

Stage-by-stage comparison. OOP tests using the 50th
percentile male Hybrid-III dummy were first per-
formed to examine the effects of full deployment vs.
first stage only using Bag A. The Hybrid-III dummy
was also placed at the ISO-1 position. Two tests were
performed separately using deployments from the 1*
stage inflator and from both stages. For the full
deployment test, both stages were triggered simulta-
neously. Based on the results observed, it was
decided to conduct all THOR-NT dummy tests using
deployments from both stages for all the dual-stage
air bag modules.

Full-stage air bag tests. Full-deployment air bag
impact tests were carried out for all five models for
the THOR-NT dummy. For dual-stage models, both
stages were triggered simultaneously for each test.
Two repeat tests were performed for each air bag
model. Head/neck load time-history data comparison
was performed for each air bag model. Air bag infla-
tion repeatability or variability for each model was
confirmed and analyzed using the high-speed video
recordings. Values of Head Injury Criterion based on
the 15-ms time interval (HIC,s) were computed for
comparison.

As stated earlier, the THOR-NT has a unique neck
construction in which muscles and osteoligamentous
structures are represented by separate mechanical
components (Fig. 1). The primary structural compo-
nent of the THOR-NT neck is the segmented molded
rubber column which is designed based on the
responses of the human cervical spine. A six-axis
load cell is placed at the top of this component to
directly measure the loads at the head/neck pin joint,
which represents human occipital condyles. In the
results presented herein, all neck loads (or upper
head/neck loads) refer to the OC pin joint location
(Fig. 1). Cross-sectional loads refer to loads including
the front and rear cable loads with respect to the head
coordinate system.

The THOR-NT instrumentation allows one to com-
pute its “cross-sectional load” by accounting for the
cable loads. The dummy has a rotary potentiometer
that measures rotation of the head with respect to the
neck. Using data from this potentiometer, one may
translate THOR-NT s cross-sectional neck loads to
the head coordinate system using the THORTEST
program [13]. In the results herein, cross-sectional
loads are always given in the head coordinate system.
The THOR-NT neck load data can also be presented
in the neck coordinate system as will be indicated.

RESULTS

Comparison of single and dual-stage inflations. The
sealed tank test data for each inflator are shown in
Table 2, with the two pressure values indicating the
outputs from the first and both stages, respectively,
for Bags A-D, while only one value is shown for Bag
E with single-stage inflator. For a dual-stage inflator,
the tank pressure history shows that the combustion
of the first stage usually completes in 50 ms and a
fairly stable tank pressure level is sustained for a long
time until the second stage is ignited (Fig. 4). For
dual-stage inflators, the first stage generally contains
the larger portion of the total energy with the second
stage contributing about 6-30% of the total energy
output (Table 2; Fig. 4). The tank test data justify the
use of 0.12-sec trigger delay to collect dual-stage data
without sacrificing additional inflators.

Table 2. Tank test results

Bag Model Stage Pressure, KPa
A compact dual 100/150
B Suv dual- 125/140
C sedan dual 165/175
D sedan dual 140/190
E light truck single 160
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Tank Test: Bag A
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Figure 4. Sealed tank test pressure data.

Tests conducted using Bag A and the Hybrid-III
dummy showed air bag loads from the 1% stage and
both stages resulted in significant differences in the
dummy response (Fig. 5). Inflation from both stages
deploying simultaneously delivers a much stronger
load to the dummy than that just from the 1* stage
(Fig. 5). The results are consistent with the tank data
showing the tank pressure increasing from 100 to 150
KPa when the 2nd stage is triggered (Fig. 4a and
Table 2). To achieve the maximum impact load for
dummy evaluation, the remaining tests with the
THOR-NT were conducted by deploying both stages
simultaneously for all dual-stage modules.

Data repeatability and variability. It was found that
the bag inflation variation was a dominant factor
affecting the data repeatability of the air bag impact
test results (Figs. 6-10). Bag A produced data with
excellent repeatability as observed from the two tests
for the THOR-NT dummy (Fig. 6). However, the
other four types of bags produced significant vari-
ability in dummy metrics (Figs. 7-10).

For illustration, large inflation variability was
observed for Bag C deploying against the THOR-NT
dummy (Fig. 7). The upper head/neck load data
shown in Figure 7 are in the head coordinates. For
test 1, the air bag pushed the chin backwards, which
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Figure 5. Hybrid-III responses to first stage and full
deployments for Bag A.

generated large positive upper head/neck shear Fx
and moment My (flexion) at 20 ms (Figs. 7a-b). For
test 2, the air bag was trapped under the chin and
pushed it upwards, which generated large negative Fx
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and My (extension) at 40 ms (Figs. 7a-b). The air bag THORNT, 1S01, Bag C
also slipped behind the steering wheel for test 2, N
which did not happen in test 1 (Fig. 8a vs. 8b). 0 / \/\
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Figure 9. Head/neck load data comparison for Bag D
(head coordinates).

(a) Test 1 (b) Test 2

Figure 10. Inflation variability observed for Bag D
deployed against THOR-NT.

Inflation variability was also observed for tests using
other air bags. For Bag D, high-speed video data

showed the air bag was trapped under the dummy
chin and pushed it upwards, which generated large
negative My (extension) for test 1 at 35 ms (Figs. 9b
and 10a). This neck trapping situation was less severe
for test 2 as indicated by the much smaller negative
My (Fig. 9b). In addition, the air bag slipped behind
the steering wheel more for test 2 than for test 1 as
shown by the high-speed video data (Figs. 10a vs.
10b). This partially explains why test 2 delivered a
softer load on the neck than test 1 (Fig. 9b).

The inherent bag inflation variability manifested
itself mostly in upper head/neck Fx and My. The
head/neck axial force Fz was fairly consistent (Figs.
7c and 9c). The Fz forces are positive most of the
time (Figs. 6¢, 7c and 9c), which means the neck
pulls the head downwards in tension. This tensile
upper head/neck Fz is a combined effect of the exter-
nal air bag load and the centrifugal rearward rotation
of the head.

Injury metrics for various air bags. For the head, a
HIC;5 = 700 injury reference value may be used to
assess injury risk. All five air bags produced HIC;;
values of less than 200 and significantly below this
threshold, although Bag D produced the highest
HIC,5 values (Fig. 11). This seems to be consistent
with the tank pressure data showing Bag D generat-
ing the highest dual-stage pressure (190 KPa) among
the five models (Table 2).

200

150

15

100

HIC

50

Bag A Bag B Bag C Bag D Bag E

Figure 11. HIC,5 data comparison.

Table 3 provides the critical injury assessment values
for human spine tolerance [5]. While the THOR-NT
is designed to mimic the human neck, it is stiffer than
the human spine; thus it is likely that some adjust-
ment of the human cervical spine tolerance values
will be necessary before they can be used as injury
reference values in the THOR-NT. Nonetheless, the
human threshold values may be used for experimen-
tal purposes.
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Table 3. Critical Values for Neck, My and F,

Human
Compression, F¢ (N) 3640
Tension, Fr (N) 2520
Flexion, Mg (Nm) 48
Extension, Mg (Nm) 72

The neck load data for all five bags are shown from
Figures 12-16. These “OC” neck loads as shown are
in the neck coordinate system as measured by the
upper neck load cell excluding the cable effects, with
the moment, My, moved up to the level of the head/
neck pin joint (the load cell is located 2.54 cm below
the joint). The THOR-NT data are presented as such
consistent with the way the neck data are expected
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Figure 12. Neck load for Bag A (neck coordinates).

to be used for injury assessment. Furthermore, the
range of variability for each data metric is indicated
by the shaded region bounded by the time-history
data recorded from the two repeat tests for each bag.
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Figure 13. Neck load for Bag B (neck coordinates).

The data comparison shown from Figures 12-16 indi-
cates some clear trends even though only two tests
were performed for each bag. The data spread for Fz
is much smaller than that for Fx and My. The shear
force Fx shows consistency with My, with both gen-
erally staying positive or negative simultaneously, for
flexion or extension, respectively. Other than for Bag
D, the neck moment cycled from flexion to extension
or vice-versa smoothly within the safe critical values
indicated in Table 3 (Figs. 12-16).
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Figure 14. Neck load for Bag C (neck coordinates).

Of the five types of air bags tested with the THOR-
NT, Bag D exceeded the critical value for neck ten-
sion given in Table 3. For Bag D, the axial tension
force Fz recorded by THOR-NT reached 3300 N
(Fig. 15b), which exceeded the human critical value
of 2520 N shown in Table 3. This air bag also pro-
duced the highest inflation pressure in the tank test
(Table 2). Compared to the other bags, Bag D also
produced the largest extension moment reaching -38
Nm and the neck moment was dominated by exten-
sion throughout the entire bag-dummy interaction
process (Fig. 15¢).

Cross-sectional vs OC My comparison. With the
exception of Bag A, each air bag had inflation vari-
ability that certainly contributed to the differences in
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Figure 15. Neck load for Bag D (neck coordinates).

dummy responses for a given air bag type. Nonethe-
less, there were some consistent trends that can be
illustrated comparing the OC neck moment against
the cross-sectional neck moment calculated by
including the cable load effects.

As shown in Figure 17 using data from Bag A and
Bag D, the OC moment at the pin joint recorded by
THOR-NT is considerably smaller than the total
cross-sectional moment (Fig. 17). This trend is con-
sistent for all five air bags tested. This further con-
firms the intended capability of the THOR-NT neck
design to distinguish the musculature from the liga-
mentous load.
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Figure 16. Neck load for Bag E (neck coordinates).

DISCUSSION

The present study has shown that the head/neck com-
plex of the THOR-NT dummy is capable of capturing
the detailed air bag load effects due to the variability
of bag inflation on the occupant head and neck in
OOP conditions. The variability of the early inflation
behavior of the fleet air bag modules tested was con-
firmed by the high-speed video data. Nevertheless, all
HIC,5 values calculated from the tests are well below
the injury threshold. Our previous studies for the
THOR and Hybrid-III dummies have shown that
highly repeatable dummy responses can be obtained
if the inflation and bag folding can be tightly con-
trolled for each test in the laboratory [6-8]. Other
studies have also demonstrated the importance of
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Figure 17. Upper head/neck moment comparison.

dummy position control [14]. The dummy position
was well controlled for the present work. On the
other hand, the variability of the pyrotechnics and
bag folding in the fleet air bag modules is something
that may not be as easily controlled by the scientific
researcher in laboratory tests.

Data variability can be an important issue for scien-
tific research and dummy evaluation. It is likely that
the range of bag inflation variability is within the
manufacturer’s expectation, and in terms of standard
safety evaluation, it may not result in any significant
differences in injury metrics such as that demon-
strated by the HIC;s values that are all well below the
injury threshold. One way to circumvent data vari-
ability is to tightly control the inflation process.
However, it is probably a reality that some fleet air
bags will not inflate with high repeatability as the
present work has demonstrated. When these bags are
used for research, it is desirable that a significant
number of repeat tests are performed with the statisti-
cal variation of the results quantified.

By its design nature, the THOR-NT neck separates
the musculature load from the spinal ligamentous
load on the neck, which results in a lower OC
moment than the total cross-sectional value. The test
data obtained confirmed the expected performance of
the THOR-NT head/neck complex design.
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The tests performed are not standard regulatory tests
but rather scientific studies for the evaluation of the
THOR-NT dummy. It should also be noted that there
are no injury criteria defined for the THOR-NT
dummy, nor are there standard OOP positions
defined for using the THOR-NT dummy. Part of the
purpose for the present work is to collect scientific
data to understand the attributes to the variability in
the dummy responses so that well-defined OOP posi-
tions for the THOR-NT dummy can be established in
the future. In addition, injury criteria for the THOR-
NT will still need to be established and the present
work contributes to the understanding of air bag load
paths to the neck in OOP conditions.

A limitation of the present work is that the number of
repeat tests for each case is small. In addition, a lim-
ited range of driver side air bags was tested and only
at one OOP position.

CONCLUSIONS

Comparative tests have been carried out successfully
for five late model driver side air bag models using
THOR-NT in the ISO-1 position. The major findings
are that the inflation variation in four of the five air
bags was the cause of highly variable neck moment
responses in the THOR-NT. Neck tension, on the
other hand, was not influenced nearly as much by the
inflation variation. However, neck tension appears to
be the most critical load and almost all of the tension
is passed through the ligamentous spine, with very
little load borne by musculature. Neck tension was
shown to approach the human threshold value for one
of the bags. The THOR-NT dummy has shown good
usability for the test effort and was successful in
capturing the effects of inflation variability on
head/neck responses.
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ABSTRACT

To understand the response of the head, neck and
torso during a lateral collision, and to investigate the
relation between cervical vertebral motion and the
occurrence of neck injuries, lateral impact
experiments were conducted on the shoulder areas of
human volunteers. Test subjects consisted of 8
volunteers (5 males and 3 females). For the analysis
of cervical vertebral motions of each subject, a
cineradiography system was used. A VICON
motion photographic device was also used for the
three-dimensional  analysis of  head/neck/torso
motions. In the experiment, 3 levels of impact force
(400N, 500N, and 600N) were applied considering
both the presence and absence of muscle tension.
Cervical vertebral rotations all started at 35 ms, but
the time required to reach the peak rotation increased
toward the upper vertebrae, with C7 and T1 peaking
at 120 ms and the final peak in the head at 120 ms. At
around 35-80 ms, the rotation angle of C5 surpassed
those of the head and C4 showing that the cervical
spine was bending into an S-curve. This phenomenon
shows the same type of cervical vertebral motions
causing whiplash during a rear-end collision. Also,
extreme compression was at work in the vertebral
disc and/or the facet joint in C6/C7 and C7/T1,
suggesting a high probability of injury occurring in
the neck.

INTRODUCTION

Vehicle occupants involved in automobile accidents
but saved from fatality with injury severity level
reduced to serious - minor are increasing, owing
probably to the implementation of automobile safety
measures and advances made in emergency medical
treatments. It can be deduced that the increase in
number of those with severe - minor injuries is
attributable to the abovementioned developments.

In order to keep pace with this development, active
studies are being made for further enhancement of
automobile safety, particularly against vehicle frontal
collisions. Despite such efforts, the number of those
injured by rear-end collisions is increasing
significantly (Kraft et al., 2002), which is considered
by some researchers as a "trade-off" between the
number of fatalities and the number of "severe -
minor injuries”, with the priority set on the reduction
of the fatalities. Regarding neck injuries, such
increase were found not only in rear-end collisions
but also in lateral-collisions (Hell et al., 2003). The
same as in the case of rear-end collisions, the neck
injury mechanism in lateral-collisions has not been
clearly determined, with many questions still
remaining unsolved (Kumar et al., 2005, Ito et al.,
2004, Yoganandan et al., 2001). One of the reasons is
the scarcity of biomechanical studies conducted on
human head/neck/torso  impact responses in
lateral-collisions. In this regard, a new test equipment
called "head/neck inertia impactor” was used in this
study in order to analyze the "human head/neck
junction” while applying a lateral impact to the
shoulder. To be more specific, volunteers were
impacted on their shoulders to simulate automobile
lateral-collisions, and study human head/neck/torso
impact responses as well as cervical vertebral
motions. Differences in neck muscle responses
between the male and female volunteers were also
investigated.

EXPERIMENTAL METHODS

Lateral Inertia Impactor

An inertia impactor (Figure 1) specially designed for
this study was wused in order to investigate

head/neck/torso responses and cervical vertebral
motions of subjects submitted to a lateral inertia
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Fig.1 Lateral inertia impactor

impact. The test equipment consists of a compressed
air storage/coil spring unit to eject the impactor, the
impactor height adjuster, and the test subject sitting
position adjuster (forward/ backward & up/down).
The front plate, pushed against the impactor front
was fixed to the piston through the piston rod. The
compressed air is stored in the cylinder with the
piston fixed to the air chuck located at the rear end.
The impactor mass is 8.5 kg. The impactor is ejected
by opening the air chuck, and impact is applied to the
back of test subject. A coil spring is provided to
control the impactor stroke and the rise of impact
load. The stroke setting and the rise of impact load
can be varied per test.

Head/Neck/Torso Visual Motions

In order to record the kinematics of the
head/neck/torso of each subject during impact, a
high-speed video camera with a photographic
capability of taking 500 frames/s was used. The head
rotation angle and the displacement relative to the
torso (the first thoracic vertebra: T1) were calculated
by tracing the motion of each marker adhered to the
subject according to the photographic images. A
VICON motion photographic device (125 frames/s)
was also used for the three-dimensional analysis of
head/neck/torso motions.

Table 1 Anthropometric data of the subjects

. . Sitting [ Mass of head |  Inertia of head
Age Sex |-|(§If?1')“ V(\/;u};ht Heighgi (estimate) (estimate)
9 (cm) (kg) (10%kgm?)
1 25 M 172 67 97 4.28 2.21
2| 23 M 170 63 94 4.14 2.14
3 22 F 162 46 83 3.63 1.85
4] 23 F 166 51 88 3.77 1.93
5| 24 F 161 58 86 3.98 2.04
6 23 M 180 85 91 4.97 2.59
7| 24 M 174 61 90 4.07 2.10
8l 24 M 181 77 96 4.64 2.42

Cervical Vertebral Motions

Cineradiography System

Using

For the analysis of cervical vertebral motions of each
subject during impact, a cineradiography system
(Philips: BH500) was used. The system is capable of
taking cervical vertebral images at the rate of 60
frames per second with 16.67 ms intervals.

Experimental Conditions

Using five healthy male and three healthy female
adults as human volunteers, experiments on the
head/neck/torso impact responses and the cervical
vertebral motions upon lateral inertia impact was
conducted. Table 1 shows anthropometric data on
human volunteers. The impact loading direction was
set vertical (O deg inclination) against the shoulder on
one side (Figure 2). To be more specific, each test
subject sat on one side of the impactor, with the back
set practically straight against the stiff seat, so that
the impact direction become parallel to the line
connecting the acromion and the lower part of the
cervical vertebrae. In order to analyze the differences
in impact loading directions, the impact was also
applied from 15 deg forward and 15 deg backward
directions (Figure 2), in addition to the O deg
direction. The impactor surface is rectangular with an
area of 100 mm x 150 mm. The impact loading
location against the subject's shoulder was set so that
the position of acromion would become the same as
that of the impactor upper surface. In order to find
the difference in effects of neck muscle response on
the head/neck/torso motions, the states of muscle
were set in tensed and relaxed conditions,
respectively. The impact load was set at 3 different
levels such as 400 N, 500 N and 600 N in order to
find the differences in head/neck responses to the
lateral impacts. For the direction with 0 deg
inclination, impact responses were compared
between cadaver tests and those on the volunteers.
Table 2 shows the different test conditions classified

Impactor » 15° Backward

]

X

» (° Impact direction

15° Forward

Fig.2 Impact directions

by differences in sex (male and female), impact
loading levels, impact directions and states of muscle,
with different combinations of test conditions.



Table 2 Test conditions

No. of Subject [  Sex Impa}chﬁ)force Impact directior] Muscle condition
400 15° forward
Male Relaxed
8 500 0 degree
Female Tensed
600 15° backward

Informed Consent for Volunteers

The informed consent procedure in line with the
Helsinki Declaration (WHO/CIOMS, 1988) was
conducted in order for the volunteers to be fully
informed of the purpose and method of experiments
and also to ensure their full consent. The
details/contents of the experiments were subjected to
the approval of Special Committee of Ethics,
Medical Department, Tsukuba University.

ANLYTICAL METHODS
Impact Force Applied to Head/Neck

Head acceleration was measured with the head 9
channel accelerometer, first thoracic vertebra (T1)
acceleration was measured with 3-axis accelerometer,
and electromyogram was analyzed. The measuring
instruments were the head 9ch accelerometer (X, Y &
Z), head angular velocity sensor (X, Y & Z), Tl
accelerometer (X, Y & Z) and the pelvis
accelerometer. The locations where the sensors were
attached are shown in Figure 3. A mouth-piece
suitable for the teeth profile (teeth impression) was
prepared for each test subject. Assuming that the
head is rigid, the head coordinate system was set in
line with the location of anatomical center of gravity.
The 9 channel acceleration measurement method
(Ono et al., 1980) was applied according to the

' <= \ . )
Fig.3 Mounting of accelerometers and rotational
velocity sensors

coordinates of each accelerometer in this system, and
the rotational and linear accelerations at the head CG
were calculated.

Torso Acceleration (T1)

For the measurement of acceleration at T1, a
three-axial accelerometer was attached onto the skin
over a spinous process of T1.

Three-dimensional Motions of Head/Neck/Torso

The three-dimensional motions of head/neck/torso
were measured by means of a VICON Motion
Capture.  Then  the  right-shoulder  strain
(displacement), left-shoulder strain (displacement),
head rotation angles (X, Y & Z), T1 rotation angles
(X, Y & Z) and the head rotation angles relative to T1
were analyzed.

RESULTS

Characteristic Aspect of Neck Impact Loading &
Visual Motions

A 600 N impact loading experiment (in relaxed
muscle condition) is shown in Figure 4, with the
sequential photographs of the head/neck/torso
motions during impact. X-ray of the neck motions
under the same test conditions are shown in Figure 5.
Figure 6 shows the corridors of the impact forces, the
impact velocities, and the impact accelerations of
impactor measured in 600 N impact loading
experiment (in relaxed muscle condition). The linear
and the angular accelerations at the head CG (X, Y &
Z) calculated from the values measured with the head
9 channel accelerometer, the accelerations (X, Y &
Z) at the T1 are also shown. Figure 7 shows the neck
forces (Fx, Fy, Fz, Mx, My & Mz), and the visual
head (head displacements and head rotational angles)
motions in relation to the T1. Figure 8 shows the
visual motions in relation to the shoulder strains (at
the sternum upper end and the right or the left
acromion) of the right shoulder (right acromion) and
the left acromion). On the other hand, the rear view
and the lateral views of spine trajectories by the
VICON are shown in Figure 9.

Phase 1 [0-50 ms] - The duration of impact for each
one of 8 test subjects were 70 ms or so (Figure 6a).
The impact load peak levels were fluctuating, as the
impactor and the shoulder were not in complete
contact in the initial stage of impact. This presumably
resulted in the relatively low impact peak level in the
initial stage and the relatively high peak level in the
secondary stage. The T1 accelerations, on the other
hand, showed that the maximum value was found
around 50 ms (Figures 6j-6l), while that of the head
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Fig.4 Sequential motions of head/neck/torso (Impact forces: 600N, Relaxed condition)
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Fig.5 Sequential images of cervical vertebrae by cineradiography (Impact force: 600N, Relaxed condition)

was around 60 ms (Figures 6d-6f). The maximum
values of T1 and the head in the Y-axial direction
were 55 m/s? and 18 m/s?, respectively. It is deduced
that the axial forces between the T1 and the head
were acting in opposite direction of compression, as
the accelerations of T1 and the head in the Z-axial
direction were reversed around 50 ms. The rotations
of the head and T1 around the X-axis were reversed
around 30 ms. The rotations around the Z-axis were
also reversed. The neck shear force (in Y-axial
direction) and the neck moments around X-axis and
Z-axis did not show their maximum values around 50
ms (Figures 7m), 7q), 7r)), but the axial force of neck
in Z-axis showed the maximum value at 50 ms or so.
The right shoulder strain (on the impact side) showed
the maximum value around 70 ms (Figure 8a). A
slight torsion of upper cervical vertebrae was found
around the Z-axis (Figure 5).

Phase 2 [50-100 ms] - The impact was continually
set up to 70 ms or so (Figure 6a), and the shoulder
was separated from the impactor due to the torso
inertia. Hence, the acceleration at each portion of the
head drops thereafter (Figures 6d-6f). However, the
head rotates laterally against the torso, and the
acceleration in the X-axial direction starts to increase
around 90 ms, as the head is subjected to a restriction
by the lateral bending at the same time. The head
rotation angles found from the three-dimensional
motion analysis by means of VICON Motion Capture
showed the maximum values around 100 ms in both
X and Z axial directions (Figures 9a-9b). The timing
was roughly the same as the timing when the head
rotational angle relative to T1 was highest. The
maximum value around the X-axis was 32 deg, and
25 deg around the Z-axis. Similar to this trend of
head acceleration, the neck shear force decreases

around 90 ms, but increases again as the head
acceleration was restricted by the lateral bending.
The displacements of right and left shoulders and the
strains start resuming at the initial states around 80
ms, while the upper cervical vertebral torsion and the
lateral extension which occurs mainly at the lower
cervical vertebra also started (Figure 5).

Phase 3 [100-300 ms] - The impact loading already
stopped, but the entire body keeps rotating clockwise
due to inertia. The T1 acceleration in Y-axial
direction converged around 150 ms, whereas the
head acceleration remains up to 200 ms or so
(Figures 6d-6f). The T1 rotation angle around the
Y-axis showed gradual changes after 100 ms, while
the head keeps on rotating. The lateral extension of
cervical vertebrae starts to end, resuming the initial
states while maintaining the torsion in the Z-axial
direction. It was found from the three-dimensional
motion data obtained with VICON that the torsion
angle around the Z-axis resumed the initial state at
300 ms or so (Figure 9b). The lateral extension of
cervical vertebrae started to resume in the initial state
while maintaining the torsion in the Z-axial direction
(Figure 5).
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Impact load, Head C.G. Acc., Head angular Acc., and T1 Acc., (Relax, 600N)
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DISCUSSION

Effect of Differences in Muscle Functions of
Head/Neck/Torso Impact Responses

The average value of T1 acceleration for
tensed/relaxed muscle conditions with an impact load
of 600N is shown in Figure 10. The maximum of T1
acceleration becomes 60m/s’ in the case of the
relaxed muscle condition. On the other hand, the
maximum of T1 acceleration becomes 50m/s? in the
case of tensed muscle condition. Suppression of T1
acceleration under the different muscle conditions
was observed. Generally in the case of tensed muscle
condition, impact force is transmitted easily to the T1
region when stiffness of the shoulder structure
increase. The T1 acceleration rapidly increases
according to this phenomenon, and its value becomes
greater. Furthermore, effective mass of the shoulder
region which was impacted showed higher stiffness.
As a result, T1 acceleration decreased and there was

40

N
o

A
AN\

o

)

Acc[m/s?]
\

I T Relax | |
Vi
; .
& — Tension
) ension | |
-80
0 50 100 150 200 250

Time[ms]

Fig. 10 Comparison of T1 acceleration
between relaxed and tensed muscle
conditions

— 40 F- - -] ORelax |

5y

© BE--—pr-— 1 ---| ETension

d

2

(o]

=

<

©

c

=] ] _ N -

=

<

S

[=]

o 4B - I B
1 1l m v vV Average

Fig. 12 Comparison of head rot. ang (Y)
w.r.t. T1 between relaxed and tensed
muscle conditions

Force[N]

an increase in muscle tone, thus, impact force acting
on the upper neck is reduced (Fig.11) at an average
of 15%. Furthermore, in the case of tensed muscle
condition, the motion of head rotation is suppressed
so that the stiffness of neck structure itself is
increasing (Fig.12 and Fig.13). According to this
result, it can be said that the impact motion responses
of head/neck/torso easily change based on the
different state of muscle conditions.

Effects of Differences between Male & Female on
Head/Neck Impact Responses

The maximum of T1 acceleration and head C.G.
acceleration under the relaxed muscle condition with
impact force of 600N (three males and two females)
are shown in Fig.14 and Fig.15. As for the head C.G.
acceleration, female subjects showed greater value
than male subjects. For the T1 acceleration, no
difference was seen between male and female. As a
result, even if the force level in lateral impact is
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almost same, difference of the head/neck motion is
observed between male and female. This could
probably be due to the smaller head mass of females
compared to males. Furthermore, it is thought that
the structure size of cervical vertebrae of a female
being small might be the cause. The maximum head
displacement relative to T1 in the Y-axis and the
maximum head rotational angle relative to T1 in the
X-axis under the relaxed muscle condition with
impact force of 600N are shown in Fig.16 and Fig.17,
respectively. The displacement and rotation of
head/neck for both male and female were suppressed
by doing muscle tone. However, the displacement
and the rotation of the head/neck for two female
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subjects were greater than those of male values under
the tensed condition, whereas no difference was
observed between male and female under the relaxed
condition. According to this situation, it is suggested
that under tensed muscle condition, stronger
muscular strength of males in general can greatly
depress the head/neck/torso motions. On the other
hand, females who have weak muscular strength, has
difficulty in suppressing the global motion.
According to the difference in responses of
head/neck/torso between males and females, it is
supposed that there will be a higher risk of neck
injury for females.
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Effect of Shoulder Structural Deformation on
Head/Neck Impact Responses

Sabine et al (2002, 2003, and 2004) reported that a
difference of motion such as the clavicle and the
shoulder blade etc. was clarified in the experimental
studies on the PMHS lateral shoulder impacts. In the
lateral collision, the impact which went from the
shoulder takes the influence of the shoulder structure
greatly before reaching neck region when an impact
acts on the occupant's shoulder region through the
vehicle inside structure such as a door panel. And, a
change in the impact energy dispersion of the
shoulder region, the impact transmission direction of
the torso and so on occurs at the same time. The
shoulder structure which influences the motion
responses of head/neck in the lateral impact was
examined here.

When a lateral impact is imposed to the shoulder
region, it is transmitted to the clavicle and thorax, the
sternum through the shoulder blade, and it influences
the neck region consequently through T1 region
(Fig.9). The compression strain between the right
acromion and the T1 was greater (Fig.8a), Fig.8c)).
This corresponds to the result of the PMHS
experiment by Sabine et al (2002, 2003, and 2004).
It is not compressed comparatively because the
clavicle exists between the acromion and the sternum
and it is fixed firmly when an impact is imposed
from the lateral direction to the shoulder region. The
shoulder blade may slide behind the aperture thoracic
superior by the impact, and greatly compress in the
acromion and the T1. In other words, the acromion
and the aperture thoracic superior though an impact
is transmitted directly, and the transmission of the
impact is delayed in the acromion and the T1. The
rising time of the lateral displacement of shoulder
markers were shown in Table 3. Displacement
between the sternum top-end and the left acromion
almost started at the same time, and the motion of T1
was delayed. This shows a difference in the impact
transmission mechanism that the neighborhood of the
bone structure on the torso front side such as the
sternum and clavicle followed by the movement of
the neighborhood of the bone structure on the torso
rear side such as T1.

Table 3 Rising time of the lateral displacement
of the shoulder markers (Relax, 600N)

Subject Rising Time of Displacement (ms)
Right Acromion Upper Sternum T1 Left Acromion
| 8 16 26 14
1 8 28 30 22
mn 8 18 22 16
v 10 14 28 22
\% 8 20 28 20
Average 8.4 19.2 26.8 18.8

It is understood that the different motion response
was due to the structural difference of the rear and
front torso as described above. An impact was
introduced to the left acromion directly without
deformation between the left acromion and the
sternum top-end though the impact transmitted to the
top-end of the sternum was transmitted to the left
acromion through the clavicle on the opposite impact
side. In other words, the left acromion was imposed
an impact through the top-end of the sternum, and the
left acromion was displaced backward. It can be
considered that the strain of the left acromion and T1
showed slight tension at first, and as a result showed
compression.

Characteristics of Cervical Vertebral Motions
during Lateral Impacts

The head rotation was delayed for about 30ms to the
neck, after which, head rotation begins. The rotation
of C4 was lower than that of C5 in 35-80ms (Fig.18).
It can be considered that the torso moves first, and
then the left lateral moment acts to the upper neck as
shown in Fig.19. Furthermore, C4/C5 which is the
relative rotational motion of cervical vertebrae as
shown in the Fig.20 showed a negative value in the
early stage of impact. This indicated that the tension
of the left cervical vertebral joint in C4/C5 and the
compression of the right cervical vertebral joint in
C4/C5 occurred. It was estimated that the rotational
angle of C1~C3 which can not be analyzed in this
experiment will be delayed from that of the lower
cervical vertebra, and the rotational angle of the
upper cervical vertebra will exceed that of the lower
cervical vertebra. The rotation angle of C5
suppressed those of the head and C4, showing that
the cervical spine has a bi-phases curvature form
such as an S-curve. An S-shape form with relative
left extension of upper cervical vertebra and relative
right flexion of lower cervical vertebra was presented
concretely, and it can be considered that the right
bending moment was acting on upper cervical
vertebra and the left bending moment was also acting
on the lower cervical vertebra. This phenomenon
shows the same type of cervical vertebral motions
causing the whiplash during a rear-end collision.
Moreover, tension on the left side of the cervical
vertebra always shows an increase tendency as
shown in Fig.21. On the other hand, compression on
the right side of the cervical vertebra (C4/C5~C7/T1
in 90-120ms) shows a constant value (Fig.22). The
rotation angle of the cervical vertebra was depressed
by restricted motion of the facet joint on the right of
cervical vertebra, and it can be considered that larger
compression acts on this area at the latter half of
impact. The compression of the intervertebral disk
decreased with the elasticity of the neck itself due to
a decrease in compression and the axial force applied
on the upper neck shifted to tension force after
130ms (Fig.23).
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CONCLUSIONS

Using five healthy male and three healthy
female adults as human volunteers, experiments on
the head/neck/torso impact responses and the cervical
vertebral motions upon lateral inertia impact have
been conducted, with the impact forces set at 400 N,
500 N and 600 N, respectively. The findings obtained
from the above are as follows:

Effect of Differences in Muscle Functions of
Head/Neck/Torso Impact Responses

The suppression of head/neck/torso motions was
greater in tensed muscle than in relaxed condition.
The T1 displacement (18%) and the head
displacement (48%) relative to T1 were more
suppressed in the tensed condition than in relaxed
condition.

Effects of Differences between Male & Female on
Head/Neck Impact Responses

Regardless of the state of muscle tension, the
displacement of acromion with respect to the first
thoracic vertebra (T1) tends to be greater for male
than for female subjects. As female shoulders tend to
have less flexibility against impact than male, the
female cervical vertebral motions are likely to show
longer lateral extensions than male. It is suggested
that the differences in muscle responses should be
taken into account, in addition to the differences in
shoulder anatomical structures, as marked differences
between male and female.

Effect of Shoulder Structural Deformation on
Head/Neck Impact Responses

When an impact is applied to a shoulder, the
head/neck/neck impact responses become different
even if the magnitude of impact on the torso is the
same. Thus, it is suggested that the differences in
head/neck/torso  motions are caused by the
differences in shoulder anatomical shape and/or
front-rear structural differences. A shoulder has high
three-dimensional flexibility and a wide range of
movability, owing to the gleno-humeral and
sternoclavicular joints, which facilitate vertical and
lateral motions against lateral impacts. However, the
shoulder movability would be restricted, if the
direction of the lateral impact roughly aligns with the
line connecting the acromio-clavicular joint and the
sternoclavicular joint - i.e., the longitudinal direction
of the clavicle.

Characteristics of Cervical Vertebral Motions
during Lateral Impacts

Cervical vertebral rotations all started at 35 ms, but
the time required to reach the peak rotation increased
toward the upper vertebrae, with C7 and T1 peaking
at 120 ms and the final peak in the head at 120 ms. At

around 35-80 ms, the rotation angle of C5 surpassed
those of the head and C4 showing that the cervical
spine was bending into an S-curve. This phenomenon
shows the same type of cervical vertebral motions
causing whiplash during a rear-end collisions. Also,
extreme compression was at work in the vertebral
disc and/or the facet joint in C6/C7 and C7/T1,
suggesting a high probability of injury occurring in
the neck.
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ABSTRACT

Regulations and interventions to protect far-side
occupants in crashes do not currently exist, despite
these occupants accounting for 43% of the AIS3+
injured persons and 30% of the overall Harm in side
impact crashes. Furthermore, no suitable ATDs or
mathematical models have been developed to
investigate far-side occupant dynamics. The aim of
this study was to investigate seat belt to shoulder-
complex interaction during the first phase of a far-
side impact for incorporation into a multibody
occupant model.

The model adaptations were derived based on quasi-
static belt slip tests using two volunteers, a standard
Hybrid III ATD and a Hybrid III Spring-Spine ATD.
The model development was validated for this first
phase of impact by comparison with shoulder belt
force-time histories and head lateral displacements
from lateral far-side sled tests using PMHS and a
WorldSID ATD.

The newly adapted model correctly predicted seat
belt to shoulder complex interaction in all of the
quasi-static belt slip tests, compared to 50% and 67%
for Hybrid IIT and Hybrid III Spring-Spine
respectively. Furthermore, the model was able to
predict the increasing likelihood of the seat belt
engaging the shoulder when the D-ring moved
rearward and pretension increased. For the validation
tests, the magnitude and phasing of the shoulder-belt
force-time and head displacement-time histories were
generally within 10% of the PMHS results. In
addition, the model was capable of predicting the
location of occupant to seat belt interaction observed
in the PMHS tests.

INTRODUCTION

Side impacts represent the second most common type
of passenger vehicle crash to cause serious injury or
death to the occupant behind frontal collisions (Fildes
et al., 1991; Otte, 1984). Research into side impact is
becoming more critical as it is projected that the
number of elderly road users will increase. Elderly
road users have an increased likelihood of being
involved and seriously injured in a side impact crash
compared to other age groups (Chipman, 2004).

In addition, while research attention and government
regulations have focused on protecting nearside (or
struck side) occupants of the vehicle, little attention
has been paid to protecting far-side (or non-struck
side) occupants. Research by Gabler et al. (2005a)
using NASS/CDS and FARS data from 1997-2002
indicated that far-side occupants account for 43% of
the seriously injured persons and 30% of the Harm in
US side impact crashes. Furthermore, using MUARC
in-depth data (MIDS) from 1993-2002, Gabler et al.
(2005b) observed that far-side occupants accounted
for 20% of the seriously injured persons and 24% of
the Harm in Australian side impact crashes.

The primary form of restraint for a far-side occupant
is the outboard mounted three-point seat belt.
However, it has been recognized that this design does
not provide adequate restraint for this crash
configuration. Specifically, by preventing thorax and
head excursion towards the struck side of the vehicle.
This was most recently highlighted by Gabler et al.,
(2005a) where head and thorax injuries accounted for
over half of the serious injuries sustained in these
crashes. Added to that, the seat belt has been
recorded as the source of injury in around 86% of
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AIS2+ abdominal injuries sustained in far-side
crashes (Gabler et al. 2005a).

In an earlier study, Mackay et al., (1993) conducted
an analysis of 193 cases of restrained occupants in
far-side crashes. It was observed that of those
occupants with AIS <2 head injuries, 35% came out
of the shoulder section of the seat belt. The authors
suggested that “...as well as the direction of the
impact, a number of other factors have a bearing on
this event — the position of the upper anchorage, the
size of the occupant, the seat position, the adjustment
of the upper anchorage, and the looseness of the seat
belt”’. Mackay concluded by stating that these
problems may be alleviated through experimental
work looking at improving seat belt geometry and
pretensioning.

It had long been recognized that the seat belt was not
ideal in all crash configurations. Knowing this, early
laboratory studies by Adomeit et al., (1977) and
Horsch (1980) examined the effect of impact angle
on the restraint provided by the seat belt using
anthropomorphic test devices (ATDs). Both Adomeit
et al., (1977) and Horsch (1980) observed that for far-
side impacts up to approximately to 40 degrees, the
shoulder belt remained in the clavicular area and did
not slip off the shoulder. At angles greater than this
the thorax tended to slip out of the shoulder portion
of the seat belt, leading to an increase in thoracic and
head excursion. Horsch did however note that even at
angles of around 60 degrees, significant energy was
removed from the thorax by the seat belt before

slippage.

In an attempt to reduce this lateral excursion, Horsch
et al., (1979) and Kallieris & Schmitt (1990) used
Post Mortem Human Subjects (PMHS) to investigate
the effect of inboard belts. However, such designs
were observed to induce neck injuries. One of the
primary concerns with the use of an inboard belt is
this neck loading, which can place the neck’s
vascular system and spinal column at risk of trauma
(Sinson et al., 2003).

More recent attempts have been made to reduce
occupant excursion towards the vehicle’s struck side
in a far-side crash (Stolinski et al., 1999; Bostrom &
Haland, 2003; Pintar et al., 2006; Rouhana et al.
2006). Stolinski et al., (1999) investigated the effect
of firing pretensioners on reducing lateral excursion
using Hybrid IIT and SID ATDs. Bostrom and Haland
(2003) investigated inboard airbags and a 3+2 seat
belt design using a modified BioSID ATD; Pintar et
al. (2006) investigated thorax and shoulder supports
in addition to inboard belts using a WorldSID ATD;

and Rouhana et al. (2006) investigated the use of a
four-point seat belt using PMHS, BioSID and SIDIIs
ATDs. Each study suggested methods of reducing
head and thorax excursion, however, more research is
required to ensure that these designs do not induce
additional injuries, primarily to the thorax and neck.

Despite these attempts to design better restraints,
therein lies a problem, no computer model or ATD is
designed specifically for far-side impacts. WorldSID
has been suggested to be the best of the available
ATDs (Fildes et al., 2002), however, thorough
validation is yet to be seen. A major limitation ATDs
have is the ability to mimic the seat belt to shoulder
complex interaction. This has come primarily from
the fact that ATDs are designed to work within a
narrow crash configuration band. In frontal crash
tests, Hybrid III ATDs only have a single
measurement device in the chest to measure the effect
of shoulder belt load. However, up to half the belt
load gets distributed through the shoulder where no
measurement device exists (Kent et al., 2003). In side
impacts, ATDs are to a large extent not validated
using shoulder belts. As a result, the shoulder region
of both frontal and side impact dummies is not ideal.

Tornvall et al., (2005) investigated this very aspect,
more specifically looking at the performance of the
shoulder complex of THOR in oblique impacts (both
near and far-side). Despite a lack of sufficient PMHS
tests in far-side configurations, Tornvall’s results
indicate a weakness in the kinematic shoulder
response of the three ATDs, possibly related to
limitations in shoulder range-of-motion and the lack
of human-like shoulder complex design (Tornvall et
al., 2005).

This investigation forms part of a larger study aimed
at improving far-side occupant protection (Fildes et
al., 2005). A subtask of this larger study involves
developing a far-side occupant model. Due to the
critical role of seat belt to shoulder-complex
interaction in governing upper body kinematics in a
far-side crash, it was deemed necessary to explore
further.

OBJECTIVE

The aim of this study was to investigate seat belt to
shoulder-complex interaction during the first phase of
a far-side impact and incorporate this knowledge into
a multibody occupant model.
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METHODS

This study is separated into four components: quasi-
static far-side tests categorizing the seat belt to
shoulder-complex interaction; developing a model
capable of mimicking this interaction; high-speed
lateral far-side sled tests; and validating the model
against these sled tests.

1g Quasi-Static Far-Side Tests

The aim of the quasi-static belt slip tests was to
characterize the seat belt to shoulder-complex
interaction in a far-side impact. Two factors
identified by Mackay et al., (1993) — seat belt
geometry and pretension, were investigated regarding
their role in providing lateral restraint to the subject.

To achieve these aims, a test rig consisting of a
rotating seat with appropriate safety measures was
designed (Figure 1). It rotated the subject in the
frontal plane, about an axis running horizontal to the
ground through their thorax. When rotated 90
degrees, the subject experienced a 1g lateral force.

Figure 1. Rotating quasi-static test rig

The test subject was seated normally with the belt in
the drivers position in a Volvo V70 seat. The seat
back was positioned to the angle used in seat rating
tests, the tilt and other chair settings being set to the
mid-positions and were kept there throughout testing.

The seat X-position (fore/aft) was instrumented such
that 5 positions: 0, 60, 120, 180, and 240 could be
determined. These positions (measured in millimeters
from most-rearwad) represented 0%, 25%, 50%,
75%, and 100% forward. Similarly, this represents
moving the D-ring fore/aft (0 being the most forward
D-ring, 240 being the most rear D-ring).

In addition to belt geometry, three belt pretensions
were tested. Due to the difficulty in getting
reproducible tensions, ranges were used instead of
specific tensions. These were ON, 100-150N, and
200-250N. The tension was produced prior to the test
manually (not through actual pretensioner devices)
and measured through a standard belt tension
measurement system (Figure 2) and monitored from a
continuous online display.

Figure 2. Seat belt tension measurement device
and anchorage point

Three different subjects were put through the entire
matrix of tests: A standard Hybrid III 50" Percentile
Male ATD; A Hybrid III 50" Percentile Male with a
Spring-Spine (as seen in Bostrom et al., 2005); and a
male human volunteer of average height and weight.
For the volunteer test, muscle tension was neglected
as the subject was completely relaxed, with little or
no muscle activity.

A second volunteer was exposed only to the X = 120,
ON pretension configuration to highlight the
difference body size has on the resulting restraint.
The second volunteer was more muscular and broad
shouldered than the first volunteer. Volunteer 1°s
shoulder breadth was approximately 480mm, whereas
the second volunteer’s was 560mm.

The only measured outcome from these tests was
whether the seat belt slipped off the shoulder or not,
leading the results to be binary (i.e. yes or no). Five
tests were conducted with each subject at the same
configuration. As such, a percentage of times the belt
slipped off the shoulder for each configuration could
be determined. For instance, if the belt slipped off the
shoulder in 5 out of 5 cases at a set configuration, the
result would be 100%. If the belt only slipped twice,
the result would be 40% and so on.
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Modeling the 1g Quasi-Static Far-Side Tests

The test set-up geometry (as described in the previous
section) was modeled in MADYMO 6.2.2 using the
pre-processor Easi-Crash-MAD v5. A geometrically
similar seat and seat belt was modeled using facet
surfaces and finite elements respectively. Each was
given realistic stiffness characteristics.

Figure 3. Human model in simulated 1g test

The human model used for these simulations was the
TNO Human Facet Model. This model was recently
validated against ISO TR9790 requirements for
lateral impact by de Lange et al., (2005). The same
study also demonstrated that the human facet model
showed potential in frontal and oblique impacts (de
Lange et al., 2005). The human facet model was
identified to be the most suitable MADYMO model
for far-side impacts (Digges et al., 2005).

As previously mentioned, modeling the seat belt to
shoulder-complex interaction is a critical requirement
of a far-side occupant model. The standard TNO
Human Facet Model is not capable of replicating the
contour variation of the shoulder-complex’s boney
structures, specifically the junction of the clavicle,
scapula and humerus.

To address this issue, rigid ellipsoids were inserted
into the region of the shoulder (Figure 4). The
shoulder was represented by a sphere (degree 2
ellipsoid) of radius 0.053m. These dimensions
coincide with those defined for a 50" percentile male
in Tilley et al., (2002). The shoulder breadth of the
human model was approximately 460mm.

Two additional ellipsoids were placed in the upper
arm adjoining the shoulder ellipsoid to ensure the belt
did not deeply penetrate the arm and get caught when
the belt slipped off the shoulder. Each was modeled
as a sphere of 0.045m radius, which coincides with
the same arm thickness defined for arm ellipsoids in
earlier versions of the TNO Human Facet Model.

Figure 4. Rigid ellipsoids used to approximate the
shoulder on the human model

A MB.FE Kinematic contact was then defined
between the seat belt, clavicle and shoulder, so that
the belt would not penetrate this region - ensuring the
contour of the region (despite being approximated) is
maintained. Due to the choice of contact type, a static
friction coefficient for the belt and skin interaction
could only be defined, rather than a specific velocity
dependant function. As such, an approximated
friction coefficient of 0.3 was used.

To start the simulation, the human model was firstly
sat in the seat under gravity and allowed to come to
equilibrium. Belts were then routed across the model
such that anchor locations matched those used in the
tests. For cases with pretension, simulated loads
represented the middle of the ranges defined in the
physical tests. To achieve this preload, linear belt
segments were attached vertically from the D-ring
with 125N and 225N loads added to the ends. This
initiated initial penetrations in the model, which
provided the preload prior to initiating the lateral 1g
pulse.

Once the model was at equilibrium and the belts were
in the correct position, a 1g lateral pulse was inserted
to the model. This pulse was not a step input, rather a
ramp, due to the rotating of the buck in the physical
tests. Concurrently, the 1g used for pre-simulation
(vertical direction) was ramped down. Each
simulation lasted 1 second.

The measured outputs from the model included
whether the belt slipped or not, and T1 lateral
displacement — to quantify the effect of D-ring
position and pretension on excursion.

Far-Side Lateral Sled Tests

Data from lateral far-side sled tests were utilized as
means of model validation in this first phase of
impact. Tests were conducted at 30km/h using a
unique far-side impact buck which included, as a
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standard configuration, a center console and outboard
three-point belt system (Pintar et al. 2006).

For this study, two configurations of seat belt
geometry and pretension were investigated with
PMHS and a WorldSID ATD (Table 1). As a realistic
worst case scenario, the Forward D-ring was located
120mm above and 30mm rear of the shoulder. The
Middle D-ring was located 120mm above and 90mm
rear of the shoulder. PMHS tests were conducted
using the same procedures as described for the
WorldSID tests (Pintar et al., 2006).

Table 1.
Sled Test Matrix
D-Ring Position Pretension Test Subject
Middle 100N PMHS 1, WorldSID
Forward ON PMHS 2, WorldSID

For the PMHS tests, 2 unembalmed human cadavers
were procured, medical records assessed and tested
for Hepatitis A, B, C and HIV. Pretest x-rays and
anthropomorphic data were obtained using
established procedures (Pintar et al., 1997) (Table 2).
PMHS were cleaned then dressed in a tight-fitting
leotard with a head/face mask to ensure anonymity.

Table 2.
PMHS Sex and Anthropometry
PMHS Sex (M/F)  Height (m) Weight (k&
1 M 1.73 67
2 F 1.60 70

To quantify occupant-to-seat belt interaction, seat
belt force transducers mounted between the shoulder
and D-ring measured shoulder belt load. To quantify
lateral excursion, retro-reflective targets placed on
the head, in addition to reference targets fixed to the
sled and buck tracked three-dimensional, 1000 f/s
motion (Pintar et al., 2006).

Modeling the Far-Side Sled Tests

The test set-up geometry (as described in Pintar et al.
2006) was modeled in MADYMO 6.2.2 using the
pre-processor Easi-Crash-MAD v5 (Figure 5). The
sled pulses used from the physical tests were directly
inserted into the model. The same human model
(including shoulder modifications) was used and
executed in the quasi-static tests.

Figure 5. Human model in simulated far-side buck

Seat belts were modeled using finite elements and the
center console was modeled using facet surfaces.
Force-deflection characteristics for the center console
and belts were defined in Pintar et al. (2006).

Within the model, contact between the human model
and the center console was defined as a FE.FE (facet-
to-facet) COMBINED contact. To achieve this, a
stress-strain relationship was required for the paper
honeycomb mounted to the console. This was
approximated, since the honeycomb’s rating was
15psi and 30psi respectively. This approximation can
be seen in Figure 6.

8.E+05

6.E+05 -

4.E+05

Stress (Pa)

2.E+05 4

0.E+00 T T T T
0.00 0.20 0.40 0.60 0.80 1.00

Strain

Figure 6. Approximated stress-strain relationship
for paper honeycomb

Each simulation was executed for 240ms. The
shoulder belt forces and head c.g lateral
displacements were obtained from the relevant
MADYMO output files.

RESULTS
1g Quasi-Static Far-Side Tests

Results from the physical tests and the simulations
can be seen in Table 3. Only results from the four
rearmost positions are shown as the most-forward D-
ring (X=0) yielded the same result as X=60
Volunteer 1.
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Table 3.
1g quasi-static test results. Numbers represent the
proportion of time slip occurred at that
configuration. Shading represents cases which
match volunteer response

VOLUNTEER
X pos (mm) ON 100-150N|200-250N]
60 100 100 100
120 100 100 20
180 100 0 0
240 100 0 0
HUMAN MODEL
X pos (mm) ON 125N 225N
60 100 100 100
120 100 100 0
180 100 0 0
240 100 0 0

HYBRID III SPRING-SPINE

X pos (mm) ON 100-150N] 200-250N
60 100 60 0
120 100 0 0
180 0 0 0
240 0 0 0
HYBRID III
X pos (mm) ON 100-150N] 200-250N
60 60 0 0
120 0 0 0
180 0 0 0
240 0 0 0

Results from the volunteer tests indicate that a trend
exists between moving the D-ring rearward,
increasing pretension, and thus, an increased
likelihood of the belt engaging the shoulder. A visual
example of cases where belt slip occurred and where
the shoulder was engaged can be seen in Figure 7.

Figure 7. Volunteer in cases indicative of belt slip
(left) and shoulder engagement (right)

As previously mentioned, the second volunteer was
only tested in the X=120, ON pretension case. For this
configuration, the seat belt effectively restrained the
larger occupant. Despite this only being a single
configuration, it suggests that human anthropometry
plays a major role in whether the belt restrains the
human or not. It also suggests that more broad or
muscular occupants may be better restrained by an
outboard three-point belt in a far-side impact.

Results also highlight that the standard Hybrid III and
the Hybrid III Spring-Spine ATDs are much more
sensitive to changes in belt geometry and pretension
than the human volunteer. Moreover, the standard
50™ percentile Hybrid IIT and Hybrid IIT Spring-Spine
only predicted the same binary outcome of slip or
engagement in approximately 50% and 67% of the
configurations when compared to the mid-sized
volunteer. A visual example for the Hybrid III
Spring-Spine in cases of belt slip and restraint can be
seen in Figure 8.

Figure 8. Hybrid III Spring-Spine in cases of belt
slip (left) and shoulder engagement (right)

The difference between the way in which the
volunteer and the ATDs interacted with the belt was
noticeable. Specifically, the belt engaged the ATDs
thorax instead of the shoulder complex. Of the two
ATDs tested, the Hybrid III Spring-Spine ATD was
more biofidelic in how belt slip occurred compared to
the standard Hybrid III. However, the Hybrid III
Spring-Spine was still more sensitive to D-ring
position and pretension than the volunteer. This was
related to the solid features of the thorax engaging the
belt even when the belt slipped over the shoulder.

Conversely, the human model correctly predicted all
of the binary outcomes from the mid-sized volunteer
tests, in addition to the trend observed between D-
ring position, pretension and belt slip. A visual
example of cases where belt slip occurred and where
the shoulder was engaged can be seen in Figure 9.
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Figure 9. Human model in cases indicative of belt
slip (left) and shoulder engagement (right)

Despite the match in binary results, the human
model’s upper body lateral motion appears stiffer
than the volunteer. This is not surprising since this
model (like the ATDs) is designed to perform at
higher severity impacts than 1g.

In addition to the binary outcomes from the quasi-
static tests, T1 lateral displacements were also plotted
(Figures 10 and 11). This was done to quantify the
effect different D-ring positions and pretensions had
on the model’s lateral displacement.
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These results indicate that the crucial factor
influencing the magnitude of lateral displacement is
whether the belt slips over the shoulder or not. For
cases where the belt slips over the shoulder, T1
displacements are all very similar (average
displacement = 138mm). When the belt engages the
shoulder there is only minor differences between D-
ring positions (average displacement = 126mm).
What is interesting to note is that this equates to only
an average 9% reduction in lateral displacement. It
should be noted however that the maximum
displacements for cases with slip occurred
approximately 200ms earlier that those with
engagement.

Far-Side Lateral Sled Tests

For the Middle D-ring configuration, all test subjects
indicated that the seat belt engaged the shoulder
complex. This can be derived from the shoulder belt
force-time histories seen in Figure 12, with an image
of the human model response seen in Figure 13.

3500

=
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o 30001
o —=— WorldSID
S 2500 A
IE —— Model
= 2000
)
@ 500 -
]
S 1000 1
3
2 500
0 T T T —
0 50 100 150 200 250
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Figure 12. Shoulder belt force — Middle D-Ring,
100N Pretension

Forward D-Ring, ON Pret ~ Middle D-Ring, 100N Pret

Figure 13. Human model simulated belt
interaction in sled tests (175ms)

In the force-time curve, the belt to shoulder-complex
interaction is represented by the large peak response
at around 100ms. Both the WorldSID and the human
Model predicted the magnitude and timing of this
event within 10% of the results from the PMHS test.
One difference is the initial peak observed in the
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response of the PMHS test. This was attributed to

thoracic loading prior to slipping across the thorax
(drop in response) and then engaging the shoulder.
Neither the WorldSID nor human model observed
this response to the same magnitude.

For the forward D-ring configuration, all test subjects
(PMHS, WorldSID and human model) slipped out of
the shoulder portion of the seat belt. In all cases, the
belt provided restraint via loading the thorax in the
early phases of impact. The belt subsequently slipped
past the shoulder and got caught on the upper arm
near the elbow. Despite those similarities, the
shoulder belt force-time histories are quite different
for all three subjects (Figure 14).
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Figure 14. Shoulder belt force — Forward D-Ring,
ON Pretension

The shape and phasing of WorldSID and PMHS
traces are similar, however the magnitude of the
PMHS belt force is 40% higher than WorldSID.
Conversely, the human model made a closer match of
the belt force magnitude, however the trace shows a
profound double peak. The first peak related to the
thorax loading the belt, with the second peak for
contact with the upper arm. This suggests that the
thorax of the PMHS and WorldSID took nearly all
the belt load. Whereas in the model, belt load
dropped whilst the belt slipped over the shoulder.

To quantify excursion, head lateral displacements
were plotted versus time for both test configurations
(Figures 15 and 16).
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Figure 15. Head lateral displacement — Middle
D-ring, 100N Pretension
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Figure 16. Head lateral displacement — Forward
D-ring, ON Pretension

For the Middle D-ring configuration, the human
model predicted a slightly slower velocity to
maximum displacement than both the PMHS and
WorldSID. The maximum head displacement of the
human model was 12% less than the PMHS and 15%
less than that of WorldSID. The timing of maximum
displacement was within Sms for all three subjects.
All three subjects also predicted rebound of similar
velocities subsequent to maximum excursion.

For the Forward D-ring configuration, all the subjects
predicted a similar level of maximum displacement
(within 5%), and the speed at which they arrive there.
When the PMHS reached maximum displacement,
the human model’s displacement magnitude was
within 1% and WorldSID’s within 3%.

In contrast to the physical test results, the human
model spent in excess of 100ms at 95% of maximum
displacement, whereas the PMHS and WorldSID
only spent 60ms and 65 ms respectively. This was
related to the human model continuing to slip and not
rebound in the same way the PMHS and WorldSID
did.
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DISCUSSION

The aim of this study was to investigate seat belt to
shoulder-complex interaction during the first phase of
a far-side impact and incorporate this knowledge into
a multibody occupant model. After incorporating this
into the model, it was to be validated against a series
of lateral sled tests using PMHS and WorldSID ATD.

The first aspect of this study involved 1g quasi-static
tests using human volunteers, a Hybrid III ATD, a
Hybrid III Spring-Spine ATD and the TNO Human
Facet Model (with shoulder modifications). From the
volunteer quasi-static tests two interesting findings
were observed. Firstly, thorax lateral restraint appears
to be dependent on seat belt geometry and the level of
pretension applied to the belt. Secondly, the critical
relationship between the shoulder engaging the belt
(or slipping) and seat belt geometry and pretension is
highly dependent on human anthropometry. Only two
volunteers were needed to demonstrate the
uniqueness of humans in this sense.

Due to the effect of anthropometry, it should not be
necessary to validate ATDs or human models to a
specific human for specific belt pretensions and
geometries. It is to be expected that there should be
similar restraining effects depending on the level of
pretension or belt geometry for human surrogates of
similar anthropometry. However, these levels are not
possible to estimate until a much larger sample set
and higher impact speeds are investigated.

For the meantime, it should be demonstrated that the
model or ATD has a critical (or almost critical) slip
relation depending on seat belt geometry and
pretension levels. Specifically, that it can predict the
increasing likelihood of shoulder engagement by the
seat belt as the D-ring moves rearward and pretension
increases.

The 1g quasi-static simulations indicated that the
newly adapted human model was able to demonstrate
an increasing level of restraint as D-ring moved
rearward and pretension increased. The ATDs tested
also predicted this trend, however they were much
more sensitive to seat belt geometry changes and
pretension. Further to that, the way in which the
ATDs loaded the belt was not the same as the
volunteer, or the human model for that matter.
Restraint in the ATD tests was provided through the
belt loading the thorax, whereas the volunteer and
human model also loaded the shoulder-complex.

The dimensions of the shoulder ellipsoid added to the
human model were derived from the arm radius at the
axilla for of a 50" percentile male defined in Tilley et
al., (2002). Tilley et al., showed that this S53mm
radius coincides with a shoulder breadth of 465mm,
very similar to that of this human model. When
compared to other anthropometries, a 95" percentile
male with a shoulder breadth of 523mm has a radius
of 58mm (Tilley et al., 2002). Thus it is reasonable to
suggest that the dimensions of the shoulder ellipsoid
defined in this study are similar to those of Volunteer
1. Volunteer 2 on the other hand, who had a shoulder
breadth of 560mm, is likely to have a larger arm
radius at the axilla.

These simulations also indicated that the most critical
factor influencing thorax lateral displacement was
whether belt slip occurred or not. If the shoulder
engaged the belt, displacement levels remained the
same regardless of belt geometry or pretension.
Similarly, if the belt slipped off the shoulder, there
was little influence of belt geometry and pretension.

It was firstly thought that the minor differences
observed in overall lateral displacement for cases of
belt slip and engagement may be have been a factor
of the low test speed (1g). This being related to the
fact that occupant models are typically validated at
much higher speeds than 1g.

In the high speed sled tests, it was also observed that
lateral excursion was only slightly less during
shoulder engagement compared to when the belt
slipped off the shoulder. The small differences noted
in these tests are likely to be influenced by the
difference in anthropometry between subjects.
Specifically, the PMHS which slipped out of the belt
was 13cm shorter than the subject which engaged the
belt at the shoulder. While all three subjects
distinguished differences in magnitude between the
two configurations, the human model showed the
largest difference.

The other notable difference between the subjects in
the high speed tests related to the shoulder belt
loading. This was most pronounced in the case where
the belt slipped over the shoulder. The force-time
trace for the human model showed two obvious
peaks, one related to thorax loading and the other due
to arm contact. The same event did not happen in the
physical tests. Results from more tests where the belt
slips over the shoulder would need to be conducted to
see whether this is an artifact of the model or not.
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In light of the results put forward in this study, it
possible to suggest most likely and least likely
configurations for occupants to slip out of the
shoulder portion of the seat belt. The most likely
configuration being with a forward mounted D-ring,
no pretension and slim anthropometry. Conversely, a
rear mounted D-ring, pretension and a more solidly
built person is less likely to slip out of the shoulder
portion of the seatbelt.

Another factor, not investigated in this study, likely
to influence belt slip and lateral excursion is occupant
height. A taller person is likely to have larger lateral
displacement purely based on the belt loading the
thorax lower on the inboard side, the increased inertia
of the longer body segments and the extra distance
their body will occupy when positioned horizontally.
As seat belt geometry and occupant size are closely
related, further research should be undertaken to gain
a better understanding of the effect D-ring position
has on lateral excursion.

FUTURE WORK

The next step in this research is for more detailed
validation demonstrating that this model is capable of
mimicking additional human responses such as neck,
thoracic, abdominal and pelvic loading in far-side
impacts. This should also be conducted at 60 degrees,
as these impacts represent the greatest source of
Harm in far-side crashes (Gabler et al., 2005a). The
effect of D-ring position and pretension at various
impact directions is also to be investigated.
Additionally, this model should be validated against
tests like those seen in Pintar et al., (2006) to evaluate
whether it is capable of identifying which body
regions are suitable to load, should inboard
countermeasures be proposed.

CONCLUSIONS

The newly adapted human model has been
demonstrated to exhibit a critical element of what is
required for a far-side occupant model. Specifically,
the ability to model seat belt to shoulder-complex
interaction. This ability was firstly established using
low speed data from volunteer tests and subsequently
validated against high speed data obtained from
PMHS and WorldSID tests.

This study has also demonstrated that a trend exists
between seat belt geometry and pretension on the
level of restraint provided to occupants in far-side
impacts. It has also been highlighted that human
anthropometry has a major effect on the restraint
provided by the seat belt in far-side impacts.
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ABSTRACT

The WorldSID program was set up to develop a new,
worldwide acceptable, advanced technology, side
impact crash test dummy for improved assessment of
injury risk to car occupants in lateral collisions.
Following the release of the mid-sized male
WorldSID, the development of the small female
WorldSID dummy was initiated by the EC 6™
Framework collaborative research project
‘APROSYS’ in 2004.

The main specifications and requirements of the new
dummy have been defined in terms of anthropometry,
biomechanical response and instrumentation
capabilities in general and per body segment. An
overview of the specification is given in this paper.
Two prototype dummies have been evaluated against
a first set of test conditions. Test results are presented
here, including pendulum impactor, linearly guided
impactor, drop and sled tests. For a prioritised matrix
of biomechanical test conditions, the dummy
responses were compared against the biomechanical
human response requirements. Furthermore, the
dummy’s repeatability in well-controlled test
conditions and its sensitivity to temperature were
studied and its compliance to anthropometric
requirements is reported. Following the assessment of
the dummy’s current biofidelity and maturity,
recommendations for further dummy improvements
are given in the conclusions.

INTRODUCTION

In recent years there have been a number of
developments in the field of side impact crash test
dummy technology. The WorldSID 50th percentile
male dummy was developed between 1997 and 2001

and evaluated against a number of biofidelity and
sensitivity criteria.

After the development of the 50™ percentile male
dummy, the focus was put on the small (5™ percentile)
female size. The aim was to develop a dummy with
the same biofidelity, functionality, handling and
injury assessment capabilities as the WorldSID 50"
percentile male dummy. The results of the WorldSID
50" percentile prototype testing were taken into
account in the 5™ female development. The
specification of the WorldSID 5th female, including
the selection of scaled biofidelity requirements, was
undertaken in the Aprosys EC project (Barnes et al.,
2005). Five prototype dummies were built according
to these specifications, two of which have been
extensively evaluated in the Aprosys EC project.
This paper provides an overview of the biofidelity
and anthropometry assessment of the dummy as well
as assessment the dummy’s repeatability, sensitivity
to environmental temperature, its handling and
robustness. The dummy’s characteristics are
evaluated against the requirements and
recommendations are made as to potential
improvements to the design and usability of the
dummy to make it suitable for use in a regulatory test
environment.

MAIN SPECIFICATIONS

The WorldSID small female requirements were
published in a detailed document prepared in the
Aprosys EC project (Barnes et al., 2005). Further, the
specifications of the WorldSID small female
prototypes that were built according to these
requirements were published by Wang et.al. (2007).
The current paper only provides a brief overview of
the main characteristics of the dummy.
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Anthropometry

The small female WorldSID dummy was designed in
order to represent a small-size adult female and
adolescent car occupant. The dummy anthropometry
was based on the UMTRI data set (Schneider ez al.,
1983). This data set includes many anthropometry
details for a small-sized female in an automotive
seating posture, such as the external 3D surface, joint
centre locations, external and internal anatomical
reference points, and mass and inertia properties of
the body segments. The dummy target mass is 45.8
kg + 1.2 kg (~2.5%) including two half arms,
excluding dummy suit and shoes.

Biofidelity

The biomechanical performance requirements of the
WorldSID 5th female are based on impact responses
as specified in ISO Technical Report 9790

(ISO, 1997) for lateral biofidelity, scaled for 5M
percentile female according the formulas specified by
Irwin et al. (2002).

ISO Technical Report 9790 includes a large set of
dynamic biofidelity performance specifications for
the head, neck, shoulder, thorax, abdomen and pelvis
of a 50" percentile male side impact dummy in sled
tests, drop tests and pendulum tests. This report
includes a (weighted) biofidelity rating methodology
that enables quantification of the ability of a certain
dummy to meet the performance requirements. The
target biofidelity rating for the WorldSID dummy
family, including the small female, is to achieve
“Good to Excellent Biofidelity”, i.e. B> 6.5 out of 10.
The Irwin study gives scaling formulae and scaled
responses for all body segments in all test conditions
of ISO TR9790 for all available anthropometric sizes
between a large 95" percentile male down to new
born child. The 5" percentile female biofidelity
response requirements as published by Irwin were
applied to the 5th percentile female WorldSID
dummy.

Instrumentation

The instrumentation options of the WorldSID 5
female dummy are given in Table 1. A total of 125
dynamic measurement parameters are available in the
dummy, completed with static measurements for tilt
angle and temperature in head, thorax and pelvis.

Table 1.
Instrumentation options WorldSID small female

Segment | Parameter Nr.

Head Acceleration (ay,,) 3
Rotational acceleration (0, | 3

Neck Upper loads (Fyy,, M, ,) 6
Lower loads (Fyy, Mxy,) 6

Shoulder | Loads (Fx,,) 2*3
Deflection (8,) 1
Acceleration (ayy,) 3

Thorax T1 acceleration (ay ) 3
T4 acceleration (ayy,) 3
T12 acceleration (ay,,) 3
Rib deflection (5,) 3
Rib acceleration (ay ) 3*3
Rotational acceleration (o) 1

Abdomen | Deflection (3,) 2
Acceleration (ayy,) 2%3

Lumbar Loads (Fy,, My,) 4

Pelvis Sacro-iliac loads (Fyy,,Mxy,) | 2%6
Pubic loads (Fy) 1
Acceleration (ay,,)

Rotational acceleration (o) 1

Femur Femoral neck load (Fy,,) 2*3
Femur load (Fy, My,) 2*6
Knee load (Fy) 2%2

Tibia Upper load (Fy,, My,,) 2*%6
Lower load (Fyy, Mxy,) 2*%6

EVALUATION METHOD

Anthropometry

The objective of this study was to determine actual
dummy anthropometric details, such as joint-,
landmark- and center of gravity locations; mass of body
segments and total dummy, and external shape of the
flesh components. Based on measured dummy
dimensions, a complete and accurate CAD model was
reconstructed by measuring components with a caliper,
a FARO ARM 3D measurement machine and by
digitising the external shapes of dummy flesh
components. The actual components were weighed and
the mass was applied to the CAD model components.
The actual dummy was set up in the UMTRI reference
position, using the internal tilt sensors of the dummy at
zero tilt read out. Anthropometric reference points of
the actual dummy assembly were measured with a
FARO ARM and used to set up the reconstructed CAD
model in 3D space. Centre of gravity (CoG) locations
of actual dummy assemblies were obtained on a scale
according Figure 1 and Equation 1.

Lcog
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Figure 1. CoG location process.
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The reconstructed dummy CAD model was then
analysed to obtain the dummy anthropometric
characteristics, such as location of the joints,
instrumentation and CoG and mass. Also the CAD
model enabled comparison of the external shape of
components in 3D space with the UMTRI “Golden
Shell”, the target outer surface of the small female
anthropometry. The details obtained were compared
to the UMTRI anthropometric targets and deviations
between target and actual dummy anthropometric
data were identified.

ey

Biomechanical response

Test matrix - The test matrix for the
biomechanical response evaluation of the small
female WorldSID is given in Table 2. Note that the
complete set of ISO TR9790 tests was not performed.
In the ISO TR9790 rating system, test conditions and
body segments are prioritised by weighting factors.
The selection of test conditions for the Aprosys
evaluation was based on the test condition weighting
factors (Vj), test severity and available skill and
equipment within the Aprosys consortium. Drop tests,
low weighting factor tests and high risk tests (in
terms of dummy damage) were omitted.

Table 2.

Prioritised test matrix Aprosys
Body region Impact condition Vii
Head
Head test 1 200 mm rigid drop 8
Frontal drop 376 mm rigid drop 0
Neck
Neck test 1
shoulder test 2 7.2 g sled impact 7
Neck test 2 6.7 G sled impact 6
Shoulder
Shoulder test 1 4.5 m/s pendulum 6
Shoulder 4, Thorax 6,
Abdomen 5, pelvis 13 | 8.9 m/s padded WSU 7
Thorax
Thorax test 1 lateral 4.3 m/s pendulum 9
Thorax test 2 oblique 6.7 m/s pendulum 9
Thorax test 5 6.8 m/s Heidelberg rigid
pelvis 7 sled 7
Abdomen
Abdomen test 3 8.9 m/s WSU padded sled 3
Pelvis
Pelvis test 1 6.0 m/s impactor 8
Pelvis test 2 10 m/s impactor 9
Pelvis test 9 8.9 m/s Heidelberg padded
thorax 6 sled 8
Pelvis test 10 6.8 m/s WSU rigid sled 3

Sled velocity - The EEVC Heidelberg test

procedure (Roberts ez al., 1991) specifies the dummy
to load cell wall impact velocity as 7.6 and 10.3 m.s™,

rather than the sled velocity of 6.8 and 8.9 m.s™ used
in the ISO TR9790 documentation. The difference is
because the EEVC analysis used the relative speed of
impact between the dummy and the load plates
(which included the rebound velocity of the sled),
and the ISO analysis used only the velocity of the
sled at ty. Note that there is no difference in the actual
loading condition between ISO and EEVC. Therefore
the data obtained in these tests can be analysed
applying EEVC as well as ISO corridors. However,
when applying sled velocity as test parameter in a
rebounding sled (e.g. Heidelberg), the dummy to load
plate contact velocity is likely to be less accurately
controlled as it will depend on the performance of the
sled deceleration and stopping mechanism.

Scaling of force plates - To achieve similar force
plate interaction with the small female dummy as the
original PMHS test set up, the force plates in both
sled test conditions - Heidelberg and Wayne State
University (WSU) - were scaled using the same
method. The vertical scale factor was determined
from the ratio between Occiptal Condyle joint to seat
pan distance of small female and mid size male,
resulting in scale factor of 0.895. Both the location of
the beams and the height of the beams were scaled in
a direction perpendicular to the seat pan. The scaled
and original beam locations are illustrated in Figure 2
for the WSU configuration. To calculate the location
of the knee plate and the dimension of the pelvis
beam a scale factor of 0.917 was applied. The scale
factor is based on ratio of the UMTRI 5" and 50"
femur lengths.

Y

Figure 2. WSU beam configurations and human
body models. Left 5™ % female, right 50™ % male.

Normalisation - The dummy responses were
normalised according the procedures used for
normalising PMHS raw data to obtain ISO TR9790
and EEVC response corridors. The small female
standard mass was determined using the ISO standard
body segment mass (50" male) per test condition
scaled by the ratio of UMTRI body segment mass
5F/50M. No stiffness scaling was applied as ratios of
characteristic lengths of the dummy equal 1

Pendulum tests - The effective mass in each test
was calculated using Equation (2):

B j Fdt
Y )
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Where M, = effective mass of the segment (kg);
F = pendulum force (N);
V, = pendulum velocity (m.s™).
The integration interval was taken to be from first
positive pendulum force to the end of the impact.

The shoulder and pelvis pendulum forces were
normalised according to Equation (3):

‘ 3)

where Fy =normalised pendulum force (N);
F, =pendulum force (N);
M; = standard segment mass (kg);

M, = effective segment mass (kg).

The shoulder displacement was normalised according
to the Equation (4):

MS
Dy =D, o

‘ 4)

where Dy = normalised deflection (mm);
D, = measured shoulder deflection (mm).

The thoracic pendulum responses were normalised
using the two mass system methods as applied in ISO
TR9790 according to Equation (5). Time factor
scaling was applied to the HSRI and WSU/GML
thoracic pendulum responses according Equation (6).
The T1 acceleration responses in the 4.3 m/s HSRI
thorax tests were normalised according Equation (7).

F,=F, % xJ(14+M,)/\J14+ M)
¢ (%)
M
ty =t, |—=x\J14+M,)/ |14+ M)
‘ (©)

ay =ay, /% xJU4+M)/J14+ M)

where ty = normalised time (s);
ay = normalised T1 acceleration (G);
at; = T1 acceleration (G);
14 = the pendulum mass (kg).

)

Shoulder - The APR lateral shoulder tests were
normalised using a standard mass of 20.5 kg. 5Sth %-
ile UMTRI shoulder-thorax segment mass is 12.983
kg, 50th %-ile UMTRI shoulder-thorax segment mass
is 23.763 kg. The 5th female standard shoulder mass
Ms = 20.5%12.983/23.763 = 11.20 kg. The average
effective mass Me in three tests was 12.663 kg. The
shoulder normalisation factor applied was 0.940 for
both pendulum force and deflection.

Thorax - The HSRI lateral thorax tests were
normalised using a standard mass of 20.8 kg for the
thorax. 5" %-ile UMTRI shoulder-thorax segment
mass is 12.983 kg and 50" %-ile UMTRI shoulder-
thorax segment mass is 23.763 kg. The 5™ female
standard shoulder mass M, = 20.8%12.983/23.763 =
11.364 kg. The average effective mass M, in three
4.3 m/s tests was 13.351 kg. The thorax 4.3 m/s
normalisation factor applied was 0.958. The
WSU/GMR lateral thorax tests were normalised
using a standard mass of 15.2 kg for the thorax. 5"
%-ile UMTRI shoulder-thorax segment mass is
12.983 kg and 50" %-ile UMTRI shoulder-thorax
segment mass is 23.763 kg. The 5™ female standard
thorax mass M; = 15.2%12.983/23.763 = 8.305 kg.
The average effective mass M, in three 6.0 m/s tests
was 12.988 kg. The thorax 6.0 m/s normalisation
factor applied was 0.880.

Pelvis - The pelvis pendulum tests were run with a
14 kg mass and the linear guided impactor tests were
performed with a 10.26 kg mass. The prescribed
pendulum mass is 10.14 kg for small female pelvis
impacts. The data were scaled applying scale factor
according Equation (8):

F, =F, *J(10.14%(M, +48) /(M,*(10.14+48))
(8)

where M; = mass of impactor used in the test (kg);
Fimp = impactor force (N).

As second step the data were normalised following
the ONSER lateral pelvis tests according to Equation
(2) and (3). A standard mass of 14.5 kg was applied
for the pelvis. 5" %-ile UMTRI pelvis segment mass
(including femur heads) is 8.5 kg and 50" %-ile
UMTRI pelvis segment mass (including femur heads)
is 14.5 kg. The 5" female standard pelvis mass
applied was M = 14.5%8.5/14.5 = 8.5 kg.

Sled tests - In the Heidelberg tests the force plates
were mounted on the sled. Therefore the readings
were inertia compensated as follows:

F = Fplate +(Mplate X Aplate) 9)

Where F = inertia compensated plate force (N);

Fpie = sum of plate load cell forces (N);

M =mass of plate forward of the centre
of the load cells (kg);

Ay = acceleration of plate, where
acceleration is positive in the
direction of impact of the dummy
(m.s'z).

The WSU force plates were mounted statically and
no inertia compensation was applied. The Heidelberg
inertia compensated and WSU registered plate forces
were normalised according to Equation (10).
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M

e

F,=F (10)

where Fy =normalised wall force (N);
F, =inertia compensated force

Dummy measurements were normalised according to
the Equations (11), (12) and (13).

M
F,=F : (11)
Me
Xy =X, /M: (12)
M
A, =A ¢ (13)
M|
where xy =normalised displacement (m);
x; = displacement (m);
Ax = normalised acceleration (m.s™);
A; = acceleration (m.s™).

Standard mass - For Heidelberg sled tests, EEVC
normalisation applied a 37 kg segment mass for the
thorax and 24 kg for the pelvis. The ISO
normalisation used a 38 kg thorax segment and the

whole dummy mass to normalise the pelvis responses.

The ratio of the 5™ to 50™ %-ile total body masses
was used to scale all segment masses to 23.5kg
thorax mass and 15.2 kg pelvis mass for the EEVC
and 24.1 kg thorax for ISO. A ratio of specified 5"
%-ile mass to actual dummy mass was used in the
ISO normalisation of the pelvis responses. In the
Wayne State University sled tests small female
standard masses were applied as follows: thorax
15.2 kg, abdomen 6.7 kg and pelvis 10.8 kg.

RESULTS
Anthropometry

Segment mass - The target body segment masses
and those obtained for WorldSID 5™ female are given
in Table 3. Note that the WorldSID masses given are
from (not necessarily functional-) sub-assemblies that
match UMTRI segmentation planes as closely as
possible. The CAD model and UMTRI segmentation
planes are shown in Figure 3. The main deviations
are in abdomen (-1.3 kg) and lower legs and feet
(+1.2 kg). The other large deviation of 2.5 kg in the
pelvis/upper leg is due to the mismatch between the
UMTRI segmentation plane and dummy components.
The dummy pelvis extends forward of the UMTRI
segmentation plane and contains a large portion of
the thigh. The overall dummy mass is well within the
tolerance specification.

Table 3.
Target and dummy body segment mass [gram]

Body segment | UMTRI Worlt(lilSID Deviation
5

Head 3697 3660 -37

Neck 601 541 -60

Thorax

including only 15231 15452 222

upper arms

Abdomen 1610 305 -1305

Pelvis 6976 9475 2499

Upper legs 11828 9160 -2668

Lower legs 4720 5486 766

Feet 1276 1724 448

Total 45939 45804 -135

Figure 3. Reconstructed CAD model and UMTRI
segmentation planes.

Table 4.
Target and dummy centre of gravity [mm]

UMTRI WorldSID 5™
Body segment X Y Z X Y Z
Head -184 0 578 | -177 -1 580
Neck -172 0 460 | -185 1 446
Thorax -147 0 238 | -170 | -1 258
Pelvis -76 0 25 -36 0 19
Upper leg 147 | =104 | -4 232 | £92 38
Lower leg 444 | +82 | -56 | 491 | £83 | -81
Feet 653 | £101 | -178 | 654 | £93 | -171
Whole body 24 | 00 | 129 | 48 | -0.5 | 136

Centre of Gravity - The target and dummy centres
of gravity are shown in Table 4 and Figure 4. The
black balls represent target CoG’s and the green balls
the CoG of the dummy segments.

Main deviations are found in the thorax: +20 mm in
vertical and horizontal direction. The whole body
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CoG is too far forward and the dummy lower legs
CoG are too far backward and too high up. The high
thorax CoG is due to the low abdomen mass. The
forward position of the whole body CoG is due to the
high mass in the lower leg and feet. Redistribution of
these masses would bring the whole body CoG and
the thorax CoG closer to the targets. There is also a
deviation in the pelvis and upper leg in the X
direction. This deviation is due to the segmentation
plane deviation between dummy and UMTRI. This is
not a problem with the dummy.

Figure 4. Target (black) and dummy (grey) centre
of gravity.

Table 5.
UMTRI targets and dummy joint locations [mm)]
UMTRI WorldSID
X Y Z X Y Z
oC -189 0 519 | -187 | -1 519
Tl -183 0 429 | -184 1 424
Shoulder -174 | £146 | 354 | -194 | £147 | 348

TI12/L5joint | -149 | O | 140 | -86 | O 67

L5/S1 joint -80 0 46 -86 0 67

H-point 0 0 0 0 0 0
Hip 0 |80 | 0 0 | %80 | 0
Knee 363 | £75 | 71 | 362 | £75 | 71
Ankle 593 | #86 | -182 | 594 | 86 | -182

Joint locations - The UMTRI target and dummy
joint locations are given in Table 5. The dummy was
seated with 0° angle tilt sensor reading for this study.
The table shows that there is a very good match
between the dummy posture and the UMTRI
reference posture. Deviations are found in the
shoulder joint ( rearward 20mm). This is a deviation
by design, as the dummy construction did not allow
matching the shoulder joint target entirely. The
downward (-6mm) position of the shoulder joint may
have to do with slight sagging of the shoulder rib due
to the arm weight and/or the compression of the
lumbar spine. The latter is confirmed by slightly low
T1 position. However the OC joint precisely matches

the vertical target. The lumbar joint does not match
the human targets by design. The dummy lumbar
spine is much shorter than human because of design
constraints. In the analyses the mid point of the
lumbar component was assumed as the joint location,
therefore the same numbers appear twice for dummy
T12/L5 and L5/S1 joints in the table.

Outer surfaces - A comparison of the outer
surface of UMTRI and the reconstructed CAD model
(Figure 5) shows a very good match between the two.
However some deviations appear as well. First of all
the abdomen ribs are wider than the UMTRI target.
The thorax and abdomen ribs were designed to be the
same width on purpose to avoid discontinuity, which
was anticipated to give response or sensitivity
problems. A further rationale is that the dummy
should not only represent 5" percentile females, but
also adolescent males (13 year old). Further
deviations are found in T1, clavicle and the knee area.
These are all known design compromises. Close
study also reveals deviation at the foot surface, but
this is considered a minor issue. Figure 6 shows a
deviation between the dummy half arm and bone
which are much shorter than their UMTRI targets.
This deviation appears as a problem in the sled tests;
see abdomen responses, page 11.

Figure 5. Reconstructed CAD model inside
UMTRI 5™ female “Golden Shell” surface model.

Dummy
humerus
bone part

Upper arm
flesh
(green hatch)

Figure 6. Dummy upper arm and humerus profile.
Biomechanical response

In the following chapters the results will be discussed
per body segment rather than per test condition to

allow making body segment conclusions based on
multiple test conditions.
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Head - The results of the head drop tests are given
in Table 6. In the original PMHS tests the head
impact accelerations were measured directly on the
skull; on a point on the non-struck side of the head
coincident with a lateral axis through the head CoG.
To match the PMHS response, the dummy
acceleration results at the non-struck side of the head
were calculated from the linear and rotational
accelerations measured at the head CoG. The
equations are given in (Wang et al., 2007). Note that
the frontal head response is just below the corridor
and the lateral response is within the corridor. As the
ISO TR9790 only applies a lateral performance
requirement, the head biofidelity achieved a 10 rating.

Table 6.
Results head drop tests [G]
Resultant
acceleration [G]

Condition CoG Side Corridor | Criteria
Lateral 120.1 139.5 107-161 pass
Lateral 118.9 135.9 pass
Frontal 244.2 NA 250-300 fail
Frontal 235.7 NA fail

Neck - The WorldSID small female head-neck
responses to NBDL and Patrick and Chou (P&C)
conditions are presented in Figure 7 through Figure
16. Four tests were performed with different belt
configurations to optimise the dummy T1
acceleration (Figure 15). The traces are differentiated
by colours as follows: black tight 5-point belt with
lateral torso belt; blue tight 5-point belt; magenta
slack 5-point belt; green: slack 5-point belt and 30
mm shoulder panel gap. The latter test is considered
not valid, because in the original NBDL tests there
was no gap. In the graphs ISO corridors appear in red;
derived corridors from P&C appear red dotted.

The internal neck loads of the NBDL tests were
derived as explained in Philippens et al. (2004).

The plots are arranged such that NBDL and P&C
responses can easily be compared. The responses of
the same parameters are plotted next to each other,
NBDL on the left and P&C on the right. Note that the
scales of the left-hand and right-hand plots are
identical. Presenting the plots this way shows that the
head responses to the two test conditions are
strikingly similar. Although pulses are different in
NBDL and P&C, it appears that the neck acts as a
mechanical filter and head responses are very similar.
A noticeable difference is the slower response in
NBDL. Also differences appear in the T1 response,
see Figure 15and Figure 16. Considering the striking
similarity (for this dummy, but possibly others as
well) between head responses, there appears to be an
incompatibility between NBDL and Patrick and Chou
head - neck response requirements. This is
demonstrated by the good performance of the dummy
in the NBDL condition and the poor result in the
P&C condition, see Table 7.
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The head and neck NBDL and P&C response
requirements were further analysed for compatibility.
The head lateral flexion angle should lie between 56 -
75° for NBDL and 51 - 64° for P&C. The overlapping
corridor between NBDL and P&C is quite narrow
(60° £ 6.6%). The NBDL resultant head acceleration
can be calculated from NBDL a, and a, corridors and
the mean a, volunteer response reported in ISO
TR9790 (6G). Doing so, the head resultant
acceleration NBDL Head A, 14 - 18G is not
compatible with the P&C Head A, 18 - 26G
requirement. For free body motion such as a dummy
head and neck, the neck loads and head acceleration
have a direct correlation as long is there is no
external force acting on the head. The neck loads can
be derived from the product of head acceleration and
head mass. Applying this simple equation allows
comparison of NBDL vertical and lateral
accelerations with P&C vertical and lateral neck
loads. Using 3.7kg head mass, NBDL F, 290 - 400N

and P&C F, 602 -682N. NBDL and P&C lateral head
response requirements are completely incompatible.
NBDL F, 363 - 472N, P&C F, 357 - 408N; vertical
head response requirements are partly overlapping
with a narrow corridor (385N =+ 5.8%). The corridors
for OC-x and OC-z moment are rather similar for
NBDL and P&C, however NBDL are wider, as they
are based on a larger data sample size (P&C is based
on a single volunteer).
Table 7.
Neck ISOTR9790 biofidelity rating

Impact Aver Body
condition Measurement age | Test | region
7.2 gsled |Peak horizontal Acc T1 5.0
impact Peak hor. Displ. T1/sled 5.0
NBDL Peak hor. Displ. head cg/tl 5.0
Peak vert. Displ. Head CG/T1 5.0
Time of max head excursion 10
Peak lateral Acc head cg 10
Peak vertical Acc head cg 8
Peak flexion angle 10
Peak twist angle 0.0
Peak OC lateral bending moment | 6.7
Peak OC torsion twist moment 5.0
6.6
6.7 Gsled [|Peak flexion angle 5.0
impact Peak bending X-moment @ OC 5.0
Patrick &  |Peak bending Y-moment @ OC 0
Chou Peak twist Z-moment 0
Peak shear PA (FX) @ OC 0
Peak FY @ OC 0
Peak FZ tension @ OC 5.0
Peak res. Acc. Head CG 5.0
2.9
4.9

Shoulder - The shoulder response was evaluated
under three test conditions: the APR shoulder
pendulum tests at 4.5 m/s, the NBDL 7.2 G sled
impact and the WSU 8.9m/s padded sled impact on a
load plate. The results are plotted in Figure 15
through Figure 19. In the APR pendulum tests the
responses were normalised. The pendulum force
exceeds the corridor slightly and the deflections stay
below the corridor. The shoulder ISO rating for this
test is 5. In the NBDL 7.2 G sled impact responses
one clear outlier is visible, which was obtained with
shoulder panel gap. This test is not valid. In NBDL
the volunteer and dummy responses were not
normalised. The T1 acceleration and the deflection
are below the corridor. ISO rating for this test is 5.

WorldSID 5th female shoulder biofidelity 4.5 m/s 14 kg
test

2500 - — — — — — —— Nomalised 64650

—— Nomalised 64652

2000 Nomalised 64653

1500 - £ X — AHAH—————— > \

1000 J“

Pendulum force [N]

500 — S/~ — - ————— —— — ==

0 0.01 0.02 0.03 0.04 0.05
time [s]

Figure 17. Pendulum force shoulder impact.
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WorldSID 5th female shoulder biofidelity 4.5 m/s 14 kg pendulum test

—— 64650 Normalised

****** —— 64652 Normalised

777777 64653 Normalised

shoulder deflection [mm]

time [s]

Figure 18. Shoulder deflection pendulum test.

Shouler plus Thorax Beam Forces
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Figure 19. WSU 8.9 m/s padded shoulder and
thorax force.

In the WSU 8.9 m/s padded sled impact the shoulder
and thorax beam force is inside the upper corridor
and the lower boundary is crossed. The response is
very close to scoring 10 points in the ISO TR9790
rating. The overall shoulder biofidelity is 5.0
considering the three test conditions (out of four
specified), see Table 8.

Table 8.
Shoulder ISOTR9790 biofidelity rating
Impact Aver Body
condition Measurement age | Test [ regio
4.5 m/s Pendulum force-time 5.0
APR Pendulum Force
pendulum  |Peak shoulder deflection 5.0
5.0
7.2G sled |Peak horizontal Acc T1 5.0
sled Peak hor. Displ. T1/sled 5.0
NBDL 5.0
89G shoulder + thoracic plate force 5.0
WSU sled
23 PSI padded 5.0
5.0

Thorax - The thorax biofidelity was evaluated in
two pendulum and two sled test conditions. The

results are shown in Figure 19 through Figure 23. All

graphs show the same trend: the force responses are
(almost) entirely inside the corridors. In some cases
the lower boundaries are crossed and the duration of
the response is on the short side; however, this was
not confirmed in the Heidelberg 6.8 m/s rigid thorax

response. The responses are very close to scoring 10
points in the ISO TR9790 rating. Slight lower
corridor crossing was also visible in the PMHS
original tests. The T1 acceleration is too high in the
4.3 m/s pendulum tests. The lower spine
displacement in the padded 8.9 m/s WSU sled
condition was inside the corridor in all three repeat
tests.

WorldSID 5th female thorax biofidelity 4.3 m/s 14 kg

3000 — Normalised 64659

~—— Normalised 64660
2500 +— — —

Normalised 64663

2000 +— —

1500 +— -

Pendulum force [N]

1000 4 X —

0 0005 001 0015 002 0025 003 0035 004 0045 005
time [s]

Figure 20. 4.3m/s 14kg thorax pendulum force.

WorldSID 5th female Thorax biofidelity 4.3 m/s T1 I ion [G]

| I'| ——64659 normalised
|
20+ — — — — f,\ ————————— T | ——64660 normalised | — —
|

64663 normalised

T1 acceleration [G]

time [s]

Figure 21. 4.3m/s 14kg thorax T1 acceleration.

Thorax biofidelity 6 m/s 14 kg dulum test
4000 7 — -~ — — [ [ - -~ [ |
3500 | Normalised 64665 6.0m/s |
— Normalised 64666 6.0m/s
3000 7

|

|

|

|

— Normalised 64667 6.0m/s :

2500 !
|

|

|

|
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S
(=]
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Figure 22. 6.0m/s 14kg thorax pendulum force.
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ISO Heidelberg 6.8m/s: Thorax Plate Force
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Figure 23. 6.8m/s Heidelberg thorax force ISO.

EEVC Heidelberg 7.6m/s: Time Shifted Thorax Plate Force
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Figure 24: 6.8m/s Heidelberg thorax force EEVC.

The acceleration responses in the Heidelberg test are
given in Table 9. Note that dummy ribl corresponds
with human rib4. The T1 and T12 spine responses are
below the ISO targets, while the rib accelerations are
above the ISO targets. Such response suggests that
there may be a mass distribution problem, with too
little mass on the outer circumference of the dummy
and too much mass in the spine. This hypothesis is
further supported considering that this dummy does
not have damping material on the ribs, that the ribs
themselves are made from a relatively low density
alloy, and there is not much more material outside the
ribs than a foam pad and a dummy suit. However the
T1 acceleration in the 4.3 m/s pendulum test
contradicts this hypothesis.

Table 9.

Peak lateral accelerations 6.8 m/s rigid sled test
Peak Lateral ISO Ccv
acceleration target | testl | test2 | test3 %

T1 100-149 | 54.5 | 50.3 | 54.2 | 5.1
Rib 1 78-122 | 176 | 159 | 155 | 6.7
T12 87-131 | 54.6 | 53 | 63.9 | 10.3

The overall thorax responses are summarised in
Table 10. The force-time responses of three tests are
very close to scoring 10 points in the ISO TR9790
rating. The good performance of the thorax body
segment is not fully reflected in the body segment
rating of 6.3 according ISO TR9790. Note that this
score is based on sub set of four out of six specified
test conditions.

Table 10.
Thorax ISOTR9790 biofidelity rating

Impact Aver Body
condition Measurement age | Test | region
4.3 m/s Pendulum force 5.0
HSRI
pendulum  |Peak T4 Y acc. 5.0
5.0

6.0 m/s Pendulum force 5.0
WSU/GML
pendulum 5.0
6.8 m/s Thorax plate force 10
Heidelberg
rigid sled peak T1'Y acc. 33

peak T12 Y acc. 5.0

peak rib acc. 5.0

6.0
8.9 m/s shoulder + thoracic plate force 5
WSU
sled Peak lateral displacement of T12 10
23 PSI padded 6.8
5.6

Abdomen - The abdomen biofidelity is evaluated in
two Wayne State University sled test conditions at
6.8 m/s rigid and 8.9 m/s padded. The responses are
shown in Figure 25 and Figure 26, the biofidelity
rating is given in Table 11. The abdomen force is
almost entirely in the corridor for the 6.8 m/s test and
fully within the envelope of the 8.9 m/s test. The
abdomen response, rated 8.5 in these tests, is rather
good; however, only two out of five test conditions
are considered for the abdomen.

Abdominal Beam Total Force

25004

20004

15004

Farce(N)

10004 (

so0-

Time (s)

Figure 25. Abdomen force 6.8 m/s rigid WSU.

Abdominal Beam Total Force

T
001 0 001 0 003 004 005
Time (s)

Figure 26. Abdomen force 8.9 m/s padded WSU.

Been B.W. 10



Table 11.
Abdomen ISOTR9790 biofidelity rating

Impact Aver Body

condition Measurement age | Test | regio
6.8 m/s Abdominal plate force 5.0
WSU
rigid sled 5.0
8.9 m/s Abdominal plate force 10
WSU sled
23 PSI padded 10

8.5

One particular outcome of the abdomen test was the
poor repeatability of abdomen deflection in the sled
tests (CV 23%) and the significant difference
between upper and lower abdomen deflection, see
Table 15. During the anthropometry evaluation it was
found that the upper arm length did not meet the
anthropometric target, see Figure 6. Figure 27 shows
the position of the WorldSID small female on the
sled and the relative position to the force beams. Note
that the arm is in-between the torso and the load
plates of the sled. The figure shows that lower end of
the arm is coincident with the top of the lower
abdomen and that the lower abdomen is not loaded
through the arm. The unbalanced loading of the
upper/lower abdomen in case the arm is in the load
path, raises a concern of over-/under-assessment of
injury. The other concern raised is that the interaction
of the dummy with the load plate was different than
the PMHS in the original tests. The poor repeatability
of the lower abdomen is due to the small interaction
with the load plate, resulting in small deflection and
the relatively large influence of small variations. A
second factor may be that, due to a small variation in
arm position, there was more interaction with the arm
in one test than in the other tests.

Figure 27. WorldSID small female position
relative to WSU load plates.

Pelvis - The biofidelity of the pelvis was evaluated
in seven test conditions, five of which were rigid and
padded sled tests and two were linear guided and
pendulum impactor tests. The linear guided impactor
tests were performed with a mass of 10.26kg and the
pendulum impactor tests were performed with a 14kg

pendulum. The responses of the impactor tests were
scaled to 10.14kg, using Equation (8).

The pelvis sled test responses are presented in Figure
28 through Figure 30 and Table 12. The responses
are shown relative to EEVC as well as ISO corridors.
The pelvis performs particularly well in the high
speed padded and rigid sled tests and the low speed
impactor tests. In these tests the force responses are
inside the corridors. The acceleration responses are
close to the corridors; the rigid Heidelberg
accelerations are too high (high and low speed),
WSU and Heidelberg high speed padded and WSU
rigid low speed accelerations are below the corridors.
No trend can be found in the pelvis accelerations.

ISO Heidelberg 6.8m/s: Pelvis Plate Force

12000 = =
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8000 N — - — - - - — Upper (N) L
! — Lower (N)
T
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4000 +
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200 fAf-— - N - - —— -

|
-2000 T t } }
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Time (s)

Figure 28. Pelvis Heidelberg 6.8 m/s rigid ISO

EEVC Heidelberg 7.6m/s: Pelvis Plate Force
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4000 +

Plate Force (N)
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Figure 29. Pelvis Heidelberg 7.6m/s rigid EEVC.

The performance in the WSU 6.8 m/s rigid and the
high speed impactor tests is reasonable. The
performance is poor in the low speed rigid
Heidelberg test in the ISO corridors and slightly
better according EEVC corridors. No trend can be
obtained from the pelvis force responses relative to
impact velocity, as sled test and impactor tests show
a contradicting trend. The different responses
between tests may be explained by the different
loading: in the impactor test the pelvis is loaded
locally at the Greater Trochanter, in the Heidelberg
tests all of the thigh and pelvis is loaded and in WSU
only half of thigh is loaded and there is a knee impact
plate.
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Figure 30. Pelvis WSU 8.9m/s padded
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Figure 31. Pelvis beam force WSU 6.8m/s rigid
ISO corridors
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Figure 32 Pelvis beam force WSU 6.8m/s rigid
EEVC corridors
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Figure 33. Normalised pelvis impactor forces

Table 12.
Summary pelvis sled test results

Corridors | testl | test2 | test3 | CV%
.E % force | 4.6 5.6 9.3 11.3 | 10.9 10.1
T e acc. 78 95 99.3 101 102 1.2
.E gﬂ\ force | 16.2 | 19.1 | 16.8 | 17.8 | 17.3 2.9
== acc. 118 | 143 162 166 164 2.7
.E & | force | 84 9.8 9.3 9.6 9.6 1.8
= % acc. 75 93 682 | 719 | 70.5 2.7
2 % force 4 54 6.0 6.1 6.3 3.7
=3 acc. 105 142 101 96.2 102 1.7
g & | force | 2.2 5.1 4.9 4.8 4.9 1.2
Z % acc. 80 110 | 76.6 | 76.7 | 743 1.8
Table 13.
Pelvis ISOTR9790 biofidelity rating
Impact Aver Body
condition Measurement age | Test | regio
4.5 m/s |Pendulum force 10
10.14 kg impact 10
11.5m/s  [Pendulum force 0
10.14 kg impact 0
6.8 m/s Peak pelvic force 0.0
Heidelberg |Peak pelvic acc. 5.0
rigid sled 2.2
8.9 m/s Peak pelvic force 10
Heidelberg |Peak pelvic acc. 5.0
rigid sled 7.7
8.9 m/s Peak pelvic force 10
Heidelberg |Peak pelvic acc. 5.0
padded sled 7.6
6.8 m/s Peak pelvic force 5.0
WSuU
rigid sled  |Peak pelvic Y acc. 5.0
5.0
8.9 m/s Peak pelvic force 10
WSU
23 PSI padddPeak pelvic Y acc. 5.0
sled 7.8
5.6

The ISO TR9790 pelvis biofidelity rating per test
condition and overall is summarised in Table 13. The
table shows some very good and some poor results,
but does not clearly indicate how to improve further
the pelvis segment biomechanical response. The
overall pelvis biofidelity rating is 5.6 and does not
meet the body segment target of ‘good to excellent’
biofidelity. Note that this score is based on sub set of
seven out of thirteen specified test conditions;
however the highest weighting factor tests were
included in this sub set.

Biofidelity

The body segment and full dummy biofidelity is
summarised in Table 14. The result is based on a
sub-set of test conditions with high weighting factors
and is a good indication of the dummy’s biofidelity.
The overall rating just exceeds the target of B > 6.5;
however, not all body segments meet this target.
Some of the responses, particularly for the thorax, are
close to scoring 10 points rating. The overall result is
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considered to be quite encouraging for a prototype
dummy.

Table 14.
Summary ISOTR9790 Biofidelity Rating

Overall rating WorldSID 5th %-ile

Head 10
Neck 4.9
Shoulder 5.0
Thorax 5.6
Abdomen 8.5
Pelvis 5.6
Overall rating 6.7
Repeatability

The repeatability of the dummy was evaluated by

repeating the same test condition at least three times.

Some of the results are presented in Table 15.Table
15. Table 17. In the Heidelberg sled test coefficients
of variation were in the same order as in the WSU
test.

The WSU and Heidelberg padded test results were
more repeatable then the rigid test results. Most
results were well within the repeatability requirement
of CV<7%. Some results do not meet the requirement.
The CV of the thorax force beam in the WSU 6.8 m/s
test was 12%. This result is attributed to differences
in body segment contact orientation and timing due
to differences in dummy sliding on the test bench.
The high CV of the lower abdomen deflection was
explained earlier in the paper. The pendulum tests are
more repeatable then the sled tests.

Sensitivity
WSU Beams Forces Evolution Sensitivity
Test configuration WSU 6.0 m/s Rigid
9000
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4248°C i L
7000 - - - - - - - - - - - |- - - - - ————

6000 - -~ - -~~~ |- - -~~~ T -~~~ ~— **&“.**’ ******

a
=]
S
S]
L

Force (N)

4000 T = — = = — - R St Htilitiid ittty Bttt

Shoulder Thorax Abdomen Pelvis Knee

Figure 34. Temperature variation external
measurements variability.
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Figure 35. Temperature variation internal
measurements variability.
Table 18
Variability of load responses
Coefficient of variation (%)
Test Test Test All test
24.8°C 22.8°C 19.8°C 6.0 m/s
Shoulder Beam 4.02 1.55 4.72 4.70
Thorax Beam 0.00 1.23 3.99 4.59
Abdomen Beam 5.38 1.78 4.68 4.21
Pelvis Beam 0.12 2.06 5.05 3.70
Knee Beam 0.23 6.07 1.69 3.27

Table 15.
WSU 6.8 m/s rigid sled internal measurement
:)ezmlelz Magnitude Mean Sd ((37:/)
T1 Acc. y (g) 45.3 1.8 4.0%
Thorax TI2 Acc. y () 68.6 52 | 1.6%
Shoulder -59.1 0.25 0.4%
Ribs Upper Thorax 44.5 2.1 4.6%
displacement Middle Thorax 473 0.7 1.5%
[mm] Lower Thorax 44.7 1.5 3.4%
Upper Abdomen 323 24 7.4%
Lower Abdomen 10.5 24 23%
. Acc.y (g) 78.9 1.3 1.7%
Pelvis Pubic Fy (N) 1138 | 35 3.0%
Table 16.
WSU 6.8 m/s rigid sled external loads
Barrier beam Mean Sd CV (%)
Shoulder Beam (N) 2772 98 3.5%
Thorax Beam (N) 4211 514 12.2%
Abdomen Beam (N) 2354 25 1.0%
Pelvis Beam (N) 7742 285 3.7%
Knee Beam (N) 10397 293 2.8%
Table 17.
14kg shoulder and thorax pendulum test
Parameter Mean Sd. CV[ %]
Shoulder deflection [mm] 24.6 1.0 4.1
Shoulder force [N] 2309 49 2.1
4.3m/s Thorax Rib 1 [mm] 15.9 0.3 1.6
4.3m/s Thorax Rib 2 [mm] 22.1 0.1 0.5
4.3m/s Thorax Rib 3 [mm] 20.2 0.2 1.1
4.3 m/s Pendulum force [N] 2678 25 0.9
4.3m/s T1 acceleration [G] 21.8 0.3 1.5
6.0m/s Thorax Rib 1 [mm] 26.9 1.2 4.5
6.0m/s Thorax Rib 2 [mm)] 35.9 1.5 4.2
6.0m/s Thorax Rib 3 [mm] 34.0 1.2 3.6
6.0m/s Pendulum force [N] 3231 39 1.2

6.0m/s WSU sled tests were conducted at 20°C, 23°C
and 25°C environment temperature to evaluate the
temperature sensitivity of the dummy. The results are
shown in Figure 34 and Figure 35. The test results
revealed no trends in dummy responses due to
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temperature variation. The variations due to
temperature variation were below 5% and were
similar to the test-to-test variability, see Table 18.

Dummy prototype problems

The main problems occurring during the Aprosys
evaluation are given below.

Tilt sensor problems were experienced due to loss of
software after the PDA battery had fully drained.
Dummy battery charging remained a problem, even
after exchange of new batteries. No battery charge
indicator is available to the user. Battery charge
problems seem to be related to the long off time
between charges as dummies were transported
between labs.

Wiring problems were experienced. All of them can
be attributed to the smaller size of the dummy and
reduced space in the sternum and particularly in the
pelvis, where wires were crushed and a connector
was damaged in the 10.3 m/s Heidelberg tests. The
prototype dummy pelvis had a high wire content with
one pubic, two femur, two femoral neck, and double
sacro-iliac load cells and a tri-axial accelerometer
adding up to 40 channels.

Some signals registered by the in-dummy DAS
system presented a high level of noise. It was found
that the CAC settings were set to high for the
expected data to be collected.

During the Aprosys evaluation the rib permanent
deformation was monitored between tests. The thorax
ribs were settling 1-2 mm and then remained constant.
The shoulder sustained permanent deformation
continuously until the rib width came closer to the
thorax ribs, unloading the shoulder rib. In the 10.3
m/s rigid Heidelberg tests the thorax ribs also
sustained permanent deformation, but no ribs were
broken. Also the shoulder load cell connector
sustained damage in this test. The shoulder rib stop
appears not to be protecting the rib. The Heidelberg
tests were run without IR traccs to avoid damage. In
the WSU 6.8 rigid tests two IR traccs were damaged.

—— Shoulder

—=—Thorax 1

Thorax 2
= Thorax 3 h

126
\ } \ —— Abdomen 1 I \\
124 —— Abdomen 2

iension after test [mm]

.%“
E

1 6 1 16 21 26 31 36 M a6
Test sequence

Figure 36. Rib permanent deformation record.

The IR-traccs in the thorax registered flat tops in the
thorax compression (Figure 37). Also flat tops in the
rib deflection were registered with the WorldSID
small female dummy outside the Aprosys consortium.

The phenomena are believed to be related to forward
deformation of the ribs relative to the spine and
associated extension of the IR-traccs, (Hynd et.al
2004). Flat top responses generally raise the concern
whether the actual peak of the measured parameter is
registered. Further, the IR-traccs are close to
maximum range, even in moderate speed biofidelity
tests.

THUP IF-369 SN-300 CFC_600

o025 oo

Figure 37. Upper rib defig\cjtion WSU 8.9 padded.

Also the shoulder deflection trace showed flat tops in
the WSU tests. The shoulder string potentiometer is
not recording the peak deflection, as shoulder rib
accelerations exceeding 250 G were registered. The
potentiometer is rated 50G, beyond which the string
becomes slack.

Some problems were related to the half arm. The
shoulder joint friction adjustment was difficult. The
arm bone static bending stiffness of the dummy was
compared analytically to human data based on
Kemper et.al. (2005). The bending stiffness of the
dummy humerus bone is much lower then the human
target.

CONCLUSIONS and RECOMMENDATIONS
Conclusions

Two WorldSID small female prototype side impact
dummies were extensively evaluated and tested to
verify compliance of the dummy to its requirements.
Some issues were found with the anthropometry, but
these can be corrected. The overall biomechanical
responses of the prototype just meets the target of
good biofidelity (B>6.5), but not all body segments
meet the biofidelity rating target. This is considered
to be quite encouraging for a prototype dummy.
However, some of the results are contradictory and
do not provide clear guidance for improving the
performance of the dummy . The repeatability of the
dummy was good with a coefficient of variation
generally below 5%. The sensitivity of the dummy to
temperature variation was evaluated. The tests results
revealed no trends in dummy responses in the
temperature domain of the tests (20°C -25°C).
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Recommendations for dummy update

Anthropometry - The abdomen and lower thorax
mass shall be increased by 1.2kg. The lower leg
should be redesigned to meet human anthropometry
targets of mass, CoG location and target ratio of bone
and flesh mass. The foot shall be redesigned to meet
human anthropometry targets of mass and UMTRI
surface shape and joint location. The half arm shall
be redesigned to meet targets for total length, bone
length and bone stiffness.

Biofidelity - The head skin thickness shall be tuned
to meet the frontal impact response. The biofidelity
targets for head-neck response appear to be
conflicting and should be reviewed. The prediction of
head injury as well as test data sample size should be
prioritised when selecting biomechanical head-neck
impact response specifications. Adopting the NBDL
internal neck load corridors derived by Philippens et
al. (2004) shall be considered.

Durability - Adequate fixation points for wires in the
sternum and pelvis shall be provided. Wire lengths
shall be optimised and wire gauge reduced if possible.
Rib overload stops shall be designed for the shoulder
and the thorax ribs.

Handling - The battery charging system shall be
redesigned including a charge status indicator. The
hip joint to iliac wing assembly shall be improved.
The shoulder joint friction adjustment shall be
improved.

Instrumentation - A rib deflection measurement
system shall be developed to meet the following
targets: 2d measurement of deflection in the rib plane;
increased range of measurement exceeding 60mm;
suitable for implementation in the shoulder, thorax
and abdomen; suitable to act as rib overload protector.

Procedures - Pubic load shall be well controlled, as
it is an injury assessment parameter. The certification
procedure shall be updated to include pubic load
measurement.
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ABSTRACT

The objective of this work was to create a scalable
human occupant model that allows adaptation of hu-
man models with respect to size, weight and several
mechanical parameters. Therefore, for the first time
two scalable facet human models were developed in
MADYMO. First, a scalable human male was created
from an existing 50" percentile human occupant. But
since the anthropometry between males and females
differs too severely, a scalable human female was
created as well to be able to obtain female models
with different anthropometry.

Using these models in the MADYMO / Scaler, a tar-
get model anthropometry could be created either by
defining an anthropometry set of 35 values, by defin-
ing 16 fixed scale factors or by using the GEBOD
anthropometry database (BAUGHMAN, 1986). Addi-
tional to the geometric properties, the following me-
chanical properties were also scaled using appropri-
ate scaling rules: mass, inertia, stiffness and contact
characteristics. Several anthropometrically extreme
models, ranging from small children to large adults,
have been created using the 3 possible methods to
provide the input. Direct definition of anthropometry
values and definition of fixed scaling factors resulted
in realistic scaled models, whereas using the GEBOD
anthropometry database could lead to unrealistic
ones, especially when scaling towards children.

A frontal crash application has been developed, using
the original 50" percentile human occupant as re-
leased with MADYMO and two scaled male models
of 65 kg and 85 kg weight with equal height as the
base model, to demonstrate the benefit of the scalable
models.

INTRODUCTION

Computers are getting faster and faster nowadays and
possibilities for numerical simulations are increasing.
Due to that, numerical automotive (impact) simula-
tions are getting more and more important for the

automotive industry, since they provide a cheap and
effective way to help improving occupant safety on
next generations of cars. In a crash, humans with dif-
ferent body sizes need to be protected rather than
crash test dummies of only average sizes (HAPPEE
ET AL., 1998, VAN HOOF ET AL., 2003). This re-
sults in the need for a scalable human occupant
model, which should be easy to handle and can pro-
vide the possibility to adapt a models anthropometry
due to the needs of the desired application, as was
developed during this work.

GENERAL SCALING PROCEDURE
MADYMO / Scaler

The MADYMO / Scaler has been created to scale
occupant models in MADYMO (DE LANGE, 2005).
It allows the user to scale a model in three different
ways:

- Specifying gender, mass and standing height for
creating a model based on the GEBOD anthro-
pometry database (BAUGHMAN, 1986)

- Specifying a data set of 35 anthropometry val-
ues according to Table 1

- Specifying direct scaling factors A, Ay, A, and
Axy. for each dimension of the 14 scalable body
sections of Table 2.

The definitions of the anthropometry values are given
in the MADYMO Utilities Manual Release 6.3.1
(2006). With respect to the dimensions, x is always
referring to the depth of a body section (e.g. “chest
depth” for body region “thoracic spine”), y to its lat-
eral width (e.g. “head breadth” for region “Head”)
and z to its height (e.g. “Knee height seated” for re-
gion “lower leg”).

To obtain the scaling factors A, A, and A, (in case
they are not specified directly) the target anthropome-
try values X; (or the values retrieved out of the
GEBOD database) were divided by the correspond-
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ing reference anthropometry values X s given in the
parameterised model file. (Equation 1)

=% i=Xx,y,z D).
iref

These factors were mainly used to scale the models

geometry and geometry based parameters as mass

and moment of inertia. Additional to that the follow-

ing parameters were scaled as well:

- Joint characteristics (stiffness, friction, damping
and hysteresis)

- Contact characteristics

- All other force models

Therefore, the set of scaling parameters was extended
with a scaling factor nyz. This factor is calculated as
third power root of A,, A,, A, (Equation 2)

Ay =YAAA, (2).

The scaling rules that were applied are to a great ex-
tend similar to those used for normalization and scal-
ing (IRWIN AND MERTZ, 1997, VAN RATINGEN,
1997, MERTZ ET AL., 1989), though no “response
corridors” but model parameters were scaled. All
material parameters were assumed to be invariant
with subject size.

Table 1.
Anthropometry data set for scaling

No Value

1 Weight

2 Standing height

3 Shoulder height

4 Armpit height

5 Waist height

6 Seated height

7 Head length

8 Head breadth

9 Head to chin height
10 Neck circumference
11 Shoulder breadth

12 Chest depth

13 Chest breath

14 Waist depth

15 Waist breadth

16 Buttock depth

17 Hip breath, standing
18 Shoulder to elbow length
19 Forearm — hand length

20 Biceps circumference
21 Elbow circumference
22 Forearm circumference
23 Wrist circumference
24 Knee height, seated
25 Thigh circumference
26 Upper leg circumference
27 Knee circumference
28 Calf circumference
29 Ankle circumference
30 Ankle height, outside
31 Foot breath
32 Foot length
33 Hand breadth
34 Hand length
35 Hand depth
Table 2.

Body sections into which the model is divided
No Body Region
1 Pelvis
2 Lumbar spine
3 Abdomen
4 Thoracic spine
5 Ribcage
6 Neck
7 Head
8 Clavicles
9 Upper arm
10 Lower arm
11 Hand
12 Upper leg
13 Lower leg
14 Feet

Note, when using GEBOD, weight and height have to
be specified in either kilograms (KG) and meters (M)
or percentiles (%tile).For more detailed information
on the scaling tool see MADYMO Utilities manual
Release 6.3.1 (2006)

Creation of the parameterized model files

The parameterized files were created using the exist-
ing MADYMO 50™ and 5™ percentile human (DE
LANGE ET AL., 2005). The models are put in upright
standing position, with horizontal arms (parallel to
the y — axis) to simplify the scaling process (see
Figure 2).
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In reference space, two planes in each direction lo-
cated at = 1.50 m from the models H-point were im-
plemented. These planes were needed in order to con-
trol standing height, seated height and shoulder
breadth. Five ellipsoids were implemented at the pel-
vis, at the top of the head, at the bottom of the heel
and one at each side of the shoulder. By measuring
the distance of these ellipsoids relative to the appro-
priate planes, standing and seated height as well as
the shoulder breadth were calculated and controlled
by the MADYMO / Scaler during the actual scaling
process, which ran through an optimization routine.

The MADYMO / Scaler utility already allowed scal-
ing various dummy models (HAPPEE ET AL., 1998)
and a pedestrian human model (VAN HOOF ET AL.,
2003) based on ellipsoid geometry. Scaling an ellip-
soid model was relatively simple since every ellip-
soid could be scaled in each dimension by applying
an appropriate scaling factor. No irregularities would
occur with a skin mesh in the resultant model. The
distance between two adjacent ellipsoids is always
determined by a joint that connects the bodies, the
ellipsoids are attached to. Therefore, also the overall
geometry of an ellipsoid dummy model could be eas-
ily modified towards a scaled model by scaling the
distances determined by those joints.

For a facet model, in general scaling could be ap-
plied in a similar way. Scale factors for each body
region of Table 2 were calculated according to Equa-
tion 1 and 2 and the scaling was performed as men-
tioned above. However, for a facet model the overall
geometry is not determined by ellipsoids, but by an
continuous FE mesh covering different body sections
and consisting of rigid elements. This resulted in dif-
ferent parts of the mesh being scaled with different
scale factors for each dimension. Therefore in a first
approach problems occurred since the originally
smooth mesh contained many rough edges wherever
the scaling factors changed moving from one body
region to another. As an example this is explained
for the elbow region. Since the upper arm is likely to
get a different scaling factor than the lower arm, the
mesh in the elbow region will be badly shaped if not
adapted (Figure 1).

S

D, W

Figure 1. Scaled arm with (bottom) and without
(top) mesh smoothing

The transition nodes of the lower arm were then not
congruent any more with the transition nodes of the
upper arm. To avoid this unwished effect, linear
mesh smoothing functions were applied in these in-
tersection areas.

Creation of a scaled model

In order to create a scaled human model, the three
procedures mentioned before can be used:

- GEBOD
- User Defined (anthropometry data set)
- Fixed Scale Factors

In case most measures of the anthropometry of the
target model are known, most reasonable results can
be obtained using method two. If only weight and
height of the target model are of interest, GEBOD
can be used as well. Nevertheless, the anthropometry
of models based on GEBOD should always be
checked carefully since they often turned out to be
unrealistic in some body parts like shoulder and up-
per leg. If so, the model could easily be corrected by
a second scaling using the retrieved anthropometry
data of the GEBOD model and correcting unrealistic
scaling factors towards realistic ones.

It is not only possible, to scale the parameterized
models towards adults, but also towards child anthro-
pometry. As a base model, the male model can be
scaled using a self defined anthropometry set.
GEBOD is not suitable in this case, since it was often
found to result in highly unsuitable models, espe-
cially when scaling towards very young children.
This is exemplified in Figure 2 where both, a model
of a three year old child created with GEBOD (left)
and created with a self defined anthropometry data
set based on the CANDAT database (right) (TWISK
ET AL., 1993) is provided.
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Model step Model step

Figure 2. Child model resulting from GEBOD
anthropometry (left) and from CANDAT anthro-
pometry

In general, it is advised to use the female model only
to scale towards adult females or teenage females that
have reached puberty (app. age 13). The male model
should only be used for male and child models. No
appropriate outer geometry will be obtained other-
wise due to too significant differences between male
and female body shape, the latter which is absent
with young children.

FRONTAL IMPACT SIMULATION

So far no validation of the mechanical impact behav-
ior has been performed with the scaled models. To
indicate the benefit of this work a frontal impact
simulation was performed using two scaled models as
well as the standard 50" percentile human occupant
model.

Simulation model set up

Figure 3. Simulation model set-up including the
original 50" percentile human occupant

As simulation set up, the frontal impact application
that is provided with MADYMO v6.3.1 was chosen.
This model consists of a simple seat and a three point
passenger belt system. The following human models
were used within this application:

1. 50" percentile human occupant of 1.74 m
standing height and 75.86 kg weight

2. Low mass model: Same size as 50" percen-
tile human occupant, but 10 kg lighter

3. High mass model: Same size as 50" percen-
tile human occupant, but 10 kg heavier

The models were created following the procedure
described before. The scaling has been performed
using the GEBOD anthropometry database and af-
terwards the models were corrected towards shoulder
breath, upper leg length and circumference, neck cir-
cumference as well as chest depth. The simulation set
up including the 50" percentile human occupant is
shown in Figure 3, a side view of all 3 models in
standing position is provided in Figure 4. For a better
overview in all following pictures that contain all
three models, the low mass model (pink) is shown on
the left, the original 50™ percentile human occupant
model (green) in the middle and the high mass model
(blue) on the right.

Figure 4. Side view: low mass (left), original (mid-
dle) and high mass human model (right) of 1.74 m
standing height

All models are first settled into the seat and a sepa-
rate belt fit is performed as presimulation to the ac-
tual impact simulation. The crash pulse represents a
zero degrees full frontal impact of a mid-sized pas-
senger car, as provided with the application. The ini-
tial position of the low mass and the high mass model
in the seat with fitted belts is provided in Figure 5.
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Figure 5. Initial position of the low mass (left) and
high mass (right) human occupant model

Results

When looking at the kinetics, it can be seen, that dur-
ing the impact simulation the low mass model rotated
more and the high mass model less around the z axis
than the original 50" percentile human occupant.
Pictures of all three models at the end of the impact
from different views are provided in Figure 6 to
Figure 8.

Time =_0.150000 Time=_0.150000 Time = _0.150000

A

b3 v 3 v % 4

Figure 6. Isometric view of all three models at the
end of the impact simulation (low mass model at
the left, original model in the middle and high
mass model at the right)

Time = 0150000 Time = 0.150000 Time =_0.150000
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Figure 7. Frontal view of all three models at the
end of the impact simulation (low mass model at
the left, original model in the middle and high
mass model at the right)

Figure 8. Top view of all three models at the end
of the impact simulation (low mass model at the
top, original model in the middle and high mass
model at the bottom)

This is behavior is considered logic, since a low mass
model has more space to move and less contact area
with the belt than a high mass model because its less
wide in lateral direction. As can be seen in Figure 8
the pelvis belt is also able to pull the low mass model
most and the high mass model least back into the seat
due to their masses. This also leads to more rotation
of the model itself for a light human model.

Differences can as well be found when looking at the
time history signals. In Figure 9 and Figure 10 an
overview on some of the corresponding results is
provided.

[——light male (65 kg)
——50th percentile human occupant 80
heavy male (85 kg)
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Figure 9. Pelvis x- and z- acceleration
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Figure 10. Head CG x- and z- acceleration
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It can be stated, that in general the progression of the
curves are comparable. The peak values are in the
same range, but differ as expected according to the
models mass.

Note, that the chosen application is very general and
only a first indication on the usefulness of the scale-
able models. The created models are not based on
actual anthropometry data but out of GEBOD models
that were corrected towards values that seamed feasi-
ble.

DISCUSSION

Recapitulating it can be stated that the created scal-
able models are suitable to obtain models that are not
representing the available standard human occupants
(5" percentile female, 50™ and 95" percentile male).
In a basic frontal impact application differences could
be found in the response of the scaled models and the
original 50" percentile human occupant. This indi-
cates that scaled models are able to predict the re-
sponse of occupants different from the standard mod-
els available in a better way. The main difference
with respect to previous scalable models lies in the
fact that now also models based on facet geometry
can be obtained with scaling. Before, scaling was
only possible for ellipsoid based models.

The main limitation of the models is that no age
based material dependency is taken into account dur-
ing the scaling. As a result, for example the response
of created child models will not be completely biofi-
delic. Furthermore, the impact behavior of all models
(injuries, range of motion, etc.) is not yet validated
but only investigated briefly with 2 scaled models. In
order to investigate whether scalable models are able
to predict the behavior of an actual occupant more
precisely than the standard models, two options could
be taken into account:

- Comparison to PMHS sled tests
- Real accident reconstruction with known an-
thropometry data of the actual occupant

In order to investigate the influence of different pa-
rameters as neck circumference, neck to chin height
or mass on the injury outcome, it might also be useful
to perform model studies. Therefore, models could be
created that only differ in certain parameters, investi-
gated under one specific loading condition and their
behaviors could be compared to the outcome of ac-
tual performed tests that can be found in literature.

Howeyver, it is assumed that future work with scalable
human models will prove the benefit of this work for
protection of non average sized occupants.
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ABSTRACT

This study characterized brain injuries with a focus
on diffuse axonal injuries using the Crash Injury
Research Engineering Network (CIREN) database,
developed by the National Highway Safety
Administration (NHTSA). Tier one and tier two
medical- and crash-related data from 1997 to 2006
were used in the retrospective analysis. Diffuse
axonal injuries injuries were assessed using the 1990
version of the Abbreviated Injury Scale. In addition,
other brain injuries and bony trauma to this body
region were extracted. Potential head contact data
were determined based on an evaluation of medical
information such as x-rays and CT scans. Crash-
related variables such as change in velocity, principal
direction of force, and impact modality were
obtained.

Case-by-case analyses were grouped as a function of
the number head injuries sustained by each occupant.
Out of the 3,178 medical cases from 2,823 crashes,
67 occupants, 11 months to 85 years of age, sustained
diffuse axonal injuries. Change in velocity ranged
from 4 to 24 m/s. Twenty-eight passengers and 39
drivers and were involved in 49 lateral, 15 frontal,
and three rear impacts. There were 32 female and 35
male occupants. In no case two occupants sustained
diffuse axonal injuries in the same crash. Head
contact was identified in a majority of occupants.
Airbags were not attributed to be the cause of injury
in more than 90% of the cases, implying its minimal
role in severe head trauma. These preliminary
findings appear to support the hypothesis that diffuse
axonal injuries occur with impact loading to the head.
In addition, this type of injury occurs more in side
crashes than frontal impacts. Furthermore, these
results suggest a decreasing trend for the incidence of
diffuse axonal injuries in modern vehicular
environments, possibly with newer technologies and
increased restraint usage.

INTRODUCTION

Motor vehicle impacts continue to be a source of
unintentional injury to the human head [1-4]. The
recent brain injury symposium held in Washington,
DC, in February 2007, emphasizes the importance of
trauma to this region of the human body in vehicular
environments. In neurosurgical and other clinical
literatures, head injuries are commonly classified as
open or closed depending on the integrity of the dura.
Another classification is based on whether the injury
is focal or diffuse [5]. Although national and
international databases such as the Cooperative Crash
Injury Study, CCIS, in England, and the National
Automotive Sampling System, NASS, and Fatal
Analysis Reporting System, FARS, in USA have
been developed in the past, CIREN database provides
opportunities to conduct detailed analyses of trauma
from medical and clinical perspectives. Studies have
begun to appear in published literature using this
database. For example, a study on fractures of the
second cervical vertebra was reproted using CIREN
and NASS databases [6]. Injury mechanisms were
derived based on the analysis of medical- and crash-
related data from CIREN [7] Outcomes were
correlated with clinical and laboratory studies [7, 8].
Recent presentations at CIREN meetings and the
Society of Automotive Engineers — Government
Industry conferences held in the United States have
adopted a similar approach for analyzing injuries and
injury mechanisms to other body regions. Chest
injuries and injury mechanisms from pole-induced
lateral impacts were described in 2006 [9].

Because head injuries continue to have significant
societal impact and are a byproduct of motor vehicle
crashes, similar analyses are needed. To the best of
our knowledge, such studies for this body region are
lacking in published literature. With this as a focus,
the present preliminary study was designed to
characterize brain injuries.  Specifically, diffuse
axonal injuries were characterized at the occupant
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level using case-by-case analysis of crash- and
medical-related information from CIREN database.

METHODS

All occupants with diffuse axonal injuries were
included. Brain injuries were classified based on AIS
1990 definition [10]. This included both hemispheres
of the cerebrum, cerebellum, and brainstem regions.
No limit was placed on the principal direction of
force or impact, the magnitude of change in velocity,
occupant seating position, restraint availability or
use, and occupant demographics. However, rollovers
and ejections were excluded.

Medical information in the database included several
evaluations. Pre-hospital data included emergency
medical technician reports and trauma nurses notes.
In addition, emergency room records, immediate and
follow-up scans such as computed tomography and
magnetic resonance images, operating room records,
radiology/neuroradiology findings, and neurological
status were included.

Each case was analyzed with a focus on injuries to
the head. Case-by-case analyses at the occupant level
were grouped into factors such as impact mode, i.e.,
frontal, side, and rear, and injury severity. Although
injuries to other body regions were available, the
current study focused on the head. Potential head
contact suggesting impact load transfer was included
in the characterization. In order to be consistent, the
same team of clinical, biomechanics, and crash
investigation personnel conducted the analysis. In
the following sections, case and occupant are
synonymously used.

DATA SOURCES

Information from CIREN database was used in the
study. Tier one and tier two data were analyzed for
the years 1997 to 2006. It should be noted that
CIREN teams have been gathering data since 1996.
Although current year data are available, because
quality control and other requirements have not been
completed, these data were omitted from the analysis.
The number of head injuries sustained by each
occupant was used as a basis in the analysis.

RESULTS

Between 1997 and 2006, 2,823 “structured case
vehicles” and 3,178 “medical cases” were logged into

the database. However, 2,618 structured vehicle
cases were coded with digital information for data
retrieval and analyses. The number of cases post
quality control was 1823.

Out of the 3,178 cases in the database, 67 occupants
were identified with diffuse axonal injuries with an
incidence rate of 2.1%. No crash resulted in diffuse
axonal injuries to more than one occupant.

Thirty-nine were drivers and 28 were passengers in
the ensemble. Thirty-two were female and 35 were
male occupants.  Pregnant occupants were not
involved. Occupant age ranged from 11 months to
85 years.  Fifteen out of the 28 passengers were
under 16 years of age and one was an eleven-month
old occupant. Fourteen occupants sustained fatal
injuries, and 53 were survivors. The cause of death
was attributed to be head injury in 11 (79%) cases,
aortic trauma in two cases, and internal trauma in one
case.

Fifteen were frontal, 49 were lateral, and three were
rear end impacts. Figure 1 shows the percentage
distribution of these data. Of the 49 lateral impacts,
one side impact involved the youngest occupant in
the center-rear seating position, and 38 were near side
and ten were far side impacted occupants.

Oside
4% ® frontal
O rear

Figure 1: Distribution of injuries by impact mode.

The mean change in velocity was 11.2 m/s (standard
deviation: £ 3.8, range 4.4 to 24.7 m/s) for the entire
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ensemble. The average change in velocity for the
frontal, side, and rear impacts were 11.5 + 5.5, 10.9 +
3.4,and 15.1 + 2.5 m/s.

Out of the 67 occupants, six (9.0%) sustained single
diffuse axonal injury. Three were frontal and three
near side impacts in this subgroup. All diffuse
axonal injuries were to the right or left cerebrum

Table 1.

region. One side impact resulted in a fatal injury to
the passenger, and noncontact was identified as the
injury source for this occupant. Injury severity scores
ranged from 26 to 66 in this subgroup. Table 1
summarizes other data.

Summary of data

# of injuries # of # of # of occupants # of occupants ISS # of impacts
per occupant | occupants | fatalities | with skull fracture | with head contact | range | frontal | side | rear
1 6 1 0 5 [ 26 to 66 3 3 0
2 13 1 0 11 | 26 t0 43 2| 11 0
3 19 3 0 16 | 26 to 59 6| 12 1
4 11 2 1 11 | 25t0 57 2 7 2
5 4 2 2 4 | 43 to 50 0 4 0
6 5 2 0 5 [ 35t045 0 5 0
7 5 2 1 5 [ 30t057 0 5 0
The remaining 59 (91%) occupants sustained at least unknown. Three occupants sustained fatal injuries.

one diffuse axonal injury and other brain injuries or
bony trauma to the head. Table 1 shows the
distribution of injuries and associated variables
including head contact and skull fracture.

Thirteen (19.4%) out of the 67 occupants sustained
two different types of head injuries. The first head
trauma was a diffuse axonal injury to the cerebrum
(12 cases) or cerebellum (one case). Out of the 13
cases, two were frontal, four were far side, six were
near side, and one was an occupant in the center seat
with side impact involvement. Rear end impact
occupants were absent in this sub group. A far side
driver was fatal and all other occupants were
survivors. Head contact was identified in 11 (85%)
cases. The diffuse axonal injury in one case was
attributed to noncontact, and in the other case it was
unknown. Injury severity scores ranged from 26 to
43 (Table 1).

Nineteen (28.4%) out of the 67 occupants sustained
three different types of head injuries. The first head
trauma was a diffuse axonal injury to the cerebrum in
17 cases, one was brain stem, and the other case
involved the cerebellum. Head contact was identified
in 16 (84%) cases. In one case the diffuse axonal
injury was attributed to noncontact, and in the
remaining two cases, head contact information was

Injury severity scores ranged from 26 to 59 (Table 1).

Eleven (16.4%) out of the 67 occupants sustained
four different types of head injuries. The first head
trauma was a diffuse axonal injury to the cerebrum in
ten cases and cerebellum in another case. Although
skull fractures were not identified in any case, AIS 3
severity orbit fracture occurred to one occupant. Out
of the 10 cases, two were frontal, two were rear, and
seven were side impacts. Head contact was identified
in all cases. This included occupant-to-occupant
contact in one case. Injuries to two occupants
resulted in fatality. Injury severity scores ranged
from 25 to 57 (Table 1).

Four (6.7%) out of the 67 occupants sustained five
different types of head injuries. The first head
trauma was a diffuse axonal injury to the cerebrum in
all cases. Skull fracture occurred in two cases. All
occupants sustained side impacts with head contact.
Two occupant injuries were fatal. Injury severity
scores ranged from 43 to 50 (Table 1).

Five (7.5%) out of the 67 occupants sustained six
different types of head injuries. The first head
trauma was a diffuse axonal injury to the cerebrum in
all cases. Skull fractures were not identified in any
case. All occupants sustained side impacts with head
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contact. Two occupant injuries were fatal. Injury
severity scores ranged from 35 to 45 (Table 1).

Five (7.5%) out of the 67 occupants sustained seven
different types of head injuries. The first head
trauma was a diffuse axonal injury to the cerebrum in
all cases. Skull fracture occurred to one occupant.
All five occupants sustained side impacts with head

contact. Two occupant injuries were fatal. Injury
severity scores ranged from 30 to 57. Figure 2 shows
the cumulative distribution as a function of number
of head injuries sustained by each occupant. More
than one-half of the occupants sustained three or less
head injuries (Table 1).
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Figure 2: Injury distribution as a function of the number of head injuries sustained by each occupant.
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Figure 3: Cumulative frequency of the change in velocity as a function of impact mode.
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Figure 3 shows the cumulative frequency distribution
of the change in velocity for the entire ensemble, and
for frontal and side impacts. More than one-half of
the crashes had a change in velocity of 10 m/s or less.

DISCUSSION

As described in the earlier section, more medical
cases than case vehicles were logged in the database.
The database consists of two main components, i.e.,
structured case vehicles and individual medical cases.
A case vehicle may include more than one occupant.
Data entry is done through CIREN and NASSMAIN
applications. The former focuses on medical aspects
and the latter focuses on crash and vehicle data. A
case can be initiated by entering data in either
application. However, the two applications remain
segregated until a medical case is linked to the
corresponding crash case. Thus, a crash case can be
associated with more than one medical case. The
potential for a ‘one-to-many’ relationship between a
crash case and multiple medical cases explains
differences between the number of crash and medical
cases in the database.

The quality control of a medical case in this database
is involved because of the availability of clinical
information such as x-rays and CT. The availability
of actual images in the database, along with medical
records such as operating room documents and
radiology reports, facilitates a more comprehensive
analysis (example, injury type) of crash- and clinical-
related information. As emphasized, the present
study characterized diffuse axonal trauma on an
occupant-to-occupant basis, a first step in such
analysis. Further analyses such as determining the
most commonly associated brain injury with the
diffuse axonal trauma and potential variations as a
function of impact mode and change in velocity are
needed for a more comprehensive understanding of
the injury biomechanics.

One of the criteria for case selection is the vehicle
model year (less than seven years at the time crash).
The current data selection process limits to six years.
Although this feature may bias data collection, it has
advantages for gathering and analyzing data from
recent model years, examining effects of potential
crashworthiness improvements, and continuing
prospective evaluations of US Federal government
Standards. From this viewpoint, gathering of such
data is necessary. Presently, eight nation-wide teams
are developing a comprehensive, i.e., clinical and
crash database with this as a basis, and its uniqueness
should assist in assessing performance of more recent

model year vehicles. It should however be noted
that, because data are gathered from few teams, and
are not population based, general estimates cannot be
obtained. A more conventional database such as
NASS should be used to analyze data from an
epidemiological perspective. However, a distinct
limitation of NASS is the limited availability of
medical records, a critical aspect in studying brain
trauma, especially diffuse axonal injuries.

As indicated in the Introduction, the present analysis
is limited to the characterization of diffuse axonal
injuries.  Thus, cases were selected only if an
occupant sustained this type of injury. While it is
possible and necessary to analyze injury data based
on factors such as restraint use/availability, crash
severity and mode, being a preliminary study, the
analysis is focused mainly at the occupant level. This
was achieved by describing other head injuries in
association with diffuse axonal trauma.

A small percentage of occupants (less than ten)
sustained this type of brain injury without any other
accompanying head trauma (Table 1). All occupants
with the exception one fatality sustaining the injury
due to head contact indicate that single diffuse axonal
injury in the motor vehicle environment is most
likely associated with contact loading to the head in
both frontal and side crashes.

In occupants sustaining more than one head injury
associated with diffuse axonal injury as the most
severe trauma, as shown in table 1, head contact was
again identified in a significant majority of the cases,
further emphasizing the role of contact loading.
Therefore, it can be hypothesized that diffuse axonal
injuries occurs with the transfer of impact loading
during the dynamic event, and this observation is
independent of crash modality. In addition, the
occurrence of minimal number of skull fractures,
despite direct loading to the head, suggests that the
impact force transmitted is below bony tolerances
while exceeding the threshold of diffuse axonal
trauma [11]. The presence and increased use of
modern restraint systems may account for the
decrease in bony pathology.

It is important to include crash-related engineering
and medical records in the assignment and evaluation
of diffuse axonal injuries as this terminology has
been used somewhat loosely in clinical practice.
Although the injury has been described, defined, and
investigated in the laboratory by the clinical author of
this paper and others in the literature, and identifiable
on imaging, patient evaluation is critical [5, 12-24].
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The present characterization relied on injury coding
according to AIS 1990 version. The coding scheme
has changed since 2005 as the Injury Scaling team
headed by Genneralli has incorporated procedures
that include clinical correlation in conjunction with
radiological data [25]. From this perspective, no
single clinical discipline can conclusively determine
and report that the injury belongs to the diffuse
axonal type. The next logical step would be to
process current data with the new coding scheme.
With continuing addition of cases to the database and
recoding current data, a more appropriate analysis of
head injuries can be made. This is considered as a
future research topic.

Although NASS and FARS databases have been in
vogue before CIREN and are population-based, these
databases were not used because of the lack of
required medical records to conduct the retrospective
analysis. From a biomechanical perspective, injuries
associated with head contact found in significant
majority of cases imply the role of direct impact load
transmission as a potential trauma mechanism. This
is supported by laboratory studies wherein direct load
transmission is necessary to reach the high angular
acceleration level associated with this type of injury
[26]. The study, using first generation mathematical
simulations, showed the importance of impact
loading of the head to attain injury threshold levels
reported in published experimental research. Contact
loading mechanism has also been supported by
international epidemiological studies [27]. The
present characterization from a more recent database
and modern vehicle environments further reinforces
this conclusion. In addition, because of sample size
constraints, the characterization underscores the need
to gather similar data from other countries for
epidemiological interpretations.

In this limited database, the present preliminary
findings appear to support the hypothesis that diffuse
axonal injuries occur with impact loading to the head.
In addition, this type of injury occurs more in side
crashes than frontal impacts. Airbags are not the
injury causal agent in a considerable majority of
cases (more than 90%), implying its minimal role in
severe head trauma. These results suggest a
decreasing trend for the occurrence of diffuse axonal
injuries in modern vehicular environments, possibly
with newer technologies and increased restraint
usage.
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ABSTRACT

This paper summarizes the development activities on
the finite element full human body model, improving
upon last 19™ ESV publication (ESV 05-0399). The
updated Takata Human Model for an average adult
male has anatomical details of skeleton and major
soft tissues in all the body parts—head, neck,
shoulder, thorax, abdomen, pelvis, lower and upper
extremities. The arteries and veins as well as sciatic
nerves in pelvis, thigh and tibia regions were also
modeled. The model’s responses of all the body parts
were validated against published or in-house PMHS
test data of twenty tissue material tests and forty-
seven pendulum, drop or sled tests under frontal, side
and oblique and rear impacts. A method similar to
those defined in the ISO-TR9790 lateral biofidelity
rating procedures was applied for evaluation of the
model biofidelity. The overall biofidelity rating of the
model is good (8.1).

Biomechanical analysis using this model has been
made on fractures of femur, tibia, clavicle and lumbar
vertebra under different test conditions. The bone
fractures were assessed by both, the localized stress-
strain characteristics as well as the global force-
deflection responses. This analysis indicates that the
maximum Von-Mises stress (MVMS) should be a
good injury indicator for the bones with high cortical
indices, independent of load directions. For the
vertebral bodies with very low cortical index (1-3%),
the ultimate strain of the trabecular bone may be
considered as indicator for the bone fractures.

INTRODUCTION

Occupant injury assessment tools are essential to
research and development of advanced occupant
restraint systems. Traditionally, Anthropomorphic
Test Devices (ATDs) have been used in laboratories
to evaluate the restraint system performance. In
recent years human body models have been
developed as an important tool to help assess
restrained occupant injuries which could not be
evaluated by the ATDs due to their biofidelic
deficiencies. The human body finite element model

Copyright © 2007 Jay Zhao, Gopal Narwani

for an average adult male reported earlier [1], was
one such tool for injury analyses of the thorax,
abdomen and shoulder of a belted occupant.
However, this model was not fully biofidelic and
thus needed to be further developed.

A biofidelic full human body model requires two
essential elements: the anatomical structures and the
material characterization of human. All the human
(hard and soft) tissues of which injuries were
observed in field should be modeled in the
anthropometrical details and their physical material
properties should be investigated.

As an applicable occupant injury assessment tool the
human model was required to be fully validated for
its biofidelity. Such validations, as per Yang et al.
[2], should be carried out against the cadaveric or
human volunteer tests data in a variety of impact
conditions such as frontal, side, rear, and oblique for
all the body regions at three levels: the component
(tissue), the subsystem (body part), and the system
(whole-body), to ensure their predictive accuracy for
human responses and computation robustness.

Human hard tissues are those that have become
mineralized, or having a firm intercellular
substance, e.g., cartilage and bone. The human
model should have predictive capabilities for their
fractures. Although great efforts have been made so
far to develop the modeling techniques and fracture
prediction capabilities for such human bony parts as
skull [3], cervical spine [4], thoracic ribs [5], bones
of the pelvis and the lower limb [6], the injury
measures and thresholds in terms of strain or stress
at the local tissue level were still not well
established, and the co-relationship between the
injury measures and tolerances in terms of
measurable global indicators and those in terms of
local strain or stress were not fully understood.

From the existing biomechanical research results we
knew that two kinds of human bones—the trabecular
and the cortical have much different microstructures,
material properties and strengths. The modulus of the
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cortical bones can be 100-1000 times higher than that
of the trabecular bones. The stiffness, strength and
tolerance of a piece of bone are dependent on the
cortical index which is the combined cortical
thickness divided by the thickness of the bone. The
thickness of the cortical shell, again, varies from
bone to bone, region to region, and even varies with
age and gender. For example, the shafts of femur and
tibia have the cortical index of 1, on the other hand,
the lumbar vertebral bodies (L1-L5) have average
cortical thickness of only 0.3mm (or about 1% of
cortical index) [7]. In between, the clavicle cortical
index decreases from 0.6 at 25 years-old to about
0.38 at 80 years-old for female, and from 0.5 at 25
years-old to about 0.3 at 80 years-old for male [8].
Studying these bones whose cortical indices vary
from 0.01 to 1 could help us understand better the
fracture mechanisms and tolerances of the human
hard tissues.

This research pursued the following objectives:

1. to construct a full human body model including
the anatomical details of skeleton and major soft
tissues in all the body parts (head, neck,
shoulder, thorax, abdomen, pelvis, lower and
upper extremities); and  to complete full
validations on the model’s biofidelity at the
component, subsystem and system levels under
various loading/impact conditions;

2. using the model to analyze the fracture
mechanisms and tolerances of femur, tibia,
clavicle and lumbar vertebra in terms of both
global measures and local strain or stress in
order to better understand injury mechanisms
and tolerances of the human hard tissues.

CONSTRUCTION OF A BIOFIDELIC MODEL

Great efforts have been made to update the earlier
version of the 50"% male human model [1] to a full
biofidelic model. The completed development work
can be explained in three sections: the anatomical
modeling, the tissue material modeling, and the
model biofidelity validation.

Anatomical Modeling

Additional modeling work for the anatomical
structures in all the following body regions is
described briefly below.

The Head - The skull, modeled in three layers
(inner, diploe, outer) in solid elements, was
partitioned as multiple zones representing bones of

Frontal, Parietal, Occipital, Temporal, Sphenoid,
Maxilla+Ethmoid, and Mandible. The finer element
sizes of the average 2.5mm were meshed in the
whole brain region. Currently, the Cerebrospinal
fluid (CSF) was modeled in three layers of solid
elements materialized with the fluid-like behavior
defined by LSDYNA MAT_ELASTIC_FLUID
material type. However, different modeling methods
are being explored for local failure estimations.

The Neck - The occipital condyle was modeled,
adding more ligaments and membranes (Alar,
Cruciate, Alantooccipital, Tectorial, Apical). The
Capsule of zygapophyseal joints between C2-3, C3-
4, C4-5, C5-6, C6-7 were defined as combination of
solids contact interfaces and 2D membrane
ligaments. Five cervical ligaments (anterior
longitudinal, posterior longitudinal, joint capsules,
ligamentum flavum, interspinous) were modeled as
2D membrane elements. Ten pairs of neck muscles
(Sternocleidomastiod, Sternothyroid, Sternohyoid,
Thyrohyoid, ~Omohyoid, Trapezius, Scalene,
Splenius, Levator scapulae, Platysma) were modeled
as combination of solids and 1D Discrete element
with the LSDYNA Hill-type muscle material model.

The Thorax - The original rib cage model was
divided into anterior, lateral, and posterior segments
as the same defined by Stitzel et al. [9] to take into
account of the regional variation of stiffness and
strength of the rib cortical bone.

The Shoulder - The clavicle bones were re-
modeled in the finer mesh sizes of average 1.2 mm
to better predict the fracture. All the ligaments,
tendons, and muscles connecting the Clavicle,
Sternum and Ribcage, Acromion, Scapula and
Humerus were thus re-meshed to ensure integrity of
the whole shoulder structures.

The Abdomen - The lower abdomen were
reconstructed to adapt to the updated pelvis. The
abdominal aorta and inferior vena cava were
modeled.

The Pelvis and The Upper and Lower
Extremities — New full finite-element sub-models
for the pelvis, the lower extremities and the upper
extremities were constructed. The anthropometrical
data of all the bony parts in these three body regions
were obtained from two resources: 1) the full-color
cross-section image data of the Visible Human Male
Subject segmented by in-house 3D-Doctor software;
or 2) the MRI male subject data from Wayne State
University. Additional tissues segmented by using
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the 3D-Doctor and meshed by using Hypermesh
included the Sciatic nerves coming from the lower
spines (L4-5, S1-3) through its Common fibula
division and Tibial nerve in the thigh and knee
regions, the main arteries of thigh and knee
(External Iliac, Femoral, Deep, Anterior and
Posterior Tibial), and all the knee ligaments (ACL,
PCL, MCL, LCL). All the segmented data were
scaled to 50th% male size based on the UMTRI
data.

The hard tissues modeled in the pelvis region
included lumbar, sacrum and coccyx, ilium,
ischium, pubis, symphisis pubica, and acetabulum.
The sacroiliac joint was modeled as tied surfaces.
The hip joints were modeled as combination of the
hip joints ligaments (ligament of femur head, the
capsular ligaments), the synovial membranes and
contact between the femur head and acetabulum.
The pelvis bones were directly connected to lower
abdomen hollow organs, fats and outer skins. Two
joints in each of the knee were carefully modeled:
the femoro-patellar joint consisting of the patella,
patellar and quadriceps tendons, and the patellar
groove; the femoro-tibial joint consisting of the
femur condyle and articular cartilage, the tibia and
fibula and meniscus, as well as the ligaments of
ACL, PCL, MCL, LCL. The synovial membranes
were modeled as surfaces for soft contacts.

All pieces of bones and major ligaments in the body
regions of lower leg, ankle/foot, upper and lower
arms and elbow, wrist and hands were modeled. The
cortical bones in the shaft of the long bones (femur,
tibia and fibula) were modeled as solid elements,
and those in the head/condyle region were modeled
as shells with varying regional thickness measured
by using 3D-Doctor software or from the literature.
All the trabecular bones were modeled in solid
elements.

Along their routes, the branches of the main
arteries/nerves were modeled as discrete spring
elements, and the connections among these
nerves/arteries and their surrounding muscles were
modeled with the method of tied nodes. The skins
and muscles of the lower limb were meshed as solid
elements which were tied with the bony structures.

The updated human model is fully deformable
representing an average adult male with weight of
77.8Kg. It consists of 154,142 elements, 113,349
nodes, and 701 components for the tissues. Figure 1
shows this model.

Neck: CerviealSpne,
Liganents & Museles

Thorax: Ribeage & haternl Organs
(Heart, Lngs, Auta, etc)

Abdomen: Soid Organs
(@iver, Spleen, Kidneys)

Figure 1. The updated Takata Human Model.
Left-Skeleton; Right-Full body.

Tissue Material Modeling

There are 589 material cards in total with sixteen
material models (constitutive laws) defined in this
updated human body model. Table 1 summarizes the
material models used for the tissue components.

Table 1 The Material Models and Cards in the Model

Material Model Tissues Total

01-Elastic The connective tissues 275
being not easily injured

01-Elastic Fluid CSF 1

03-Plastic Kinematic Other connective tissues 37

06-Viscoelastic Brain, abdominal solid 13
organs

09-Null Internal contact interfaces 7

20-Rigid Local coordinate base 1

24- Ligaments, tendons 133

PiecewiseLinearPlasticity

34-Fabric Capsule membranes 6

57-LowDensityFoam Hollow organ inserts 3

62-ViscousFoam Skin, body fats 18

81- Cortical bones 28

PlasticitywithDamage

105-Damge 2 Trabecular bones, 37
cartilages

129-LungTissue Lungs, heart

SB1-Seatbelt Tendons 13

DS4- Artery branches

SpringNonlinearElastic

DS15-SpringMuscle Neck Muscles 10

ALL -- 589

The material properties or parameters in the
material models were determined in three ways: 1)
directly from the published tissue material tests data;
2) from our tissue test component model
correlations; and 3) from our body impact
subsystem model correlations.

The directly applied tissue material property data
were selected from the cadaver or live porcine tissue
coupon tests. Examples of such coupon tests were
for the rib cortical shells [9], the cervical and lumbar
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spine ligaments [10, 11], the scalp and brain tissues
and the skull (inner and outer tables and diploe)
[12], the shoulder ligaments of OC, CC, SC joints
[13], the auricular and costal Cartilage [14], and the
cortical shells of Femur, Tibia, Fibula, Humerus,
Radius, and Ulna [15], etc.

However, quite a few biomechanical tests were
performed at the tissue component (consisted of a
group of tissues) level. In addition, the existing
published tissue material property data, especially of
the soft tissues, varied in wide range due to different
subjects, test conditions and methods. Considered
these uncertainties we selected the biomechanical
tests for those tissues which were primary load
carriers inside the body or easily sustained injuries.
FE models for each of the test configurations were
constructed and the test procedures were simulated.
The model outputs defined according to the
measurements were correlated with the test data.
Through this process the material properties of these
tissues were determined or estimated. Table A-1 in
Appendix A lists all such simulated material tests in
total of 20 that came from 10 studies involving 2
skull/brain tissue tests, 4 neck tissue tests, 4 thorax
tissue tests, 3 abdomen organs tests, 1 clavicle tests,
4 lower extremity long bone tests, and 2 lumbar
vertebra and disc tests. Table A-1 provides the
information of the test conditions, the correlated
responses and correlation quality grades (1-5, 1-
unacceptable; 5-best; determined as explained in
notes of Table A-1), and the references.

From the two ways described above, most of the
tissue material properties defined in the model could
be determined or estimated. For those of the
modeled human tissues which were not tested in
either coupon or component material tests, their
material properties were estimated from the body
impact subsystem model correlations.

Model Biofidelity Evaluation

Seven body regions (head, neck, shoulders including
upper extremities, thorax, abdomen including
lumbar, KTH, lower leg including ankle/foot) were
validated against a set of the PMHS drop or
pendulum and sled tests. These biomechanical tests
included 47 in total from 22 studies that involved 5
head tests, 7 neck tests, 5 thorax tests, 5 abdomen
tests, 5 shoulder tests, 5 KTH tests, 2 lower leg tests,
5 ankle tests, 6 lumbar tests, and 2 whole body sled
tests. The selected tests data covered in a variety of
impact energies and directions (frontal impacts-25;
side/oblique impacts-16; rear impacts-3; axial-4).

The method for evaluation of biofidelity of the
human model was similar to those defined in the
ISO-TR9790 lateral biofidelity rating procedures
[16]. The biofidelity rating calculation of each body
region was defined by ISO as expressed in Eq. (1)

2 Vi,j(z Wi.j,ARi.j,A /;lwi./’.k

B, = == (1)

Vi,
=

1

where V;; were the weighting factor for each test
condition for a given body region; Wi, were
weighting factor for each response measurement for
which requirement was given; R;;, were the rating
of how well a given response meets its requirement.
R=10 if response meets requirement; R=5 if
response is outside requirement but lies within one
corridor width of requirement; R=0 if neither of the
above two is met. The overall rating for a given
model was calculated via Eq. (2)

where B was the overall rating which have a value
between 0 (unacceptable) and 10 (excellent); B;
were the biofidelity rating of each of body regions;
U; were the weighting factors for the biofidelity
rating of each of body regions.

To simply the rating calculation procedures we
assigned all of the weighting factors Vjj, Wi;y and
U; equal to 1, which means that all the measured
responses in each of the selected tests were equally
treated, and that each of all the body regions were
considered equally important.

All the test conditions, the measurements, the
model’s responses and the ratings R;jx, as well as
test data resource are summarized in Table A-2 and
A-3 in Appendix-A. In Table A-3 the ratings of each
response for a relevant body region were included in
Eq.(1) while the external force measurements
(marked NA in Table A-3) were excluded from the
rating calculation. Table A-4 summarizes the
biofidelity rating results for the body regions of the
human model.

According to the ISO five biofidelity rating
classifications, the biofidelity is considered as
excellent if the rating scale is between 8.6"-10, and
as good if the scale between 6.5°-8.6. The model
achieved excellent biofidelity rating scores in the
body region of Thorax (9.4). All the other body
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regions (scored 7.2-8.6) achieved good biofidelity
score. The overall biofidelity rating of the human
model is good (8.1).

HARD TISSUE INJURY ANALYSIS

Based on the results of the bio-tests simulations listed
in Table A-1, A-2, A-3, we summarize our findings
from the hard tissue injury analysis particularly for
femur, tibia, lumbar vertebra, and clavicle. The
material properties of these bones in the sub-models
are tabulated in Table B-1 in Appendix B.

Analysis of the 3-Point A-P Bending Tests on
Femur and Tibia

In this study, static 3-point anterior-posterior (A-P)
bending tests on femur and tibia were simulated. The
model-predicted force-displacement curves of these
bones were compared with the measured data [15], as
shown in Figure 2.

Force-displacement curves for femur under A-P 3-p
bending
4.0
—s—Femur Model ‘
3.5 71 _a_Femur Test Data
3.0 - ——Tibia Model
= 25 L ——Tibia Test Data
= i
> 2.0 t
e
c 1.5
w
0.5 4
0.0 T t T T T
0.0 25 5.0 7.5 10.0 12.5 15.0 1
Displacement (mm)

Figure 2. Comparison of the model predicted and
the measured load force vs. displacement curves
of the femur and tibia under quasi-static 3-point
bending. The test data referred to [15].

FEMUR BORNE SUBJECTED TO 3 POINT BENDING
Time= 2000 Fringe Levels

1.368¢-01

flective Stress (v-m)

elemi 20000000 1.231e-01
, at elem: 14000952
1.094e-01

Figure 3. The stress contour of the femur under
quasi-static 3-point bending at the failure time.

The simulations showed that corresponding to each
of the peak forces in Figure 2 failure occurred in the
shaft center of the femur or the tibia, where

maximum stresses of the femur or tibia occurred as
shown in Figures 3-4.

TIBLA BOKNE SUBJECTED TQO 3 POIMT BENDING
Tne = 2000 Fringe Levels
Gontours of Effective Stress (v-im)
max ipt. value
Win=0, at elems 20000335 8.9566-02 l
max=0.13349, at elem 13000004

7517e-02

9.396e-02

6.577e-02 _
5.636e-02 __
4.698e-02 _
3.756-02
2.819-02 _
1.879¢-02

9.396e-03 l
0.000e+00

Figure 4. The stress contour of the tibia under
quasi-static 3-point bending at the failure time.

Table 2 summarizes the calculated failure forces,
maximum Von-Mises stresses and the failure strains
of femur and tibia under the simulated A-P 3-point
bending test conditions. It is noted here that in both
cases the failure stresses are around 130MPa while
the failure strains are around 1.3%.

Table 2 The calculated failure forces, stresses, and
strains of the femur and the tibia

Tissue Failure Failure Failure
Force (KN) Stress (MPa) Strain (%)
Femur 33 136.8 1.4
Tibia 3.2 133.5 1.3

Analysis of the Compression Tests on the Lumbar
Vertebrae

In this study, the compression tests on isolated
lumbar vertebrae L1-L5 reported by Yoganandan et
al. [17] were modeled. In the test set-up, a
compressive load was uniformly applied to the
vertebral body at a constant speed of 2.5 mm/s to
about 50% of its original height. Figure 5 shows the
model predicted force-deformation curve compared
with the measured ones of 1.2, .3, .4 and L5 [17]. It
was seen that the force-deformation curve of the
vertebra had a plateau in which the large plastic
deformation of the trabecular bone occurred.
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Compressive Force-Deformation Curves
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Figure 5: Comparison of the model predicted and
measured force-deformation curves [17] of the
lumbar vertebral bodies under quasi-static
compressive loading.

Figure 6 shows that the maximum stresses were in
the circumferential edge of the endplate where failure
occurred.

HUMAN LUMBAR SPINE FE MODEL
Time= 3600 Fringe Levels

Contours of Effective Stress (v-m) 5.000e-0%
max ipt. value :
min=0, at elem: 14341 4.500e-03

max=0.0047¢  atelem# 68
4.000e-03

3.500e-03 _
3.000e-03 _

2.500e-03
2.000e-03 }
1.500e-03

1.000e-03 |
5.000e-04
0.000e+00 _|

z
%

Figure 6. The stress contour of the lumbar
vertebral body under quasi-static compressive
loading at the failure time.

Table 3 summarizes the calculated failure force (the
value when the force dropped significantly),
maximum Von-Mises stresses of the vertebral bones
and the failure strains of the trabecular bone under
the compressive loading. It was interesting to see
from the simulation that before the failure force a few
percent of cortical and trabecular bone elements had
already failed. The vertebral trabecular bone along
carried about 70% of the total loads. Thus the failure
stress and strain reflected dominantly the material
characteristics of the trabecular bone.

Table 3 The calculated failure forces, stresses, and
strains of the vertebra L3

Clavicle Fracture Analysis

Clavicle three-point bending tests analysis

Quasi-static cadaver clavicle three-point bending
tests were simulated. Table 4 compares the model
outputs with the test results reported by Bolte et al.
[43] and Probasta et al. [18].

Table 4 compares the model predicted maximum
load force, stiffness, average failure stress and
maximum deflection with the test data [18, 43].

Tissue Failure | Trabecular | Trabecular | Cortical
Force Failure Failure Failure
(KN) Stress Strain (%) Stress
(MPa) (MPa)
Vertebra 2.8 4.8 254 112.7
L3

Maximum Stiffness Max.' Failure
Source Force (N) (N/mm) Deflection Stress
(mm) (MPa)
Bolte’s
Average [43] 681.7 147.2 4.6 N/A
Proubasta’s
Average [18] 485.6 94.8 5.0 N/A
Model 529.9 99.6 5.3 125.0
HUMAN CLAVICLE MODEL
Time = 3000 Fringe Levels
Contours of Effective Stress (v-m) Sibitas
max ipt. value
min=0.00012294, at elem# 4971 8. 100e-02

max= 0.12532:, at elem# 4189
7.200e-02 |

6.300e-02 _
5.400e-02 _
4.500e-02 |
3600002 |
2.700e-02 _
1.800e-02

9.000e-03

0.000e+00 |

Figure 7. The stress contour of the clavicle under
3-point bending.

Figure 7 shows the stress contour of the clavicle
under 3-point bending at the failure moment. The
clavicle fractured in the center of shaft body where
the maximum Von-Mises stress was 125MPa.

Analysis of pendulum side impacts to shoulders

The tests of the pendulum side impacts to PMHS
shoulders conducted by Bolte [43] and Compigne
[19] were simulated. In Compigne’s test set-ups, the
PMHS were struck using a 23.4kg impactor fitted
with a rigid rectangular shaped impacting plate in
lateral and oblique (£15° directions at different
impact velocities (1.5-6 m/s). In Bolte’s test set-ups,
the left shoulder of PMHS was impacted with a 23 kg
pneumatic ram (20cmX15cm, padded with a Scm
thick piece of Arcel foam) in lateral and oblique (15°,
30°) directions at impact speeds from about 4 to 7.5
m/s.

Figures 8-9 show the correlation of the model
predicted acromion-to-sternum deflections and the
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impact forces with the Bolte’s [43] and Compigne’s
test results [19].

Normalized Impact Forces: Model Prediction vs. Test Data

6
\ \
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S . .
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Impact Velocity (m/s)

Figure 8. Comparison of the model predicted
Acromion-to-Sternum deflections varying with
impact velocities with the test data [19, 43].
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Figure 9. Comparison of the model predicted
forces varying with impact velocities with the test
data [19,43].

Table 5. Model Predicted Injury Numbers for
PMHS Pendulum Side Impact Tests

\I;I:;gzict; Max. Acr-To-Sternum | Max. Stress
(m/s) Force (N) Def. (Mm) (MPa)
4.5 2.87 40.8 90.9
5.7 3.56 46.4 104.7
6.5 4.05 50.3 121.4
7.6 4.87 58.5 130.8

Table 5 correlates the maximum forces, the
acromion-to-sternum deflections and the model-
predicted maximum Von-Mises stresses of the
clavicle responding to different pendulum impact
speeds. At 6.5 m/s impact speed, the calculated
acromion-to-sternum deflection was 50.3 mm while
the maximum Von-Mises stress exceeded 120MPa, at
which the bone fractured in the simulation. The past
research concluded that under lateral impacts to
PMHS shoulders 47 mm of the acromion-to-sternum
deflection predicted a 50% probability of clavicle

fracture or AIS 2+ shoulder injury. This study
indicated that at failure the clavicle experienced the
Von-Mises stress of more than 120 MPa.

DISCUSSION

In this study, all the investigated three bones (femur,
tibia, clavicle) with high cortical indices (above 0.4)
fractured consistently in the range of 120-130MPa of
maximum Von-Mises stress (MVMS) of the cortical
bones. This suggested that the MVMS can be a good
injury indicator for these high cortical index bones,
independent of load directions. The threshold of 120-
130 MPa matched Stitzel’s ultimate stress data from
the rib cortical bone coupon tests [7].

For the vertebral bodies with very low cortical index
(1-3%), the ultimate strain of the trabecular bone may
be considered as indicator for the bone fractures.

More experimental studies are needed to confirm
these analytical findings.

CONCLUSIONS

The updated Takata Human Model for an average
adult male has the detailed bony and soft tissues in all
the body regions. The overall biofidelity rating of the
model is good (biofidelity rating score 8.1).

The results of simulated 3-point bending tests for the
bones (femur, tibia, clavicle) with high cortical
indices (0.4-1.0) showed that all of them fractured at
120-130MPa of the maximum Von-Mises stress
(MVMS). Additional simulations for the Ilateral
impacts to PMHS shoulders at different speeds of
4.5-7.6m/s concluded that 47 mm of the acromion-to-
sternum deflection corresponded to 120MPa of the
MVMS in the clavicle. All these results suggested
that the MVMS be a good injury indicator for these
high cortical index bones, independent of load
directions.

The results of simulated compression tests on isolated
lumbar vertebral body L3 with very low cortical
index (~0.01) showed that the deformation pattern
and fracture characteristics of the vertebral body were
very similar to those of the trabecular bone of the
body. The ultimate strain of the trabecular bone may
be considered as indicator for fractures of the low
cortical-index bones.

These analytical findings are worthy to be further
investigated experimentally.
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APPENDIX A Results of Material Modeling and Biofidelity Evaluation of the Takata Human Model

Table A-1 Summary of the bio-tissue test simulations for determining the material properties

Body Tissue Test conditions Correlated Responses Correlation | Ref
Region quality*
Head Cerebrum, Oscillating shear test over 20-100Hz Stress-strain curve and 4 [20]
Brainstem and stress relaxation test at 7.5% Stress relaxation curve
Neck OC-C1-C2 FSU | Quasi-static flexion and extension Moment My vs. Rotation 4 [21]
loadings. angle measure at C2.
Neck C5-C6 FSU Quasi-static flexion and extension Moment My vs. Rotation 4 [21]
loadings. angle measure at C6.
Thorax Rib 3-point bending at quasi-static rate of Max. load and deflection 4 [22]
2.5 mm/min.
Thorax Heart Biaxial tensile tests for cadaver heart Average stress-strain 5 [23]
samples curve
Thorax Aorta Biaxial tensile tests for cadaver aorta Average Stress-strain 4 [23]
samples curve
Thorax Lungs Biaxial tensile tests for cadaver lung Average Stress-strain 5 [23]
samples curve
Abdomen Liver Uniaxial compression to porcine liver Average Stress-strain 5 [24]
at three loading rates *0.001/s, 0.05/s, curve
0.5/s)
Abdomen Kidney Uniaxial compression to porcine Average Stress-strain 5 [24]
kidney at three loading rates *0.001/s, curve
0.05/s, 0.5/s)
Abdomen Spleen Uniaxial compression to porcine Average Stress-strain 5 [24]
spleen at three loading rates *0.001/s, curve
0.05/s, 0.5/s)
Shoulder Clavicle 3pt bending tests at 0.5 mm/sec Stiffness and failure load 5 [18,
43]
KTH Femur Shaft Quasi-static 3-pt bending tests Load force vs. Deflection 5 [15]
curve
KTH Femoral head Quasi-static loading to femoral head. failure load 3 [25]
Lower Tibia & Fibula | Quasi-static 3-pt bending tests Load force vs. Deflection 5 [15]
Leg curve
Lumbar Vertebra Compressive loading at 2.5 mm/sec Load force vs. 4 [17]
Spine Deformation curve
Lumbar Disc Quasi-static compressive loading Stiffness 4 [26]
Spine cyclically at 15.Hz up to 3mm.

* The correlation quality grades (1-5) are defined as follows: 1-unacceptable: the peaks and phases of the two curves
behaviors totally different. 2-poor: the peaks and phases of the two curves do not match but trends are similar. 3-
fair: both peaks and phases of the two curves differ within the range of 30%. 4-good: both peaks and phases of the
two curves differ within the range of 20%. 5-excellent: both peaks and phases of the two curves differ within the
range of 10%.
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Table A-2 Summary of the PMHS drop or pendulum tests and biofidelity rating results for the body regions

Body Impact Test conditions Response Requirement Results Rating Ref.
region direction
Head F 14.5kg 20mm rod impact to frontal bone Force-Deformation (2.5KN, 5.5KN) at | 5.4 KN at 10 [27]
at drop height of 460-915mm. curves 5 mm deformation Smm
Head F 14.5kg 20mm rod impact to Zygoma Force-Deformation (1.4kN, 2.0KN) at 1.9KN at 10 [27]
bone at drop height of 305-610 mm. curves 20mm 20mm
Head F 14.5kg 20mm rod impact to Maxilla Force-Deformation (0.8KN, 1.8KN) at 1.3KN at 10 [27]
bone at drop height of 305-610 mm. curves 20mm; 20mm
Head L Head drop laterally to a 40-durometer Average peak force Force: 8.4+1.4KN; 7.9KN, 10 [28]
padding place (5S0mm-thickness) at 6.5 and displacement Displ: 16.4mm
m/s 15.0+2.3mm
Head F A rod impact to face in the antero- Intracranial 87KPa at 1 1ms 91.7 KPa 10 [29]
posterior direction at 7m/s. Test#MS428- pressures: Frontal at 10ms
2.
Head F A rod impact to face in the antero- Intracranial -11.4KPa at 9ms -13.4KPa 5 [29]
posterior direction at 7m/s. Test#MS428- pressures: Occipital at 9ms
2.
Head F A rod impact to face in the antero- Intracranial 39.8KP at 11ms 40.5KPa 10 [29]
posterior direction at 7m/s. Test#MS428- pressures: Lateral at 10ms
2.
Head F A rod impact to face in the antero- Intracranial 30KPa at 10ms 27.8KPa 10 [29]
posterior direction at 7m/s. Test#MS428- pressures: 3rd at 10ms
2. Ventricle.
Head F Suspended Head accelerated and Brain targets X-Z Figure 6 in [26] maximum 0 [30]
impacted to a padded linear-piston displacements at difference
impostor at 2 m/s. Test#C755-T2: sagittal plane 28%
Neck A Eccentricity tensile loading to cervical Force vs 225KN at 7.5 mm 270KN at 5 [31]
spine at 2mm/s at free cranial end Displacement 7.5mm
condition
Neck A Compressive loading to cervical spine Force-deformation Force-deformation Stay in 10 [32]
by a padded plate at 2.5 m/s. corridor in Figure between
6 [32] the
corridors
Neck F Analyzed test data of head-neck to T1 Head CG to T1 Head X Head X 5 [33]
relative motion responding to the 15.6G relative (140mm, 165mm) 190 mm
frontal sled pulse. displacements X,Z Head Z Head Z
(200mm,225mm) 235 mm
Neck L Analyzed test data of head-neck to T1 Head CGto T1 Head Y Head Y 10 [34]
relative motion responding to the 7g relative (120mm, 141 mm) 120 mm
lateral sled pulses. displacements Y,Z Head Z Head Z 51
(60mm,90mm) mm
Neck R 23.4 kg 150mm disk impact to rear skin Impact force history | (2.5KN, 3.8KN)in | 3.7KN at 5 [35]
at the level of T1 at 4.4 m/s. 8.5-10.0 ms 13mm
Neck R 23.4 kg 150mm disk impact to rear skin Head CG X- (125mm, 200mm) 195mm at 10 [35]
at the level of T1 at 4.4 m/s. displacement at 120ms 120ms
Neck R 23.4 kg 150mm disk impact to rear skin Head CG Z- (-24mm,45mm ) at 35mm at 10 [35]
at the level of T1 at 4.4 m/s. displacement 120ms 120ms
Neck R 23.4 kg 150mm disk impact to rear skin Head rotation (15deg, 65deg) at 31deg at 10 [35]
at the level of T1 at 4.4 m/s. 120ms 120ms
Neck R 23.4 kg 150mm disk impact to rear skin Impact force history (4KN, 6KN) at 5.8KN at 5 [35]
at the level of T1 at 6.6 m/s. 10ms 13ms
Neck R 23.4 kg 150mm disk impact to rear skin Head CG X- (80mm, 280mm) 160mm at 10 [35]
at the level of T1 at 6.6 m/s. displacement at 80ms 80ms
Neck R 23.4 kg 150mm disk impact to rear skin Head CG Z- (-35mm,30mm ) at 65mm at 0 [35]
at the level of T1 at 6.6 m/s. displacement 70ms 70ms
Neck R 23.4 kg 150mm disk impact to rear skin Head rotation (20deg, 75deg) at 33deg at 10 [35]
at the level of T1 at 6.6 m/s. 120ms 80ms
Thorax F 23.4kg 152mm disk at 6.5 m/s to center Force-Deflection Corridor 4.17KN at 10 [36,
of thorax curve 72.1mm. 37]
Thorax L 23.4kg 152mm disk at 30 degree oblique Force-Deflection Corridor 2.93KN at 10 [38]
at 6.7 m/s to left side of thorax curve 73.3mm.
Thorax F UVA hub loading to thorax Force-Deflection Corridor 2.3KN at 10 [39]
curve 65mm.
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Thorax UVA diagonal belt loading to thorax Force-Deflection Corridor 2.1KN at 10 [39]
curve 37mm.
Thorax UVA distributed loading to thorax Force-Deflection Corridor 4.1KN at 10 [39]
curve S6mm.
Abdomen 32 kg bar at 6.1 m/s to lower abdomen. Force-Deflection Corridor: 4.5KN at 5 [40]
curve (2.16KN,4.2KN) 120mm
at 120mm
Abdomen 48kg rigid bar rigid-bar test at 9 m/s to Force-Deflection Corridor: 9.7KN at 10 [41]
free back cadavers curve (7KN,11.5KN) at 137mm
140mm
Abdomen 23.4 kg disk at 30 degree oblique at 6.5 Force-Deflection Corridor: SKN at 5 [38]
m/s to right side of upper abdomen. curve (3KN,4.5KN) at 98.4mm
100mm
Abdomen Close proximity surrogate airbag loading Force-penetration Corridor: (2.5KN, 3KN at 10 [41]
to midabdomen of fixed-back cadaver. curve 5KN) at 10mm 10mm
Abdomen Seat belt loading at 3.2m/s maximum to Force-penetration Corridor: (3.5KN, 3.8KN at 10 [41]
midabdomen of free-back cadaver. curve 4.4KN) at 50mm 48.3mm
Shoulder 23 kg 150mm disk impact to left Force-time history Corridor: (1.6KN, 1.8KN at 10 [42]
shoulder at 4.5 m/s. 2.7KN) at 11ms 11ms
Shoulder 23 kg 200X1500mm ram impact to left Force vs Acromion- Corridor: (2.1KN, 2.1KN at 10 [43]
shoulder at 4.4 m/s. Acromion Deflection 2.8KN) at 25mm 25mm
Shoulder 23 kg 200X 1500mm ram 15-Deg oblique Y-Force vs Corridor: (1.1KN, 1.8at 5 [43]
impact to left shoulder at 4.4 my/s. Acromion-Acromion 1.7KN) at 15mm 15mm
Y-Deflection
Shoulder 23 kg 200X1500mm ram 15-Deg oblique X-Force vs Corridor: (0.4KN, [ 0.35KN at 5 [43]
impact to left shoulder at 4.4 m/s. Acromion-Acromion 0.6KN) at 27mm 27mm
X-Deflection
Shoulder 23 kg 200X 1500mm ram 30-Deg oblique Y-Force vs Corridor: 1.56at 5 [43]
impact to left shoulder at 4.4 m/s. Acromion-Acromion | (1.28KN, 1.44KN) 15mm
Y-Deflection at 15Smm
Shoulder 23 kg 200X1500mm ram 30-Deg oblique X-Force vs Corridor: 0.67KN at 5 [43]
impact to left shoulder at 7.6 m/s. Acromion-Acromion | (0.79KN, 0.92KN) 50mm
X-Deflection at 50mm
KTH/Pel 23.4 kg rigid pendulum impact at 5.2m/s Force-Deflection Corridor: 4.6KN 10 [38]
vis laterally to pelvis of seated cadavers. curve (5KN,8KN) at at40mm
40mm
KTH/Pel 23.4 kg rigid pendulum impact at 9.8 m/s Force-Deflection Corridor: 17KN at 5 [38]
vis laterally to pelvis of seated cadavers. curve (10KN,15KN) at 50mm
50mm
KTH/Pel 3.4 kg rigid ball impact to the Force-time history Corridor: (1.7KN, 2.2KN at 10 [44]
vis acetabulum of isolated cadaver pelvic 3.5KN) at 2.5ms 2.5ms
bones at 4 m/s.
KTH/Pel 270kg padded pendulum impact to KTH Force-time history Corridor: (4KN, 6.6KN at 10 [45]
vis complex at 1.2m/s. 10KN) at 30ms 30ms
KTH/Kne 4.5 kg rigid pendulum impact to isolated Max. Force vs. 2KN at3J; 8KN at | 2.3KN at 10 [46,
e knee with 6 different velocities from 1- Impact energy 61J 3J; 8.2KN 47]
6m/s. at61J
LLF/Low 1.84 kg 145X45mm bar impact laterally Max Force & 5.96 KN at 22 mm | 5.88KN at 10 [48]
erleg to the lower leg below knee at 2.56 m/s. Penetration 19mm
LLF/Low 1.72 kg 145X45mm bar posterior- Max Force & 0.48 KN at 34mm | 0.45KN at 5 [48]
erleg anterior impact the lower leg at 2.56 m/s. Penetration 28mm
LLF/Ank Quasi-static dosiflexion loading to ankle. Moment vs Angle 69 N-m at 45deg 68N-m at 10 [49,5
le curve 45deg 0]
LLF/Ank Quasi-static plantarflexion loading to Moment vs Angle 37 N-m at 65deg 39N-m at 10 [49]
le ankle. curve 65deg
LLF/Ank Quasi-static Inversion loading to ankle. Moment vs Angle 12 N-m at 45deg 13 N-m at 10 [49]
le curve 45deg
LLF/Ank Quasi-static Eversion loading to ankle. Moment vs Angle 40 N-m at 40deg 33 N-m at 5 [49]
le curve 40deg
ABD/Lu Quasi-static compressive loading to Z-Force- (0.4KN,1.5KN) at 0.9KN at 10 wE
mbar lumbar spine at 8mm/s. Displacement 3mm 3mm
corridor
ABD/Lu Quasi-static tensile loading to lumbar Z-Force- (0.08KN,0.22KN) 0.26Kn at 5 wE
mbar spine at 8mmy/s. Displacement at 2 mm 2 mm
corridor
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ABD/Lu F Quasi-static anterior shear loading to X-Force- (0.1KN,0.37KN) 0.18KN at 10 ok
mbar lumbar spine at 4mmy/s. Displacement at 10mm 10mm
corridor
ABD/Lu F Quasi-static posterior shear loading to X-Force- (0.15KN,0.5KN) 0.22KN at 10 *ok
mbar lumbar spine at 4mm/s. Displacement at 10mm 10mm
corridor
ABD/Lu F Quasi-static flexion loading to lumbar y-Moment vs Angle (30NM,80NM) at 37NM at 10 o
mbar spine at Sdeg/s. corridor 6 deg 6deg
ABD/Lu F Quasi-static extension loading to lumbar y-Moment vs Angle (20NM,75NM) at 33NM at 10 wE
mbar spine at Sdeg/s. corridor 6 deg 6deg
* KTH--Knee Thigh & Hip; LLF--Lower Leg & Foot; ABD—Abdomen.
** In-house data
Table A-3 Summary of the PMHS sled tests and biofidelity rating results for the whole body
Test conditions Response measurement Test Results Model Body Rating Ref.
Region
Driver case’ Upper Shoulder belt force (3.59KN,4.24KN) 3.58KN NA 10 [51]
Driver case’ Lower Shoulder belt force (2.39KN,2.65KN) 2.49KN NA 10 [51]
Driver case’ Lap belt force (1.72KN,2.18KN) 1.67KN NA 5 [51]
Driver case! Left Knee bolster force (1.84KN,3.42KN) 3.2KN NA 10 [51]
Driver case! Right Knee bolster force (1.6KN,3.3KN) 3.6KN NA 10 [51]
Driver case! Head CG X-displacement (254mm,325mm) 335 mm Head 10 [51]
Driver case! Head CG Z-displacement (45mm,60mm) 64 mm Head 5 [51]
Driver case! Shoulder X-displacement (164mm,278 mm) 242mm Shoulder 10 [51]
Driver case' Shoulder Z-displacement (-8 mm,-24 mm) -40mm Shoulder 5 [51]
Driver case' Pelvis CG X-displacement (65mm, 158 mm) 88mm KTH 10 [51]
Driver case! Pelvis CG Z-displacement (64mm,66mm) 46 mm KTH 5 [51]
Driver case! Knee X-displacement (20mm,54.3 mm) 64 mm KTH 5 [51]
Driver case! Knee Z-displacement (38 mm,85mm) 32 mm KTH 5 [51]
Driver case! Chest Deflection from Upper chest band (40 mm,60mm) 33 mm Thorax 10 [51]
Driver case! Right Rib8 compression from Lower chest band (12.5 mm,55mm) 21 mm Thorax 10 [51]
Passenger case® Upper Shoulder belt force (2.9KN,4.5KN) 3.88KN NA 10 [51]
Passenger case? Lower Shoulder belt force (2.1KN,2.65KN) 2.5KN NA 10 [51]
Passenger case? Lap belt force (1.83KN,2.04KN) 1.87 KN NA 10 [51]
Passenger case? Head CG X-displacement (254mm,329mm) 335 mm Head 10 [51]
Passenger case? Head CG Z-displacement (225 mm,267 mm) 200 mm Head 5 [51]
Passenger case? Shoulder X-displacement (115mm,230mm) 180 mm Shoulder 10 [51]
Passenger case? Shoulder Z-displacement (-60mm,100mm) -25 mm Shoulder 10 [51]
Passenger case? Pelvis CG X-displacement (-25 mm, 60mm) 75 mm KTH 5 [51]
Passenger case? Pelvis CG Z-displacement (Omm,-18mm) -21 mm KTH 5 [51]
Passenger cas o2 Knee X-displacement (-20 mm,60mm) 80 mm KTH 5 [51]
Passenger case? Knee Z-displacement (30mm,80mm) 50 mm KTH 10 [51]
Passenger case? Chest Deflection from Upper chest band 42 mm 32 mm Thorax 5 [51]
Passenger case’ Right Rib8 compression from Lower chest band (17.5mm,40mm) 21.5 mm Thorax 10 [51]

1--PMHS in a driver position, restrained with force limited 3 point belts plus airbag (FLB+AB), under 48 kmph

mid-size sedan crash pulse

Zhaol4




2 -- PMHS in a passenger position, restrained with traditional (no force limit) 3 point belt (SB), under 29.8 kmph
mid-size sedan crash pulse.

Table A-4 The biofidelity ratings of the Takata Human Model

Index Body Region Biofidelity Rating

1 Head 8.3
2 Neck 7.5
3 Shoulder 7.5
4 Thorax 94
5 Abdomen 8.6
6 KTH 7.3
7 Lower Leg 8.3

Overall 8.1

APPENDIX B

Table B-1 The Material Properties of the modeled femur, tibia, lumbar vertebra, and clavicle

Tissue Material | Density(kg E (GPa) Poisson | Yield Stress Ep Failure Thickne
Model /mm”3) Ratio (GPa) (GPa) Strain ss (mm)
Clavicle cortical 24 2.00E-06 6.26 0.3 0.0626 4.78 0.0225 2.75
Clavicle trabecular 105 1.00E-06 0.010 0.35 0.002 0.005 0.22 --
Clavicle cartilage 24 1.10E-06 0.020706 0.45 0.0062 0.001 --
Lumbar vertebra 105 1.00E-06 0.02 0.3 0.00319 0.0 0.244 -
trabecular
Lumbar vertebra 81 1.41E-06 7.46 0.3 0.056 0.23 0.03 0.3
cortical
Femur shaft cortical 24 1.95E-06 17.6 0.315 0.088 4.8 0.014 5.0
(solid)
Femur condyle 105 1.00E-06 0.292 0.3 0.035 0.106 0.14 --
trabecular
Femur condyle 81 1.95E-06 17.6 0.315 0.0668 4.5 0.02 2-4 vary
cortical
Tibia shaft cortical 81 1.95E-06 20.3 0.315 0.0964 4.5 0.013 4.75
(solid)

Tibia condyle 105 1.00E-06 0.292 0.3 0.035 0.09 0.14 --
trabecular
Tibia condyle 81 1.95E-06 17.6 0.315 0.0668 4.5 0.02 2-4 vary
cortical
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ABSTRACT

ISO/TR9790 has been in existence for some years for
evaluating the bio-fidelity of side impact ATD’s
(ISO/TR 9790, 1999). NHTSA recently generated a
new method for creating bio-fidelity corridors. The
method was different from the ISO method, by
incorporating statistics and the time relationships into
the evaluation equation and automating the process
(Maltese et al. 2002). Although both the ISO and
NHTSA methods exhibit a number of strengths, they
also have weaknesses. This paper attempts to build
on these two methods and develop an ATD
assessment method which offers added objectivity
and is based on a statistical process. Improvements
were explored in several key areas to address the
existing numeric issues (Hsu et al., 2005). This
process bases itself on the statistical correlations
between the post-mortem human subject (PMHS)
data. Validation of the scheme is performed using
PMHSs as “pseudo dummies”. A simple formula is
proposed for ranking the bio-fidelity of the dummy,
resulting in a score from 0-10, with 10 being the best.

INTRODUCTION

Since the 1950’s various mechanical human
surrogates, or Anthropomorphic Test Devices (ATD),
have been used for assessing the potential for injury
in vehicle crash tests. These ATD crash test
dummies have become more sophisticated, complex,
and potentially more human-like through the years,
but still provide only very limited estimations of what
might occur in a real life crash. In order to improve
this prediction, efforts have been made through the
years to make the ATDs more bio-fidelic. However,
an omni-directional dummy has not been developed.
Instead, dummies have been created for each type of
impact, resulting in a variety of different ATDs in
frontal, side, and rear impacts. For some of these
impact types, a whole family of ATD sizes has been
developed.

Each of these ATDs has its own set of performance
requirements, calibration procedures, and response
corridors that have been developed in an attempt to

make the dummy better mimic a human, as well as
ensuring repeatability of responses. Many attempts
have been made to determine the level of bio-fidelity.
Tests have been performed using PMHSs to gather
information on what injury response would be in
certain loading situations. The difficulty however,
lies in how to correlate the findings from these tests
with those of the ATDs, i.e., determining how
accurately an ATD crash test dummy response
represents “real” human injury.

In 1989, the International Standards Organization
(ISO) first published ISO/TR 9790, which defined a
bio-fidelity evaluation approach for side impact
dummies (Figure 1). Defining a method to
standardize the determination of bio-fidelity was a
big step forward. However, the actual method
required some level of subjectivity and the resulting
corridors were large, allowing the acceptability of a
large amount of variation in the results.
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Figure 1. Typical ISO bio-fidelity corridor.

In an effort to reduce the subjectivity and improve
upon the ISO method, Maltese et al., at the National
Highway Traffic and Safety Administration
(NHTSA), published a new method for creating bio-
fidelity corridors. This method used a statistical
cumulative variance approach to align the signals,
which were then averaged. A corridor was then
automatically created, with its boundaries defined as
plus and minus one standard deviation from the mean
of the aligned signals. Thus this created a tighter
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corridor, which in general, better resembled the shape
of the test data curves (Figure 2).
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Figure 2. Typical Maltese bio-fidelity corridor.

Although this method appeared to remove some of
the human intervention found in the ISO method, it
too had shortcomings (Hsu et al. 2005). The
selection of the standard signal with which to align
the others, still involved some subjectivity. The
method for aligning the curves involved variability in
time shifting, which could destroy relative timing
information and in some situations the resulting
corridor lacked physical meaning.

This paper presents a statistical, correlation based
method that builds upon the work incorporated into
the ISO and Maltese methods. One notable
difference in this new method is that it does not
generate physical corridors. Instead it examines and
compares the magnitude, shape, and phase
relationships of the curves to determine the level of
similarity. It then calculates a simple bio-fidelity
score, based on these cross-correlation comparisons.
This method avoids the issues caused by subjective
evaluation, time shifting, and variable time history
lengths. It is fully automatic and updatable. This
bio-fidelity score should be more statistics based,
straightforward, and representative of actual bio-
fidelity than the existing methods.

CROSS-CORRELATION BASED APPROACH

As discussed, current dummy evaluation methods
have areas that could be improved. In an earlier study
(Hsu et al. 2005), several areas for improvement were
identified. Among them, the use of a correlation
method to better preserve the signal characteristics
and to resolve issues resulting from time shifting,
manual standard curve selection, and inconsistency in
the integration time period. The proposed method
aims at forming a more objective, scientific,
statistically meaningful and easily applicable ATD
assessment alternative.

Areas of Improvement

This approach attempts to address the following areas
key to a broader scientific method in evaluating the
side impact ATD:

Incorporation of statistical correlations
Reduction of manual intervention
Incorporation of complete time history
Reduction of numeric issues

Automation of the process and improvement
of process robustness

The approach proposed does not require a fixed set of
PMHS data (one or greater is required). Rather, a
continuously updatable set of PMHS data is used.
The scheme does not shift the data as is done in
Maltese’s method. It is believed that the correlation
method will take care of the relative timing
information by using phase correlation coefficients.
By eliminating time shifting, the potential destruction
of relative timing information is avoided.

Steps

A flow chart of the proposed process is shown below.

(1) Mass-Scaling PMHS Data

v

(2) Data Quality Check
using Momemtum Conservation Theorem

(8) PMHS Inter-Correlations
(a) Magnitude and Shape Correlations
(b) Body Region Phase Correlations

(4) Dummy to PMHS Correlations

v

(5) Calculating Bio Score

The steps to obtain the biofidelic score of an ATD
consist of mass-scaling the PMHS data, scrutinizing
the data using the momentum conservation theorem,
calculating the magnitude, shape, and phase
correlations of the PMHSs and the dummy,
comparing the correlations of the dummy to the
averages of that of the PMHSs (magnitude and
shape), obtaining the relative phase differences
between different body regions of the dummy and of

Nusholtz 2



each PMHS, and calculating the bio-fidelity score of
the dummy using a multifactor based formula.

Data used in the study are from NHTSA's
biomechanical research program portfolio on its
public websites. Figure 3 shows a typical sled test
set-up. Figures 4 and 5 show some typical signal
traces for PMHSs and dummies in sled tests. The
data was mass-scaled to account for the different
sized PMHSs. Since no time shifting is performed, all
of the relevant signal timings are preserved.

Dummy
Evaluation

Figure 3. Typical set-up for NHTSA’s
biomechanical tests.
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Figure 4. Typical PMHS test time histories.
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Figure 5. Typical dummy test time histories.

(1) Mass-Scaling PMHS Data

The PMHS data is mass-scaled using Eppinger’s
technique (Eppinger et al. 1984). The scaling process
is described by Maltese (Maltese et al. 2002).

(2) Data Quality Check

Before the correlations are calculated, corrupted
signals need to be identified and removed to ensure
the quality of the process. ISO/TR9790 does this
similarly by removing from the data sets the PMHSs
which sustained severe rib fractures. In the approach
herein, data are scrutinized using the momentum
conservation theorem. The process is done to the
force data, based on the theory that the summation of
the force over time for a particular test condition
should be relatively consistent from test to test. The
same is true for the acceleration data, assuming
equivalent masses can be considered constant and
then applying Newton’s theorem, F=m*a. This way,
the contamination due to instrumentation malfunction
or improper calibration can be singled out easily.
Since the energy inputs are the same for the group of
PMHSs under the same test conditions, the
integration of the response time histories from that
group should yield the same value over time based on
the momentum conservation theorem (Equation 1.):

m*V =det ).

i.e., for a set test condition, the velocity and the
integration of the force over time should yield the
same results. Those PMHSs that deviate from the
majority of the group when integrated indicate that
they either have different momentum, incorrect set-
ups, an error in the data acquisition process due to
miscalibration, a bad connection, or a static
interference issue. The signals whose integrations
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deviate from the majority of the group are dropped.
e.g., an arbitrary 20% has been chosen as the
threshold for data elimination. Those having greater
than 20% deviations from the group mean are
considered to be outliers, or bad data. Only the data
meeting the momentum conservation equation are
used for the subsequent bio-fidelity evaluation. For
the purpose of illustration, a set of thorax rigid plate
high speed plate force signals is plotted in Figures 6
and 7. Five out of the six tests in the graph have
similar momentum, while the one with the dashed
line has distinctly different integration results. All
data except that test are then used for the correlation
analysis.

600
9 400
[
S
®
E 200
[7]
]
< 0- o
( 0.02 0.03 0.04

-200
Time, s
Figure 6. PMHS signals used for dummy

evaluation before integration and drop of bad
data.
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Figure 7. PMHS signals used for dummy
evaluation after integration. The test with a
dashed line is dropped as a result of failing the
momentum conservation theorem.

(3) PMHS Inter-Correlations

After the clean-up process, the correlation baseline
from the PMHSs can be established. The cross-
correlations between the PMHSs themselves are
calculated wusing the following methods. Three
quantitative indicators are utilized (Figure 8). They
are magnitude, shape, and phase correlations, as
described by Xu (Xu 2000).

Magnitude Shape i’hase

Figure 8. Schematic representation of three cross-
correlation indicators.

(3a) Magnitude and Shape Correlations

Mathematically, the magnitude and shape
correlations of the PMHSs are between 0 and 1, with
one indicating that the two signals are identical
(Figures 9 & 10).

Correlations

o
Y]

e Mean °

0.0

Figure 9. Typical scatter of magnitude cross-
correlation coefficients of PMHS test data.
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Figure 10. Typical scatter of shape cross-
correlation coefficients of PMHS test data.

The correlations are calculated in the following way
to achieve reasonable and balanced numeric results.
First, the one to one correlations between every two
PMHSs, including itself, are calculated.

1 2 3 n 1.2 3 n

PMHS PMHS

Figure 11. Magnitude and shape cross-correlation
calculation.

Their sums are averaged. In averaging the sums,
including or not including the auto-correlations (the
cross-correlations of a PMHS with itself) yields slight
differences in outcome, but is believed to be minimal
(Figures 12 & 14).

Tables 1 and 2 show some correlation calculations
from PMHS data in 9.8 mph tests using the PHF
(Padded High speed Flat/no offset) test condition.
The average of all PMHSs is shown in the top row,
and the PMHS with the worst correlation is shown in
the second row. As mentioned above, those time
histories failing the momentum conservation
guidelines are already excluded from the calculation.

. dummy @ PMHS

£\

@ @ @ =Averaging @ @ @/E =Averaging

Including Itself

NN
@ @ @ = Averaging @ @ @ @-:mvemging

Not Including Itself

)

)

Figure 12. Two schemes for collective correlation
calculations.

Table 1.
Example magnitude correlation results for three
different body regions (not normalized)

BIO-FIDELITY BASED ON MAGNITUDE - PHF
Thorax Abdomen Pelvis
PMHS(ave) 0.8185 0.9164 0.8841
PMHS(wst) 0.7265 0.7104 0.8650
SID 0.2683 0.6232 0.5762
ES-2 0.5950 0.8160 0.7198
WSID 0.7212 0.7246 0.8729

(3b) Body Region Phase Correlations

While the time history magnitude and the time
history shape correlations are based on a PMHS local
body region, the phase relationships are compared
between different anatomical regions (Figure 13).
Phases between the different body regions of each
PMHS are also averaged and the duration calculated.
The reason for this is that it has been seen that the
relative timing between body regions in a crash is
critical for representing human body kinematics
during an impact event.
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Figure 13. Schematic representation of phase
correlation calculation.

(4) Dummy to PMHS Correlations

As the next step, a dummy’s correlations to each and
every PMHS are calculated similarly to the way the
inter-PMHSs correlations are calculated. Some
earlier/prototype test data for SID, ES-2 and
WorldSID are used here as an example.

Dummy Evaluation
(Magnitude & Shape)

PN

12 3 .. n Dummy X
PMHS

Figure 14. The dummy time history is checked
against each PMHS time history in the process.

Bio Fidelity Score =

where,

The average of the magnitude, shape and phase
correlations of the dummy to each of the PMHSs is
obtained. These results are shown in Tables 1, 2 and
3, in the bottom three rows.

To check the dummy’s bio-fidelity, theoretically
either the worst PMHS performer, the best PMHS
performer or the average of a PMHS group can be
used as the threshold. Which is more appropriate, or
more truly reflects the dummy’s bio-fidelity, is yet to
be determined. Nevertheless, the procedures are the
same for either method. Only the results from the
averaged PMHSs are shown in Table 1. In the
following discussion, the average PMHS method is
used for the purpose of describing the process. If
using the best or worst PMHS is deemed to be more
appropriate, it can be easily implemented without the
need to change the formula.

(5) Calculating the Bio Score

A few variations in the dummy evaluation scheme
formulation can be used, as long as the main
objective remains to effectively measure the
closeness of the ATD’s responses to those of the
PMHS:s. In the proposed approach, after the
correlations of inter-PMHSs and between dummy
and PMHSs are calculated, summed, and averaged,
the ratios of the two averages are used for the bio-
fidelity score calculations. Equation 2 is proposed for
that purpose. In Equation 2, the scaling factor of 10
is used to yield a score of 0 to 10.

The magnitude and shape correlations are normalized
by dividing the average PMHS to dummy correlation
by the average PMHS to PMHS correlation (Table 2).
For the phase correlation contribution, the
coefficients are normalized according to Equations 5,
6 and 7. They represent results as a function of total
duration, as well as the time lags between different
body regions.

[RMAG * RSHA* RPHA]*10 ).

RMAG = Ratio of Average Magnitude Cross Correlations of
Dummy to PMHS to that of PMHS to PMHS

1.0, if >1.0) (3).
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RSHA = Ratio of Average Shape Cross Correlations of
Dummy to PMHS to that of PMHS to PMHS

1.0, if >1.0) (4).

RPHA = Ratio of RPHAl of Dummy to PMHS
to that of PMHS to PMHS

DURDIFF

RPHA1 =
z Duration

1.0, if >1.0) (5).

(6).

DURDIFF = Duration — Absolute Phase Differences
Between Body Re gions (7).

where,
Table 2.
Example magnitude correlation results for thorax
(normalized)
MAGNITUDE - Thorax PHF
Normalized

PMHS(ave) 0.8185

PMHS(wst) 0.7265

SID 0.2683 0.3278
ES-2 0.5950 0.7269
WSID 0.7212 0.8811

All three key indicators are represented in the
formula and given equal weights. The formulation of
the equation yields a score of 10 when the subjects to
be compared are identical and a score of O when they
are statistically completely unrelated. The evaluation
thus ties the closeness of the ATD impact response
time history of a given anatomical structure to that of
the impact response time history of the human
surrogates using a numeric score defined as the bio-
fidelity score. If the ATD’s statistical relationships to
the PMHSs are equal to or greater than those between
the PMHSs, the ATD’s bio-fidelity is considered to
be excellent. If it is below the statistical relationships

of the PMHSs then that is considered to have low
bio-fidelity.

Example

The sled data for the PHF test condition (Padded,
High speed /8.9 mph, Flat/no offset) from some
earlier/prototype SID-3, ES-2, and WorldSID tests
are used to show the process of the bio-fidelity
evaluation scheme being proposed (Tables 3 and Al).

The magnitude and shape correlations of the dummy
to the PMHSs are compared to the averages of the
PMHSs by dividing the correlations of the dummy to
the PMHSs by that of the PMHSs. In Table Al,
R8C4 (Row 8 Column 4) divided by R5C4 results in
R12C4, and R9C4 divided by R5C4 results in
R13C4, etc. If the quotient is greater than one, one is
used instead. The same is done with the shape
correlations (row 12-14, column 6, etc.). The relative
phase differences between different body regions of
each PMHS are obtained (timing differences shown
in ms in the example, row 5 col 8), as well as the
duration of each signal (time between the first zero
crossing before and after the peak time, row 5 col 9).
Note that those results are yet to be updated with
newly available SID-3, ES-2, and WorldSID data.
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Table 3.
Example magnitude, shape, and phase correlation
results for thorax (not normalized).

. Duration
Magnitude |Shape Phase (period)
5 PMHS(ave) 0.8185 0.9960 0.3189 53.75
8 |PMHS(wst) 0.7265|  0.9920
xg
5 E
,-E ‘z’ SID 0.2683 0.9767 5.0900
g ES-2 0.5950|  0.9895|  5.5800
~|wsip 0.7212 0.9872 7.0100

Process Verification

The sensitivity of the formula parameters is studied
in the process by using PMHS data as “dummy” data.
Theoretically when PMHS data are used as “dummy’
data and plugged into the formula, they should yield
a good or passing score because they are the very
data used as the baseline to form the dummy
evaluation equations. To confirm this, several trials
are run to examine the robustness and practicability
of the method. The scheme is verified using several
arbitrarily picked PMHSs as “pseudo dummy” data.

Discussion

Differences exist between ISO9790, Maltese’s
method, and the cross-correlation based approach
proposed by this study, e.g. the corridor definitions
and the way dummies are judged. ISO9790 does not
shift the signals. Maltese’s method shifts the time
histories based on the minimum cumulative variance
relative to a master time history. ISO corridors often
contain all the normalized response data within its
corridors while the Maltese corridors use the signal
mean plus and minus one standard deviation as the
upper and lower boundaries. Three key differences
between ISO9790, the Maltese method, and the
approach herein are the algorithms used, the corridor
definitions, and the way dummies are judged. Table
A2 gives a brief summary of differences between the
three evaluation schemes.

Summary

A cross-correlation based evaluation scheme is
proposed. The statistical characteristics of the
relationship between human surrogate and ATD
impact response time histories are used to evaluate
the ATD’s bio-fidelity. The evaluation is done by

determining if the ATD impact response time history
of a given anatomical structure is statistically similar
to that of the impact response time history of the
anatomical structure in the human surrogates used for
comparison. Three key parameters are used:
magnitude correlation, shape correlation, and the
phase relationship between different anatomical
regions. The data relevancy is determined by
kinematical factors such as conservation of
momentum. The proposed approach eliminates the
requirements for time shifting. The process is similar
to the cumulative variance technique used in
Maltese’s method. It continues the work of Maltese
with respect to reducing the human intervention in
the existing bio-fidelity rating schemes.

Using this proposed bio-fidelity evaluation scheme, if
an ATD’s statistical relationships to the PMHSs are
equal to or greater than the statistical relationships
between PMHSs, it is considered to be bio-fidelic. If
the statistical relationships are in the same ranges as
that of the PMHSs, it is considered to be acceptable.
If it is below the PMHSs, it is considered to have low
bio-fidelity.

The process discussed in this paper is merely the
framework of a side impact dummy evaluation
scheme. Complete evaluation of a particular dummy
requires additional work to finalize and test the
scheme. Also, the proposed scheme at the time of this
publication is not ready to be used for dummy design
guidance. In other words, although the proposed
approach certainly provides a tool for dummy
evaluation, it does not provide provisions for dummy
development targets. There is no corridor or curve to
design a dummy to, as the ISO and Maltese methods
have. Additional work will be needed to develop a
similar design tool.

Further Work

More work remains to be done before this approach
will be in its final form. At this time, a complete
evaluation of a dummy is yet to be performed. On
one hand, a more comprehensive PMHS database is
needed. Without that, a reasonable statistical meaning
of the scheme can not be achieved. Fortunately,
thanks to the approach’s flexibility, the scheme can
be easily updated as additional data becomes
available. On the other hand, how the correlation
method should be formulated to achieve the best
representation of the dummy’s bio-fidelity remains to
be further explored. How the weights should be
applied to achieve the best balance of all the relevant
factors in the formula, (i.e. how the three correlation
indicators should be weighed and combined and
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whether their product or summation should be used)
remains to be answered. In addition, where to draw
the line between the acceptable or not-acceptable
ATDs is also somewhat subjective in the proposed
approach. Whether a physical corridor or a score
should be used as the rating tool remains to be
decided. Whether the power statistics, T-square or
some other approach should be used is to be studied
as well. Whether the test data should be screened for
adequacy, and how that should be done, is yet to be
agreed upon by researchers in the field. All in all,
there is a lot of work yet to be done, but this proposed
ATD evaluation scheme provides a promising
alternative in applying correlation tools in side
impact dummy bio-fidelity evaluation.
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APPENDIX A

Table Al.
Sample results of bio-fidelity score calculation
1 2 3 4 5 6 7 8 9 10
1 Score
Scales of
2||PHF 0-10
10 being
Duration the most
3 Magnitude Shape Phase (period) Biofidelic
4{(Thorax
5 PMHS ave Mag 0.8185]ave. shape 0.9960|ave phase 0.3189 53.75
6 PMHS wst Mag 0.7265|wst shape 0.9920
7]
8 SID 0.2683 0.9767 5.0900
9 ES-2 0.5950 0.9895 5.5800
10, WSID 0.7212 0.9872 7.0100
11
12 < |SID 0.3278 0.9806 0.9107 2.9
13 = [ES-2 0.7269 0.9935 0.9015 6.5|
14 s [WSID 0.8811 0.9912 0.8748 7.6
15)
16{[Abdomen
17 PMHS ave Mag 0.9164]ave. shape 0.9945|ave phase 0.2706 42.19
18 PMHS wst Mag 0.7104]wst shape 0.9937
19
20 SID 0.6232 0.9736 5.4911
21 ES-2 0.8160 0.9830 5.4018
22 WSID 0.7246 0.9809 6.2500
23
24 3 SID 0.6801 0.9790 0.8755 5.8
25 s [ES-2 0.8904 0.9884 0.8776 7.7
26 2 |WSID 0.7907 0.9863 0.8574 6.7
27
28||Pelvis
29 PMHS ave Mag 0.8841]ave. shape 0.9965|ave phase 0.2296 40.00
30 PMHS wst Mag 0.8650]wst shape 0.9934
31
32 SID 0.5762 0.9844 6.4732
33 ES-2 0.7198 0.9926 4.6429
34 WSID 0.8729 0.9850 6.6518
35
36 3 SID 0.6517 0.9879 0.8430 5.4
37 s |ES-2 0.8142 1.0000 0.8890 7.2
38 s |WSID 0.9873 1.0000 0.8385 8.3

I:l Due to lack of data availability, some of the results shown are not based on a complete data set.
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Table A2,

Comparison of different side impact dummy evaluation schemes

ISO/TR9790

Maltese

Correlation

Evaluation

Expert evaluation

Statistical variance

Statistical correlation

Data screening

Severe rib fracture
eliminated

No data exclusion

Irrelevant data eliminated
through the momentum
conservation theorem

Corridors Upper and lower corridors Mean +/- one standard No physical corridors
deviation corridors
Alignment Manual alignment with some | Alignment based on Alignment through
relative timing conservation | minimum variance correlation phase indicator
Processing Manual processing Automatic processing Automatic processing

Numeric issues

No known numeric issues

The standard curve selection
leading to variability

No known numeric issues

Numeric issues

Negative corridor issue

Numeric issues

Some irregular corridors
(zero corridor width) or
corridors with less physical
meaning

Numeric issues

Sometimes unstable outcome
due to integration time
window

Update

Update with new test data
cumbersome

Updatable

Easily updatable

Manual work

More human interventions

Less human interventions

Minimum human
intervention

Design
guideline

Provides design guidance

Provides design guidance

Does not provide design
guidance

Nusholtz
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ABSTRACT

Full-scale crash tests were conducted to investigate
the correlation between the 5™ percentile Hybrid III
dummy kinematics and chest response at three test
speeds. A total of 20 comparative full frontal rigid
barrier tests were conducted at 40, 48 and 56 km/h
with the dummies placed in the front and rear
outboard seating positions.

As test speed increases to 56 km/h, the forward
excursion and rotation of the thorax increases
significantly. This rotation combined with chest
jacket distortions inhibits the accurate measurement
of chest deflection. The influence of the seat
characteristics and belt geometry at peak load are
explored.

A new multi-point sensing device, known as the
RibEye is introduced in full-scale rigid barrier tests to
evaluate the role of multi-point sensing in enhancing
the accuracy of chest deflection measurements. This
new instrumentation may significantly reduce the
sensitivity to belt placement associated with
traditional single point measurements.

An impulse calculation method to evaluate the load
management capability of restraint systems is
proposed.

INTRODUCTION

In 2001 the Government of Canada published in the
Canada Gazette, a Notice of Intent to change the
Canadian Motor Vehicle Safety Standard for frontal
protection (CMVSS 208). The department strives to
harmonize motor vehicle safety standards with the
U.S., except in cases where harmonization would
lead to the relaxation of an existing safety
requirement.

The CMVSS 208 currently requires that the peak
chest deflections for the Hybrid 111 50™ male remain
below 50 mm for frontal rigid barrier tests conducted

at up to 48 km/h. Complete harmonization with the
U.S. FMVSS 208 would mean increasing the
allowable chest deflection limit to 63 mm for the
male and adopting a limit of 52 mm for the 5"
percentile female. Raising the limit for chest
deflection to levels that are beyond the magnitudes
measured in vehicles would negate the benefit of
including chest deflection as an injury criterion. A
lower limit scaled to the 50" male is needed for the
5" percentile female.

Transport Canada has been engaged in the conduct of
research to investigate the characteristics of the chest
under belt and or combined belt and airbag loading
conditions to identify the factors affecting chest
response in the 5" percentile ATD. A study on the
effects of breast anthropometry on chest response
was reported in Stapp 2006 (Tylko, S. et al). During
the course of this investigation it became evident that
chest deflection did not increase linearly between 40
and 56 km/h FFRB tests. The dummy behaved
differently at higher test speeds.

As the test speed is increased the extent of forward
excursion and rotation about the torso belt is
amplified and torsion of the jacket with respect to the
rib cage becomes more noticeable. Observation of
the high-speed video indicated that the dummies
rotated outboard as they approached the limit of
forward excursion thus redirecting the load away
from the single point measurement sensor in the
sternum.

A new multi-point sensing system was added to the
instrumentation of the dummy to assist in the
characterization of load application. The paper
presents the preliminary multi-point measurements
and the results of an alternative approach used to
investigate the kinematics of the dummy and the
influence that this may have on chest response.
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METHODOLOGY
Crash Tests

Frontal rigid barrier tests were carried out at 40, 48
and 56 km/h with model year 2006 - 2007 vehicles.
The Hybrid 111 5™ percentile female anthropometric
test device (ATD) manufactured by Denton ATD and
FTSS were seated in the front and rear outboard
seating positions. Test set-up, vehicle preparation,
and dummy positioning for the front seat were done
in accordance with the respective sections of the
FMVSS 208 requirements for the full frontal rigid-
barrier tests (FFRB).

The rear doors were removed to provide optimized
camera views of the dummy kinematics. Video
cameras were attached to the vehicle as shown in
Figure 1. Pre and post-test dimensions were obtained
to monitor for B-pillar displacement during the test
should it occur.

— -

Figure 1: Plan view of camera locations.

Instrumentation and Video Imaging

Data were recorded at 10kHz and filtering was
performed in accordance with SAE J211. High-speed
videos at 1000 frames/second were obtained and
included lateral views of the front seat occupants;
lateral and a frontal view of the rear seat occupants.
Overhead camera views of the occupants were
obtained for one vehicle with a retractable roof
(convertible).

The baseline instrumentation in the dummies
included a tri-axial accelerometer at the head CG, a
6-axis load cell at the upper and lower neck and
lumbar spine; a 3-axis clavicle load cell; tri-axial
accelerometers at the upper, mid and lower spine and
pelvis; accelerometers at the top mid and lower
sternum; and single axis load cells in the femurs. The
chest potentiometer was supplemented with either the
THUMPER kit consisting of four IR-TRACCs
(InfraRed — Telescoping Rod for Assessment of Chest
Compression) or the RibEye for multi-point sensing.

RibEye

The RibEye is an electro-optical system developed by
Boxboro Systems and Denton ATD for the
measurement of rib deflections. The first production
version was developed for Transport Canada for use
in the 5" Female Hybrid 11l ATD. The RibEye
measures the X and Y locations of 12 points on the
ribcage using optical triangulation at a sampling rate
of 10 kHz. Light emitting diodes (LEDs) can be
attached to the ribs anywhere within the measurement
range, offering much greater measurement flexibility
than the traditional fixed sensors. Two light angle
detectors are mounted on the sides of the spine box
while the RibEye controller, is mounted in the spine
box. The RibEye controller auto adjusts the
brightness of each LED to enhance accuracy. After
the angle data is acquired, the controller calculates
the X and Y position of each LED by triangulation
and reports the data in millimeters with an accuracy
of 1 mm.

Figure 2: RibEye sensor & light detector location.
RESULTS
RibEye Chest Deflection

Tests were conducted with the RibEye installed in a
Denton 5" percentile Hybrid 111 ATD. The 12 sensors
were located on each rib at approximately 60 mm
from the centerline of the sternum. By comparison,
the four IR-TRACCs are attached at approximately
30 mm from the centerline of the sternum. As shown
in Table 1, the majority of the tests were conducted in
the rear seat to investigate the RibEye response in
belt only loading conditions. Two driver tests were
also conducted to evaluate the RibEye performance
in combined belt and airbag loading conditions and
compare this to the pure belt loading responses.
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Table 1: Tests conducted with the RibEye

FFRB Test Speed
Position | 40km/h | 48 km/h | 56 km/h
11 1
13 1
14 1 1
16 2 1 4
Hpot BRibEye max @RibEye min
70
= 60
£ 50
g 40
'§ 30
= 20
0 10
0
50 40 48 56
km/h km/h km/h km/h

Figure 3: Comparison of peak chest deflection
measured at potentiometer to peak RibEye
measurement for rear seat, belt only.
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Figure 4: Comparison of peak chest deflection
measured at potentiometer to peak RibEye
measurements for a driver at 48 and a driver at 56
km/h with belt & airbag.

As can be seen in Figure 3 the discrepancy between
the deflection measurement of the potentiometer and
the RibEye measurement of the individual ribs
increases as test severity is increased. The first series
of bars represent the measurement results obtained in
a soft car-to-car test whereas the tests at 40, 48 and
56km/h were all FFRB tests conducted with the
dummy seated in the rear seat. The RibEye detected
greater peak deflections than the potentiometer in all
tests that were conducted at 56km/h. This confirms
the greater out-of-plane motion that was observed in

the videos of the higher test speed tests. Figure 4
illustrates the effect of combined belt/ airbag loading
in the two tests that were conducted with the dummy
seated in the driver seat.

Crash videos were reviewed to determine the belt
drape. Tests were classified, as having belt routing
that was close to the neck, at the mid-shoulder and
distal to the shoulder. RibEye measurements were
normalized as a function of potentiometer
measurement and plotted for both sides of the
ribcage.

ERight OLeft

k1L

Ribs

Figure 5: Potentiometer measure normalized to
the individual RibEye deflection values for a belt
that passes close to the neck. Left rear passenger.
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0.2
O _
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Figure 6: Potentiometer measure normalized to
the individual RibEye deflection values for drivers
with belt and airbag loading at 48 & 56 km/h.

Figure 5 is an example of the type of deflection
pattern that is observed when the belt lies close to the
neck. In this example the rear passenger dummy was
seated behind the driver in a 40km/h FFRB test. The
greatest rib deflection is observed on the right side of
the rib cage. Figure 6 displays the deflection pattern
observed when the belt and the airbag load the chest.
In the 56km/h test the chest was evenly loaded
however, in the vehicle that underwent the 48km/h
test the videos confirmed that the shoulder belt was
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very close to the neck resulting in higher peak upper
rib deflections relative to the central potentiometer.

The RibEye system was able to consistently
characterize the asymmetrical deformation of the
chest for the belted loading conditions. An ATD
seated behind the driver will have greater deflections
on the right side of the chest as it rotates into the belt
and outboard. Similarly for the passenger seated
behind the front passenger, deflections will be greater
on the left side of the thorax.

The system was found to track the belt position at
peak load rather well. When the belt was close to the
neck, the RibEye/ potentiometer ratio was greater
than unity and progressively dropped in magnitude
from the upper ribs down to the lower ribs. However,
as the belt moved away from the neck and towards
the middle of the shoulder, the normalized ratio for
the lower ribs approached unity and was more evenly
distributed from top to bottom. The sample contained
only one vehicle model where the belt was clearly
draped at the extremity of the shoulder. It was not
possible therefore to draw any conclusion from this
test since the lap belt penetrated the dummy
abdomen.

Interference with the potentiometer resulted in data
loss during the initial trials of the system. However
the problem was rectified with a slight adjustment of
the sensors. Data loss was also observed to occur
occasionally in more severe test conditions with the
lower rib channels. The data loss was likely related to
the upward displacement of the abdominal insert.

Kinematic Analysis & Chest Deflection

Removal of the rear doors made it possible to obtain
a full lateral view of the dummies as they engaged
the seat cushion and restraint system in the rear seats.
Generally the motion of the ATD’s can be described
as:

a) Translation of the upper body and pelvis
with minimal vertical motion; or

b) Rotation of the upper body about the lap belt
with large vertical displacement into the seat
cushion.

The initial loading phase of the lumbar spine force
appears to be a good indicator of these motions as
each of these kinematic behaviors is associated with a
distinctive time history trace. Figure 7 displays
sample time history traces of the lumbar spine force
in the vertical axis for three different vehicle seats
associated with this motion. In the case of translation
the vertical lumbar spine is in compression, early in
the event as the pelvis and thighs of the dummy
rapidly engage the seat cushion and belt. Extension of

the spine follows during rebound resulting in a clean
sinusoidal trace. Figure 8 displays samples of time
history traces for lumbar spine forces for four
different vehicle seats wherein rotation was the
principal motion. In these examples the lumbar spine
is in extension at the onset of the loading phase.
Observation of the videos suggests that this initial
extension is characterized by a forward ramping of
the pelvis; the dummy has less contact with the seat
cushion and almost appears to become airborne in
some cases. This motion early in the event
contributes to spring-like oscillations of the dummy.
The seatbelt and seat are discordant and there is
substantially more out of plane motion than in the
cases where translation is the predominant motion.
Consequently, there is a greater tendency of lap belt
migration into the abdominal cavity and greater
opportunity for the head to strike the surrounding
structure. The lumbar spine force response is
dependant on seat and restraint system but does not
appear to be affected by test severity.

3000
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1000 -

0 -

-1000 -

-2000 -

Lumbar Spine Force Z [N]

-3000

Time [s]

Figure 7: Time history traces of lumbar forces in
dummies characterized by a translational motion
in rear seats.

Lumbar Spine Force Z [N]

Time [s]

Figure 8: Time history traces of lumbar forces in
dummies characterized by a rotational motion in
rear seats.
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The lumbar force time history may also be used to
qualify, or explain the chest deflection measured at
the potentiometer. The example shown in Figure 9
illustrates the interaction that occurs between chest
deflection and the dummy kinematics. The time
history traces presented are from a 56km/h test where
the ATD was in the right front passenger seat. The
chest deflection stops and remains constant at the
moment that tension in the lumbar spine is released.
There is no further deflection because the dummy is
sliding downward into the seat. While this kinematic
timing may be effective in reducing chest deflection,
the risk of lap belt intrusion into the abdominal cavity
may be increased.

Figure 10 illustrates the relationship between the
lumbar spine forces and chest deflections at 48km/h
and 56 km/h in the same vehicle model. As speed is
increased the character of the traces remains
unchanged but the magnitude is amplified. In this
case the vertical force does not explain the observed
difference in deflection.

‘ | umbar F Chest DX ‘

Lumbar Force [N]
Deflection [mm]

-0.01 0.04 0.09 0.14
Time [s]

Figure 9: Time history trace of lumbar force and
chest deflection for the front right passenger with
seatbelt and airbag in a 56km/h FFRB test.
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Figure 10: Time history trace of lumbar vertical
force and chest deflection for the driver with belt
/airbag in a 48 & 56km/h FFRB test.

Lower Neck Upper Balt

Lumbar Spine

Figure 11: Free body diagram of forces included
in the calculations.

Load Management

Comparison of dummy responses can be quite
complex to carry out particularly when the dummies
are in different vehicles, seat positions and exposed
to different test speeds. Ideally, a comparison of the
load distribution between the dummy and the
restraint system could help quantify the energy
management capabilities of a particular restraint
system.  Furthermore, qualification of load paths
could help explain why deflection does not
necessarily increase with increasing test speeds.

The individual force channels for the neck, pelvis,
femurs, and lap and shoulder belt were integrated in
time and summed as a function of time to provide an
estimate of the total impulse in time. Figure 11 shows
a free body diagram of the forces. Since this was a
preliminary investigation calculations were restricted
to two dimensions F, and F,. Comparisons were
conducted with two FTSS 5™ percentile Hybrid III
dummies. The equations used for the calculations are
presented in the Appendix.

Four separate comparisons will be presented as
follows:

1. 2drivers, 2 vehicle models;

2. Driver & passenger same vehicle crash;

3. Right front & right rear passengers same
vehicle crash.

4. 2 drivers, same vehicle model two test
speeds

The first sample includes a comparison of two
dummies seated in the driver seat of two vehicles
undergoing a FFRB test at 48 km/h. The dummies
were each restrained by a seatbelt and an airbag.
Figure 12 displays the loads on the belt in the solid
color and the loads on the dummy in the shaded
color. The test labeled as A and colored blue,
indicates that more force was exerted on the dummy
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than on the belt. In fact, the shoulder belt force,
which was 3.5 kN for the driver was relatively low
given that the chest was compressed to 38 mm. The
driver clearly had femur contact with the knee
bolsters since the femur loads were of the order of 4
kN in this test. In contrast, the belt forces for test B
shown in red were significantly greater than the sum
of the forces on the dummy. The dummy experienced
very little load application. The seatbelt in this
vehicle seems to have provided better energy
management.

In the next plot, Figure 13 shows that the difference
in chest deflections was 11 mm and that the chest in
test A in blue was loaded more rapidly, more
abruptly than in test B. In Figure 14, the third and
final plot of the comparison, the two chest
acceleration traces are overlaid, the blue trace or test
A displays a more rapid drop and is noisier than the
red trace of test B but the chest clips are equal.
Overall the plots suggest that the restraint system in
test B offered better chest protection.

The second sample is a comparison of a dummy in
the driver seat and a dummy in the right front
passenger seat of the same vehicle in a 56km/h FFRB
test. Both dummies were restrained with the seatbelt
and the airbag.

In Figure 15 the loads on the driver shown in shaded
red are greater than the loads on the belt (solid red).
The loads on the driver rose much more rapidly and
were greater than the sum of the loads on the
passenger shown in the shaded blue. The loads on the
passenger belt shown by the solid blue trace were
much greater than the loads on the passenger. The
passenger therefore, appears to have exerted more
force on the belt than the driver. The driver left femur
load was above 8KkN, the lumbar spine force was 3kN
while the axial tension in the neck for the driver was
above 2kN (N of 0.98) in this test, hence with such
large loads transmitted above and below the chest it
is not surprising to see that the chest was by-passed
altogether.

Deflection for the driver, shown in red in Figure 16
was only 19 mm while for the passenger the chest
deflection, shown in blue was 26 mm. Figure 17
displays the time history trace for the chest
acceleration in red for the driver and in blue for the
passenger. The onset of chest acceleration for both
dummies were equal, however, beyond the initial
peak the responses were quite different. The chest
clip did not reflect the differences observed in the
acceleration responses between the driver and
passenger nor did they provide any indication that the
load paths were away from the chest for driver and
involved the chest for the passenger.

The third sample is a comparison of a dummy seated
in the right front passenger seat with a dummy seated
in the rear right passenger seat of a vehicle that
underwent a FFRB test at 40 km/h. The front seat
passenger is restrained with a seatbelt and airbag and
the rear dummy is belted only.

Figure 18 illustrates the loads transmitted to the front
passenger dummy in blue and the rear passenger
dummy in red. Both belt load curves were well above
the two dummy load curves. The sum of the dummy
forces was slightly greater for the rear passenger but
both dummy traces displayed a similar trend. This
particular vehicle has firm seats and good belt
geometry. The lumbar spine vertical forces for both
the front and rear dummy are in compression early in
the loading phase and there is good engagement
between the pelvis and the seat cushion. The video
analysis suggests a controlled deceleration of the
dummies.

The deflections are shown in Figure 19. With the
exception of the pretensioner response observed in
the blue trace for the front passenger the shape of the
traces were very similar. Deflection for the rear seat
passenger shown in red was greater than for the front
seat passenger seat by approximately 7 mm.

Figure 20 displays the chest acceleration traces, the
pretensioner and load limiting effects of the front
seatbelt shown in blue, cause a more gradual
deceleration of the chest. Though the difference in
chest clip is only 5g, the rear occupant is decelerated
more rapidly and without interruption.

The final sample is a comparison of two dummies
seated in the driver seats of two identical vehicle
models tested in a 48 km/h and 56km/h FFRB crash.
The blue traces represent the 48km/h test while the
red trace represents the 56km/h test in all three
graphs. Figure 21 indicates that the belt loads in both
tests were comparable during the first 100 ms.. The
sum of forces for the dummy was greater in the
56km/h test.

In Figure 22 the peak deflection measured at 56km/h,
shown in red, was 26mm compared to 29mm for the
48km/h test. The chest acceleration traces in Figure
23 indicate a more rapid and slightly longer
deceleration at 56km/h, yet there is only a 3g
difference in chest clip.

While deflections were lower at 56km/h, the sum of
impulses on the driver suggest that load paths were
redirected to regions other than the chest in the higher
severity crash test.
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Sample 1 Sample 2
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Figure 12: Comparison of load distribution for the Figure 15: Comparison of load distribution for the
dummy and the seatbelt for drivers in two 48km/h dummy and the seatbelt for the driver and front
FFRB tests. passenger into a 56km/h FFRB test.
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Figure 16: Corresponding chest deflection recorded

Figure 13: Corresponding chest deflections
in the 56km/h FFRB test.

recorded in the two 48km/h FFRB tests.
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Figure 17: Corresponding chest accelerations

Figure 14: Corresponding chest accelerations -
recorded in the 56km/h FFRB test.

recorded in the two 48km/h FFRB tests.
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Figure 18: Comparison of load distribution for the
dummy and the seatbelt for the right front and rear
passenger in a 40km/h FFRB test.
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Figure 19: Corresponding chest deflections recorded
in the 40km/h FFRB test.
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Figure 20: Corresponding chest accelerations

recorded in the 40km/h FFRB test.
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Figure 21: Comparison of load distribution for the
dummy and the seatbelt for the drivers in 48km/h
and 56km/h FFRB tests.

| =——A-11 =—B-11 |
0
— 51
£
E. -10
c
S -15
[&]
& 201
5]
0O o5 |
-30
0 0.05 0.1 0.15 0.2
Time [s]

Figure 22: Corresponding chest deflections recorded
in the 48km/h and 56km/h FFRB tests.
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Corresponding chest accelerations recorded in the
48km/h and 56km/h FFRB tests.
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DISCUSSION & CONCLUSION

Comparative testing with the Hybrid 111 5 female
dummy was conducted at 40, 48 and 56km/h to gain
a better understanding of the effects of dummy
kinematics and load distribution paths. New
instrumentation capable of measuring deflection in
two dimensions at 12 locations along the ribs of the
dummy thorax will greatly facilitate the
characterization of the chest response. The
preliminary trials carried out in this test series
suggest that this system could prove useful in
delimiting belt routing on the chest. Asymmetrical
loading particularly in more severe test conditions
appears to be quantifiable with this system. Further
testing under controlled conditions, should be
conducted in order to determine where the sensors
are best positioned to achieve optimal measurements.
While the optical sensors require a clear line of sight,
interference due to obstruction does not appear to be
a problem unless belt intrusion and abdominal insert
displacement occurs.

The lumbar spine force time history trace is a good
indicator of seat and restraint performance. Video
images confirm that lumbar force compression early
in the event is associated with better seat cushion and
seatbelt engagement and results in a more controlled
deceleration. This signature trace is independent of
test speed. Examination of the relationship between
lumbar force and chest deflection time history traces
can also, in certain vehicle models, help explain an
unexpected reduction or increase in chest deflection
since it reflects the vertical displacement of the
dummy. Though not included in this study, the
addition of anterior superior iliac spine load cells
could provide a better definition of lap belt
interaction with the pelvis and abdomen of the
dummy.

The forces at the neck, lumbar spine and femurs were
used to estimate the total impulse in time detected by
the dummy and the total impulse in time measured in
the seatbelt. Based on this exploratory exercise the
method appears to offer the possibility of estimating
the proportion of impulse from the crash that is
directed to the dummy and the proportion transmitted
to the belt. Measurements of direct load applications
such as force and chest deflection are authoritative
indicators of dummy load paths. Global measures
such as acceleration clips provide only a snapshot in
time and do not adequately describe the severity or
duration of the loading event. The identification of
load restrictions to key body regions could eventually
provide a more comprehensive systems approach to
the evaluation of occupant protection systems.
Further applications of this method to a larger sample

of crashes will be completed to validate the process
and establish correlation with existing injury criteria.
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APPENDIX

Impulse calculation equations:

t=0| t t

t=0.2| t+i t+i
pUIseZ (t|) = '[ aneck + _[ leumbar
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