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ABSTRACT

THOR is expected to be the next regulatory frontal
impact crash test dummy. It brings substantial
biofidelity improvements and additional
measurement capabilities compared to the current
Hybrid III dummy. However, THOR-NT lower
abdomen biofidelity was reported as limited. To
improve it, numerical modelling would allow the
evaluation of several design solutions but would need
a validated THOR Finite Element (FE) model. Under
NHTSA initiative, a THOR FE model was developed
and made publically available. The current study
aimed at validating the lower abdomen of the THOR-
NT version 1.0 FE model issued in 2011. Impactor
and seatbelt tests performed on THOR-NT according
to published Post Mortem Human Subject test set-ups
were simulated using LS-DYNA FE code.
Limitations of the current material model used for the
abdomen foam block were highlighted and additional
material characterisation was performed to take into
account foam compression rate sensitivity. Abdomen
model response was improved for rigid-bar load type,
whereas validation under seat belt tests suggested that
additional investigations should be carried out
including the validation of the pelvis flesh model.

INTRODUCTION

THOR abdomen biofidelity specifications were
defined from Cavanaugh et al. (1986) Post Mortem
Human Subject (PMHS) tests. A Biofidelity corridor
was defined from them by Hardy et al. (2001) that
THOR response only fulfills until 80 mm of
penetration as shown by Hanen et al. (2011). This test
configuration aimed at simulating the impact between
a car occupant and the lower rim of the steering
wheel. However, it did not consider the dummy
biofidelity under seat belt loading for restrained
drivers and other occupants in the car. In addition,
Elhagediab et al. (1998) found that the seat belt was
reported as the most common source of AIS3+
injuries to the digestive system.

Hanen et al. (2011) evaluated THOR-NT lower
abdomen mechanical response under seat belt load
and found that the dummy abdomen did not match
the PMHS corridors defined by Foster et al. (2006).
Proposals for modifications to the THOR lower
abdomen were presented by Masuda and Compigne
(2012). The prototype response was more biofidelic
but could be further improved by tuning its abdomen
block characteristics and looking at the interaction
with other body parts (upper abdomen, pelvis flesh).
This can be efficiently done using the THOR FE
model. As a first requirement to this approach, the
current abdomen FE model was validated comparing
its lower abdomen response to Hanen et al. (2011)
experiments on THOR-NT crash test dummy. The
comparison of the original model response with the
test results is presented in this paper together with
improvements of the abdomen foam material
properties. Finally, the modified model was evaluated
against the same test data.

METHODS

Tests performed by Hanen et al. (2011) on THOR-
NT were simulated with THOR FE model under LS-
DYNA® software.

Test set-ups

THOR-NT lower abdomen mechanical response was
assessed by Hanen et al. (2011) under two kinds of
dynamic loading conditions:

- Impactor tests according to Cavanaugh et al.
(1986) test set-up were performed with a
25 mm diameter rigid bar of length 300 mm
and mass 32 kg. Initial speed was set at 3
and 6.1 m/s. Measured speeds during tests
are presented in Table 1. The back of the
dummy was unrestrained (Figure 1.a),

- Seatbelt tests according to Foster et al.
(2006) test set-up were reproduced with
either one or two pretensioners retracting the
seatbelt. In that case the back of the dummy
was fixed (See Figure 1.b). The retraction
velocity profiles for the two conditions are
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shown on Figure 1 and peak velocity values
are reported in Table 2.

(@) (b)
Figure 1. (a) Impactor test from Hanen et al.
(2011), (b) Seatbelt test from Hanen et al.
(2011).

Table 1.
Rigid-bar tests

Theoretical Impactor Measured
speed (m/s) mass velocity (m/s)
Low speed TME-1 3.03
(3 m/s) TME-3 2.75
High speed TME-4 6.16
(6.1 m/s) TME-5 6.15
Table 2.

Peak retraction velocities for seatbelt tests

Pretensioner | Test Id | Peak velocity (m/s)
. TAP-02 114
A (high speed) =, p703 10.8
TAP-04 4.9
B (low speed) TAP-05 51

In rigid-bar simulation set-up, a mass of 32kg
was assigned to a cylindrical rigid bar modeled with
solid elements having steel material properties,
subjected to a 3 m/s or 6.1 m/s initial velocity
(average speed of each impactor test configuration
was considered). The dummy was positioned on a
plane surface with outstretched legs. His lumbar
spine joint was in slouched position (9° between
lumbar bracket and pelvis bracket). The gravity was
applied alone during 500 ms before the impact in
order to reproduce the interaction between the
dummy pelvis flesh and the ground using an
AUTOMATIC_SURFACE_TO_SURFACE contact. An
AUTOMATIC_SURFACE_TO_SURFACE contact was also
defined between the impactor and dummy
components - jacket, front foam block and pelvis
flesh. A 0.185 friction coefficient was defined in this
contact.

Impact forces were extracted from the contact
between the rigid-bar and the dummy. The deflection
was calculated by subtracting the longitudinal
displacement of THOR abdomen rigid back plate

node to the one of an impactor node. Low speed
impact simulation was compared to TME-1 and
TME-3 tests. High speed impact simulation was
compared to TME-4 and TME-5 tests.

In seat belt simulation set-up, the dummy was
positioned on a plane surface, its back tangent to a
vertical plane surface. No gravity was applied since
the dummy / ground interaction was believed to be
less important than in the impactor tests due to the
limited dummy displacement. The seatbelt is
modelled with shell elements with membrane
formulation. The material model is FABRIC defined
as locally orthotropic with Young’s modulus of
4.201GPa in longitudinal and normal directions (0 in
transverse direction) and Poisson’s ratio of 0.4 in all
the directions.

An AUTOMATIC_SURFACE_TO_SURFACE contact was
defined between the seatbelt shell elements and a set
of dummy parts including the pelvis, the lower jacket
and the front foam block of the dummy. This contact
included a 0.2875 friction coefficient. The seatbelt
velocity profiles specific to each test (Figure 2) was
applied as imposed motion to a rigid bar pulling the
seatbelt backwards.

The seatbelt force was computed by adding the
output forces of two CROSS_SECTIONSs. They
consisted of shell elements taken on both sides of the
seat belt at similar levels than the two seat belt load
cells used in tests. The penetration was calculated by
subtracting the longitudinal displacement of a node
placed on the pelvis flesh side to the one of a seat belt
node positioned at the dummy umbilicus.
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Figure 2. Seatbelt retraction speeds for pretensioner

“A” (TAP-02 & TAP-03) and pretensioner “B”

(TAP-04 & TAP-05).

Figure 3 and Figure 4 show simulation set-ups for
impactor and seatbelt loading respectively. Models
were run using the LS-DYNA explicit Finite Element
code Version 971sR4 under 8 CPUs with SMP
processing.
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Figure 3. Simulation set-up for rigid-bar tests.

L

Figure 4. Simulation set-up for seatbelt tests.

Lower abdomen front foam block modelling

The dummy lower abdomen is made of two types of
foam. The outer layer is a very soft open cell foam
known as charcoal polyester while the inner layer is a
stiffer sponge rubber (GESAC, 1998; Figure 5).

L =5

Figure 5. THOR-NT lower abdomen (Top view:
outer layer in green, inner layer in yellow).

The material model MAT_LOW_DENSITY_FOAM (057)
was used in the THOR model of the front foam block
(outer layer). A viscoelastic formulation is included
in this material card to account for strain rate effect.
However, the material card does not allow the user to
define actual stress factor versus strain rate but only
some viscoelastic parameters which are difficult to
tune. The stress-strain curve implemented in the
model corresponded to a strain rate of 35 s™'. This
curve was obtained from a compression test at

1.8 m/s on a 50.8 mm side cube. The unloading phase
is also computed from this curve.

However, strain rate peaks between 50 st and 200 s
were observed in rigid-bar loading and between 70 s
and 420 s in seat belt loading. Therefore, it was
thought useful to use MAT_FU_CHANG_FOAM (083)
model (Serifi et al., 2003; Croop et al., 2009) instead
of MAT_057 to model the foam strain rate effect. It
can also be noticed that the upper abdomen front
foam block which is made of same foam as the lower
abdomen front block used already MAT_083
formulation for quasi-static loading, 24 and 36 s-1
strain rates. For the lower abdomen front foam block,
nine stress-strain curves were input in this model
based on dynamic compression test data performed
on THOR dummy abdomen foam samples (see
APPENDIX 3).

Five curves (835'1 to 304 s'l) were defined from the
experiments and four (10 s™ to 60 s™') were computed
from the experimental ones using Croop et al. (2009)
linear relationship between Yield stress and strain
rate logarithm.

Figure 6 shows the curves entered in the new model
compared to the one in the initial model.
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Figure 6. Stress-strain curves implemented in
MAT_083 for front abdominal foam block.

Other model improvements

The jacket strap passing in between the dummy legs
was added to the model as shown in Figure 7. It was
connected to the rest of the jacket by merging their
nodes at the extremities of the strap. Material
properties of the jacket were applied to the strap.

Figure 7. Jacket strap model (in red).
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Due to unrealistic penetration between the abdomen
back plate and the front foam block, the front foam
was covered by NULL shell elements to prevent this
phenomenon as shown in Figure 8.
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Figure 8. Section view of the lower abdomen with
front foam block coated with NULL elements.

RESULTS

In total, 6 simulations were conducted on the initial
and the modified THOR models: 2 conditions for
rigid bar tests and 4 conditions for seat belt tests.
APPENDIX 1 and APPENDIX 2 show pictures of
simulation animations and corresponding test videos.

Rigid-bar impact simulations

With the initial model, the rigid-bar simulation
results showed a too high abdominal force peak of
the lower abdomen when comparing the tests and the
simulations (Figure 9 and Figure 10). At low speed
impact, the simulated peak force was from 30% to
38% higher than TME-1 and TME-3 results
respectively. High speed impact simulations showed
a 51% to 80% higher peak force than tests TME-4
and TME-5 respectively. It was found that it was the
consequence of the contact between the pelvis flesh
and the rigid-bar. Contact between the impactor and
the pelvis flesh was observed at 33 ms in the 3 m/s
tests and simulation. In the simulation this contact led
to a sharpest force peak of 1000 N higher than in the
tests. At 6.1 m/s impact, the contact was observed at
14 ms for both the tests and the simulation. In the
simulation, the contact force with the pelvis flesh
contributes by 70% to the force peak.
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Figure 9. Force-time response curves of the initial
model versus the tests for 3 m/s rigid-bar impacts
(Total force= Foam block force + Pelvis force).
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Figure 10. Force-time response curves of the initial
model versus the tests for 6.1 m/s rigid-bar impacts
(Total force= Foam block force + Pelvis force).

With the implementation of new material
model, the impact peak force for the 3 m/s impact
was decreased and the deflection peak slightly
increased (Table 3). A higher force was obtained
during the first 20 ms (Figure 11a). In addition, a
change in force-time slope was observed at the time
the rigid bar impacted the pelvis flesh which was not
observed in tests. This effect could also be seen on
the force-deflection curve (Figure 11c). The
deflection curve matched well the test data and its
peak was just slightly above the initial model one
(Figure 11b).

Table 3.
Low speed impactor test and simulation peaks

Test/Simulation Force Deflection

Id peak (N) peak (mm)
TME-1 2758 98
TME-3 2625 102
Initial model 3614 92
New model 2984 94
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Figure 11.3 m/s rigid-bar simulation versus test
results.

At 6.1 m/s, the new model decreased the peak force
by 21%, more in line with test results (Table 4,
Figure 12a). Regarding deflection peak values and
profiles, the new simulation was closer to the test
data (Table 4, Figure 12b). The force-deflection
responses are overlaid in Figure 12c. In the
simulations, the maximum deflection was obtained at
almost the maximum force whereas in the tests, the
deflection peaks occurred 10 ms later.

Table 4.
High speed impactor test and simulation peaks
Test/Simulation Force Deflection
1d. peak (N) peak mm)
TME-4 8875 136
TME-5 10565 119
Initial model 15985 114
New model 12582 115
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Figure 12. 6.1 m/s rigid-bar simulation versus test
results.

Seatbelt simulations

Low speed results for the initial and the new
model results are overlaid with test results in

Figure 13. The peak values are compared in Table 5.

The initial model force result was closer to test data
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even though the force magnitude was too high. The
beginning of the loading phase showed that the old

and new simulation profiles were similar (Figure 13a).

The deflection profiles were similar in shape between
the old and new simulations, but overall the new
simulation showed less deflection, in contradiction
with test data (Figure 13b). The force-deflection
response had a worse correlation with test data
(Figure 13c).
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Figure 13. Low speed seat belt simulation versus test
results.
Table 5.
Low speed seatbelt test and simulation peaks

Test/Simulation Force Deflection

Id. peak (N) peak (mm)
TAP-04 938 31
Initial model 1623 28
New model 2483 26
TAP-05 1038 33
Initial model 1365 22
New model 2104 20

High speed simulations are overlaid with test
results in Figure 14 and peak values are compared in
Table 6. At the beginning of the loading phase the
force profile of old and new simulations matched test
data. The force peak was higher for the new
simulation and appeared earlier. In the unloading
phase, the new simulation matched better TAP-02
curve whereas the old simulation results were closer
to TAP-03 ones (Figure 14a). Regarding the
deflection profile (Figure 14b), the new simulation
showed higher deflection values in line with test data.
Comparing the force-deflection curve (Figure 14c¢),
the old simulation curve shape correlated better with
the test data due to a force response closer to the tests.
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Figure 14. High speed seat belt simulation versus test

results.
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Table 6.
High speed seatbelt test and simulation peaks
Test/Simulation Force Deflection
Id. peak (N) peak (mm)
TAP-02 3573 100
Initial model 6381 80
New model 6663 88
TAP-03 3811 91
Initial model 6405 82
New model 7748 92

The comparison of the force distribution
between the abdomen and the pelvis shows that for
lowest retraction speed (5 m/s), the force due to the
abdomen was higher than the one due to the pelvis in
both models (Figure 15). This was not the case for
higher retraction speed (10 m/s) for which the pelvis
force was twice as high as the abdomen force in the
initial model and of similar magnitude than the
abdomen force in the new model (Figure 16).
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Figure 15. Force distribution between abdomen and
pelvis for low speed seat belt simulations.
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Figure 16. Force distribution between abdomen and
pelvis for high speed seat belt simulations,
(Total force= Foam block force + Pelvis force).

DISCUSSION
Foam material characterization

The material characterization of the front foam block
of the dummy had some limitations in terms of the
range of strain rates tested. Strain rates below 83 s
could not be tested due to the test equipment used and
the size of the foam samples. Therefore the abdomen
behaviour for low strain rates could only be
calculated from the higher strain rate curves. This
was based on defining new yield stress values for
missing strain rate under the observation that foam
yield stress varied linearly with the logarithm of the
strain rate (Croop et al., 2009). The lowest strain rate
curve (83 s) obtained in test was multiplied by a
factor chosen to make the new curve passing through
the calculated yield stress value for the considered
strain rate. The fact that experimental GESAC’s
curve at 35 s™' did not lie in between the 20 and the
40 s™' curves was not explained but may show an
issue with the method used to calculate the stress-
strain curves at lower strain rates. However, this
might have also been caused by test data obtained
from small sample sizes tested at quite high strain
rates (83 s™ and above).

THOR abdomen model validation

In future, it appears necessary to carry out additional
impact tests on the dummy abdomen without any
interference with the pelvis flesh. Interferences with
pelvis were seen in all the tests performed so far
which did not allow to identify the contribution of the
abdomen and the pelvis in the total force and
deflection.

Impactor test validation limitations
From actual test videos it seems that the impactor

was higher than its theoretical position. This caused
the impactor to slip above the pelvis flesh. This
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phenomenon happened in one of the two high speed
rigid-bar tests (TME-04) but not in the simulation for
which a higher peak force was recorded due to the
contact with the pelvis flesh.

Seat belt test validation limitations

The simulation validation was not improved by the
new abdomen foam properties despite the high strain
rates encountered by the abdomen elements (between
50 s to 200 s for the rigid-bar impacts and 70 s to
420 s™ for the seat belt loading) which initially led us
to hypothesize that additional strain rate curves
should have improved the abdomen response.
However, it seems that the interaction between the
seat belt and the pelvis flesh played a more
predominant role in the dummy lower torso response.
The comparison between the test videos and the
simulations showed that the deformed shape of the
pelvis was not well mimicked by the model.

Figure 17 shows that the pelvis side was quite
deformed by the seatbelt during the test whereas no
major deformation was suggested by the simulation.
Additional validation of pelvis material might be
recommended in future.

(a) Test at 22 ms

(b) Simulation at 22 ms
Figure 17. Pelvis flesh deformation under high speed
seat belt retraction.

CONCLUSION

The last released version of THOR FE model at the
time this work was performed was improved by
enhancing the front foam block material definition
considering various strain rates. Although the
response was improved for rigid bar impactor tests,
the new model degraded the correlation with test data
for seatbelt loading tests. This showed that the
seatbelt test condition was harder to replicate in
numerical simulation than the impactor test due to the
higher number of influential factors such as dummy
back / plate contact, pelvis / seatbelt interaction,
seatbelt positioning. A well validated THOR
abdomen model requires the validation of the other
impacted parts, especially pelvis parts, in the targeted
impact conditions.
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APPENDIX 1: RIGID-BAR IMPACT SIMULATION VERSUS TEST

Just before impact

mpact

18 ms after impact

22 ms after inTpact
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32 ms after impact
Figure 18. 6.1 m/s rigid-bar impact simulation and test (TME-04).

Desbats 11



APPENDIX 2: SEAT BELT SIMULATION VERSUS TEST

Before seatbelt retraction

At 4 ms

At 8 ms

At 12 ms
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At 16 ms

At 20 ms
Figure 19. High speed seat belt simulation and test (TAP-02).
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APPENDIX 3: FOAM TESTING SET-UP
Samples

Five cylindrical samples from THOR-NT lower abdomen front foam block were tested. Their geometry is described
in Table 7.

Table 7.
Dimensions of tested samples
samples Diameter | Height

(mm) (mm)
A 36.89 13.07
G1 37.52 23.68
G2 37.76 18.59
G5 45.90 19.87 -
D5 45.96 16.24

Figure 20. Photo of samples.

Test device

A cylinder impactor was used to perform compression tests on the samples according to the test matrix provided in
Table 8.

Table 8.
Test matrix for compression tests on foam samples

TestId. | Sample Id. Impact velocity | Impactor mass Comments
(m/s) (kg)

Test 10 A 2 6 first test on sample A
Test 15 A 2 6 second test on sample A
Test 20 G1 2 6 first test on sample G1
Test 25 G1 2 6 second test on sample G1
Test 30 G2 2.5 6 first test on sample G2
Test 35 G2 2.5 6 second test on sample G2
Test 40 G5 4 6 first test on sample G5
Test 45 G5 4 6 second test on sample G5
Test 50 D5 5 6 first test on sample D5
Test 55 D5 5 6 second test on sample D5
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ABSTRACT

This study evaluated the kinematic and chest deflection responses of a THOR Mod Kit dummy with the
Chalmers/Humanetics SD-3 shoulder and the 50" percentile Hybrid 111 (H3) in the frontal impact 40 km/h 14 g
Gold Standard 1 (GS1) test condition. THOR and H3 biofidelity were evaluated by comparing dummy response
to the response of 8 post mortem human surrogates (PMHS) in prior GSL1 tests. The subject was restrained by a
three-point lap and shoulder belt in a right-front passenger configuration. Pelvis and lower extremity
movements were restricted using arigid knee bolster and footrest which were adjusted to be in contact with the
knees and feet of each subject at the time of impact.

The THOR SD-3 shoulder sustained no damage during the course of the nine test series. In general, THOR peak
x-axis chest deflection values for the anterior measurement sites were closer to those of the PMHS than the H3.
However, the deflection response of neither dummy approached that of the PMHS relative to the motion of the
anterior ribcage away from the spine. The THOR SD-3 exhibited a PMHS-like deflection sensitivity to belt
position, a characteristic reported for the H3 (Horsch et al 1991).

The PMHS rearward motion of the loaded shoulder may result in increased chest deflection, while the forward
motion of the THOR SD-3 may limit chest deflection. The H3 loaded shoulder motion was likely limited by the
stiff H3 shoulder design and lack of range of motion. Because the shoulder interaction with the belt isa
determinant of chest deflection, further study of the THOR SD-3 shoulder belt interaction is suggested.
Similarly a comprehensive study of spinal kinematics with focus on spinal rotations that may substantially
influence interaction between the ribcage and the shoulder belt is aso warranted.

INTRODUCTION

While increased seat belt usage and advances in restraint design have, on average, substantially improved the
injury outcome for restrained occupants, numerous fatalities and debilitating injuries are still occurring
nonetheless (Viano and Ridella 1996, Elvik and Vaa 2004, NHTSA 2008, NHTSA 2009). For restrained vehicle
occupants, injuries to the head and thorax are primary sources of mortality occurring from motor vehicle
accidents (Huelke et al 1979, Backaitis and Dalmotas 1985, Viano et al 1986, Foret-Bruno et al 1994, Allsop
and Kennett 2002, Morris et al 2002, Morris et al 2003, Kent et al 2007). Thisis especially true for older



occupants who are more susceptible to injury resulting from the restraining forces applied to the torso during a
crash (Morriset al 2002, Morris et al 2003, Kent et a 2007). The combination of societal aging and the
associated vulnerability of older personsto restraint loading injuriesis a principal motivation for continued
passenger safety research (Rouhana et al 2003, Bostrom and Haland 2003, Forman et a 2006). Further
mitigating injuries to restrained occupants requires a more complete understanding of how the human skeletal
system moves during a crash event. Occupant kinematics not only dictate the potential for contact between the
vulnerable head and the interior structures of the vehicle, but aso determines the interaction between the
restraint system and the thorax.

Effectively evauating the performance of current restraint systems, as well as optimizing future restraint
designs, requires the use of biofidelic evaluation tools to emulate human occupant motion and to predict injury
during an impact event. Anthropomorphic testing devices (ATDs) and computational models are the most
commonly utilized human surrogates for this purpose.

Improved biofidelity of ATD motion and the response of the chest subjected to restraint loading remains a
priority for improving frontal impact dummies. A simulated impact (sled test) provides the most redlistic
conditions for defining human response, as approximated by post mortem human surrogates (PMHS) and
subsequently for assessing dummy biofidelity. A frontal sled test involves restraint loading of both the chest and
the shoulder complex, a structure that can affect the amount of normal shoulder belt loading applied to the
anterior chest.

In support of the National Highway Traffic Safety Administration (NHTSA) effort to enhance the biofidelity of
the Test Device for Human Occupant Restraint (THOR) (Ridella and Parent 2011), this study evaluated the
kinematic and chest deflection responses of a THOR Mod Kit dummy (SN 16) with the Chalmers/Humanetics
SD-3 shoulder (THOR SD-3, for short) (Figure 1) and the 50 percentile Hybrid 111 (H3) in the frontal impact
40 km/h 14 g Gold Standard 1 (GS1) test condition, described in detail by Shaw et a 2009 (Figure 2). The
THOR SD-3 was fitted with a shoulder designed to be more humanlike in both geometry and motion in
comparison to that of the original THOR shoulder (Lemmen et a 2013). THOR SD-3 and H3 biofidelity was
evaluated by comparing dummy response to the response of 8 PMHS in prior GS1 tests (Table 1) (Shaw et a
2009).

Table1: Test Matrix

# of tests
Test Condition
H3 | THOR SD-3 | PMHS
Gold Standard
Condition 1
Gs1 3 3 8
40km/h, Standard
Belt

METHODOLOGY

The subject was forward-facing and restrained in a right-front passenger configuration. Subject and restraint
positioning were tightly controlled to reduce test-to-test variability. The test fixture (Figure 3) and test
methodology, described by Shaw et a 2009, was designed to provide a reasonable approximation of a real-
world frontal crash with a restrained occupant while providing repeatable and reproducible test conditions that
would alow whole-body kinematic response to be comprehensively measured and analyzed. The restraint
consisted of a 3-point lap and shoulder belt with anchor positions approximating those found in a typical mid-
size U.S. sedan. The belt did not include a retractor and did not alow for pass-through at the representation of
the buckle. The webbing material, which was replaced for each test, was manufactured by Narricut
(International twill pattern 13195, 6-8% elongation). Pelvis and lower extremity movements were restricted
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using a rigid knee bolster and footrest which were adjusted to be in contact with the knees and feet of each
subject at the time of impact. The combination of lap belt, knee bolster, and footrest was designed to minimize
pelvic and lower extremity movements during the impact event while allowing the characteristic forward torso
motion associated with an actual automotive restraint system.

SD-3 Shoulder Durability Monitoring

In previous testing with the Chalmers SD1 shoulder (Shaw et a 2010), mechanical failure occurred in the joint
connecting the upper arm to the shoulder after three tests were carried out. Similar issues were discovered in
testing with the SD-2 shoulder, though the number of tests that were carried out before mechanical failure
occurred is not clear. Thus, the durability of the SD-3 shoulder was carefully monitored during this test series
that included the three tests reported in this paper and an additional six tests with a force-limited shoulder belt.
With the jacket removed, the shoulder was examined and manipulated before the test series and after each of the
tests with special attention to the distal clavicle ball joint, polymer bumper stops, and fastener security.

Subject Kinematics

A 16-camera, 1000 Hz optoel ectronic stereophotogrammetric system (Vicon, MX series, Oxford, UK) was used
to obtain trgectories of retroreflective target clusters (Figure 4) attached to the head, spine, shoulders, and
pelvis of each subject. The recorded trgectories of the attached target clusters were used to calculate the
trajectories of selected underlying anatomical structures using a coordinate transformation and the assumption
of rigid body motion described in detail by (Lessley et al. 2011). Using the methodology described by Parent et
al, 2012, kinematics were calculated at consistent anatomical landmarks for both the ATDs and the PMHS.
While an abundance of kinematic data was obtained for each subject, this paper specifically focuses on the
displacements of the 1% thoracic vertebra (T1) and bilateral acromia (Figure 4) relative to the vehicle buck
coordinate system (Figure 3), which conformed to the recommendations set forth by SAE (2003). Since the
PMHS subjects closely approximated the 50" percentile male, no scaling of the displacement data was
performed.

Chest Deflection

Chest deflection was measured by sensors mounted in the ATD thorax. The THOR SD-3 uses double-gimbal ed
Infrared Telescoping Rods for Assessment of Chest Compression (IR-TRACCs) to measure 3D deflection of
the four quadrants of the anterior ribcage relative to the spine (Figure 2b) (Shaw et a 2012). The H3 chest
included a rotary potentiometer that recorded X-axis motion of the sternum relative to the spine (chest slider) as
well as string potentiometers that recorded data processed to yield X-axis and Y -axis deflection of four points
on the upper and lower ribs (Butcher et a 2001) (Figure 2a). PMHS chest deflection was measured at five
locations using the same motion capture system used for the kinematic measurements employing a methodol ogy
detailed in Shaw et a (2009).

Data Analysis and Presentation

Comparing chest deflection involved calculating the maximum and minimum values recorded in each test and
determining the mean and standard deviation for each group (PMHS, THOR SD-3, and H3). PMHS deflection
data used for comparison with the dummies excluded one of the 8 subjects who had sustained 29 rib and sternal
fractures. Peak deflection was calculated in two ways. The first method involved calculating an average and SD
for each quadrant and, for the H3 and PMHS, the sternum. The second method involved identifying the peak X-
axis motion toward the spine for each subject no matter where the deflection occurred. Because the calculation
was not restricted to a specific region, the resulting average could be greater than that calculated for an
individual region. For example, the location of peak deflection occurred at both the sternum and upper
guadrants for the PMHS. Therefore, averaging the subjects peak deflection at any site, either at the sternum,
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upper left, or upper right, resulted in a greater “overall” peak than averaging only peak values at any one of
these sites.

RESULTS

No problems were encountered recording subject kinematics or chest deflection. The SD-3 shoulder exhibited
no evidence of damage or wear in the course of the testing, and al fasteners remained snug.

Kinematics

An overhead view of the subject kinematics in the X-Y plane of the vehicle buck is provided in Figure 5. The
positions of the left acromion, right acromion, and T1 are provided for each subject at 20 ms intervals during
the impact event up to the time of peak chest deflection which occurred at approximately 120 ms. Figure 5 also
provides an overlay of PMHS, THOR, and H3 mean T1 and acromia positions at the time of peak chest
deformation. Mean X-axis excursions for T1 and RAc are provided relative to the vehicle buck in Figure 6.
Mean peak X-axis displacement values £ 1 standard deviation (SD) are provided in Figure 7.

Chest Deflection

Figure 8 shows the average X-axis deflection time-histories for the THOR SD-3, H3, and PMHS groups. The
average PMHS response is shown in thick gray lines, while the individual responses are shown as thin gray
lines to illustrate subject-to-subject variability. Belt loads are also plotted in Figure 8 using the same time scale.
Table 2 summarizes the peak deflection values along the positive and negative X, Y, and Z axes. For example, a
negative X-axis peak indicates the closest a measurement site has moved along a perpendicular path toward the
spine, while a positive X-axis peak indicates maximum motion away from the spine. Note that the H3
instruments do not record Z-axis ribcage motion. Figure 9 plots the X-axis peak values. One SD values are
provided in Table 2 and indicated with error barsin Figure 9.

DISCUSSION

Chest Deflection

The magnitude of overall chest deflection, since it acts as a proxy for local strains in the rib cage, has been
associated with thoracic injuries such as rib and sternal fractures. Specifically, a reduction in the distance
between the anterior rib cage and the spine has been used as a measure of rib fracture risk (Shaw et a 2009). In
frontal loading, this change in distance is approximated by the change of the X-axis component of the anterior
ribcage-to-spine distance. Latera (Y-axis) and vertical (Z-axis) motion of the anterior ribcage further
characterize ribcage deformation.

Peak chest deflection, as defined by the motion of any anterior ribcage site towards the spine (negative X-axis)
was found to be greatest for the PMHS. Of the dummies, the THOR SD-3 recorded a higher peak than the H3
(Figure 10).

The location of the peak X-axis deflection was different for the dummies and the PMHS. The location of the
peak X-axis deflection for the dummies was aways recorded at the lower |eft site. However, the peaks occurred
for the individual PMHS at either the upper left (3/7), sternum (3/7), or the upper right measurement site (1/7).
Therefore, the overall peak PMHS deflection was calculated by using peak values that occurred at three sites.
Figure 11 illustrates the effect on the overall peak deflection value if the sternum is not included (“Overall Peak
w/out Sternum”), a decrease of 11 percent (-66 to -59mm). Alternatively, if only the peak sternal values are
used to calculate the overall average deflection, the peak is reduced by only 2 mm (-66 to -64mm). Using the
H3 sternal (slider) peak value rather than the lower left reduces the overall average by only 3mm (-36 to -
33mm) (Table 2).



Belt Path Effect on Deflection

With one exception, the THOR SD-3 peak deflections were closer than the H3 to the average PMHS, consistent
with the findings of the prior quasistatic study discussed above (Shaw et a 2005). However, both the THOR
SD-3 upper right X-axis peak and the upper left/right peak ratio were less PMHS-like than the H3 (Figure 9).

The pattern of peak deflection values for the upper ribcage was related to shoulder belt position relative to the
upper measurement sites. When the belt paths in the PMHS tests were examined individually, we found a robust
relationship between proximity of the belt and the site of peak upper rib cage deflection (Shaw et a 2009)
(Figure 12). In general, the shoulder belt path across the upper thorax in the PMHS tests generally fell between
the upper left and upper right measurement sites, though there were some exceptions where the belt was lateral
to the upper left measurement site. Accordingly, the PMHS upper peak values were mostly symmetrical average
deflections of -48mm and -53 mm for the upper left and right, respectively. For the H3, the shoulder belt was
between the upper left and right measurement sites on the ribcage, but the chest deflections were less
symmetrical than the PMHS ((upper right -20 mm, upper left -31 mm). For the THOR SD-3, the shoulder belt
path was lateral of the upper left measurement site, and the resulting chest deflections were noticeably
asymmetrical (upper right -5mm, upper left -42 mm). This asymmetry was also present in at least one individual
PMHS test in which the belt path was lateral to the upper left measurement site (Figure 13). In this case the
peak deflections measured at the upper chest measurement locations were almost identical between THOR SD-
3 and PMHS.

In the frontal crash simulated in the reported tests, chest deflection is a function of how the inertialy propelled
torso loads the shoulder belt. The effects of inertial loading and the motion of the shoulder loaded by the belt
were factors examined in this study.

Inertial L oading Effectson Deflection

In a comparison of X-axis peak chest deflections recorded at the different measurement sites, the PMHS values
generdly were greater than those of the dummies (Table 2), consistent with the results for overal peak
deflection and consistent with prior bench top test results for earlier versions of THOR (Shaw et al 2005). For
example, a study conducted by Shaw et al (2005) compared quasistatic indentor loading of the anterior ribcage
of the H3 and THOR Alpha with PMHS. For the same 25mm deflection applied to the lower quadrant, the
recorded reaction force recorded by the indentor load cell was lowest for the PMHS. The reaction force for
THOR Alphawas three times higher and that for the H3 thirteen times higher.

However, in this study, the lower left site for both the H3 and the THOR SD-3 moved closer to the spine
(negative X-axis) than did the PMHS (Table 2, Figures 8 and 9). Assuming comparable normal belt loading, the
guasistatic test results would suggest far greater PMHS deflection than either of the dummies.

The reason for this apparent incongruity may be related to differences in the loading conditions in the bench top
and sled test environments. We propose that inertial loading, present in only the sled test condition, may be the
most likely and dominant factor.

The possible effects of inertial loading are evident in the X-axis time history deflection plots of the lower two
measurement sites (Figure 8). At approximately 50 ms the THOR SD-3 and, more prominently, the PMHS,
record motion of both sites away from the spine. This motion occurs even at the lower left measurement site
near the belt path. Figure 14 shows the total normal shoulder belt force relative to X-axis deflection using the
method described in Salzar et al 2011. This analysis indicates that the sum of normal belt force along the belt
must exceed amost 4kN before the PMHS lower left measurement site moves toward the spine (Figure 14,
bottom). For the lower right measurement site farthest from the belt path, the motion away from the spine
persists for both the PMHS and THOR SD-3. Neither of the H3 lower measurement sites move away from the
spine, as expected since the H3 ribcage is known to be more highly coupled than that of the THOR (Shaw et al
2005).



Inertial loading acting on the anterior rib cage, as illustrated in Figure 15, is proposed as the cause for its
movement away from the spine. Differential motion of the spine relative to the anterior ribcage requires a
restraining force acting on the spine to resist the inertia forces pulling both the spine and anterior ribcage
forward. This spine restraining force is provided by the pelvis, well restrained by the lap belt and femurs against
the knee bolster, via the pelvic/spine interface. The amount of compliance in this interface and torso angle
determines the amount of restraining force acting perpendicular to the upper spine.

The upper segment or segments of the dummy spine are restrained by the rubber lumbar spine. The bending
stiffness of this element restrains the spine relative to the anterior ribcage during the early phase of the crash
event alowing the ribcage to move away from the spine a few millimeters. This motion is limited by the low
inertial forces acting on the low mass of the anterior ribcage relative to the spine box.

The PMHS thoracic spine is restrained by the lumbar spine in the same manner. However, the inertial forces
acting on the anterior ribcage are not limited by the mass of the ribcage alone. The forward motion of the
internal organs, not replicated in dummy thorax construction, also act to move the ribcage away from the spine.
This “bulge out” is most prominent for the PMHS lower right measurement site (Figure 16). That the dummies
do not replicate PMHS “bulge out” is not unexpected given a longstanding focus to replicate PMHS thoracic
response to compressive loading.

Shoulder Motion

The motion of the loaded shoulder and clavicle is both a response and determinant of shoulder belt interaction
with the torso. The normal belt load born by the torso is shared by the clavicle/shoulder complex and the
anterior rib cage (Horsch et a 1991). The farther forward the shoulder moves, the more the belt isloaded by the
shoulder and the lessiit is loaded by the anterior ribcage resulting in lower chest deflection.

Figure 5 illustrates differences in the kinematic behavior between PMHS and the ATDs. When viewed from
above, the PMHS exhibit a greater clockwise rotation of the shoulders about the vertical Z-axis of the vehicle
buck than either of the ATDs. Thisis most apparent when looking at the overlay of al subjects at 120 ms
(Figure 5), which is also the approximate time of peak chest deflection. Relative to the H3, the PMHS are
considerably more rotated, however, the comparison with THOR is more complex. The line segment connecting
the left acromion (LAC) and T1 are very similarly angled for THOR and the PMHS; however this trend is not
repeated for the loaded right shoulder. The line connecting the right acromion (RAc) and T1 is angled much
more forward for THOR than for the PMHS, or even the H3.

The PMHS exhibit the largest forward excursion of T1 and aso the largest difference between the RAc and T1
excursions relative to the vehicle buck (Figures 6 and 7). THOR exhibits nearly equal excursions of both RAc
and T1.

Although this analysis found substantial differences among the test subjects, a more sophisticated analysisis
required to fully characterize shoulder and torso motion and to quantify upper spine rotation and its potential
effect on chest deflection.

Limitations

This study was not intended to be a definitive evaluation of dummy performance in terms of its ability to
approximate the response of PMHS in a frontal crash. The scope of the study was limited to one of at least three
test conditions proposed by UV A for the Gold Standard ssimulated frontal impacts, an effort to produce PMHS-
derived performance targets. Findings such as the bulge out may not be as prominent in conditions that do not
block the knees at the start of the event. The proposed reason for the bulge out, inertial loading, while consistent
with the study findings, was not quantified.

The locations of anterior ribcage measurement sites for the three subjects are in the same quadrant but not
necessarily the same location within the quadrant (Figure 2). Although the ribcage deflection measurements
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sites on the PMHS targeted similar locations on THOR, constraints in instrument mounting compromised the
final location for some subjects. The H3 sites, especialy the upper sites, are in different locations relative to
THOR and the PMHS.

Study limitations prevent definitive conclusions regarding shoulder motion and its effect on chest deflection.
Clavicle motion was estimated by the motion of a segment connecting the T1 and the acromion. However, the
motion of the clavicle itself, likely the shoulder component most loaded by the belt, was not measured directly.
While the distal end of the clavicle moves with the acromion, the medial end joins the top of the sternum which
moves with the (deforming) ribcage. Another parameter not adequately quantified was the position of the belt
relative to the clavicle throughout the event. A belt that loaded the clavicle near the sternum would be less
affected by forward motion of the distal clavicle/acromion.

The tested THOR SD-3 was a pre-production prototype constructed from a combination of used and new
components.

CONCLUSIONSAND RECOMMENDATIONSFOR FURTHER STUDY

The THOR SD-3 sustained no damage or sensor failures during the course of the nine-test series. While not a
comprehensive assessment of durability, this result is encouraging.

In general, THOR SD-3 peak X-axis chest deflection values for the anterior measurement sites were closer to
those of the PMHS than the H3 (Figure 9). However, the deflection response of neither dummy approached that
of the PMHS relative to motion of the anterior ribcage away from the spine (positive X-axis). Further
investigation is needed to define the effects of inertial loading, motion of the anterior ribcage away from the
spine, and, most importantly, its effect on fracture risk.

The THOR SD-3 aso exhibited a PMHS-like deflection sensitivity to belt position, a characteristic reported for
the H3. Fully characterizing sensitivity to belt position may produce a valuable dummy response performance
target. Additional work would be needed to relate this parameter to fracture risk.

The PMHS rearward motion of the loaded shoulder may result in increased chest deflection, while the forward
motion of the THOR SD-3 may limit chest deflection. The H3 loaded shoulder motion was likely limited by the
stiff H3 shoulder design and limited range of motion. Because the shoulder interaction with the belt is a
determinant of chest deflection, further study of the THOR SD-3 shoulder belt interaction is suggested.
Similarly a comprehensive study of spina kinematics with focus on spinal rotations that may substantially
influence interaction between the ribcage and the shoulder belt is aso warranted.

ACKNOWLEDGMENTS

The authors acknowledge the support and guidance of the National Highway Traffic Safety Administration
(NHTSA), U S Department of Transportation. This study was supported by DOT NHTSA Grant DTNH22-09-
H-00247. All findings and views reported in this manuscript are based on the opinions of the authors and do not
necessarily represent the consensus or views of the funding organization.

REFERENCES



Allsop, D, Kennett, K. Skull and Facial Bone Trauma. in Accidental Injury: Biomechanics and Prevention- 2nd
Edition, editors, Nahum AM;Melvin J. 2002; New Y ork: Springer.

Backaitis, S, Dalmotas, D. Injury Patterns and Injury Sources of Unrestrained and Three Point Belt Restrained
Car Occupants in Injury Producing Frontal Collisions. Proceedings of the Association for the
Advancement of Automotive Medicine (AAAM). 1985;29.

Bostrom, O, Haland, Y. Benefits of a 3+2 point belt system and an inboard torso side support in frontal, far-side
and rollover crashes. Paper 451, International Technical Conference on the Enhanced Safety of Vehicles
(ESV). 2003; 18. Nagoya,Japan.

Butcher, J, Shaw, CG, Bass, CR, Kent, RW, Crandall, JR. Displacement Measurements in the Hybrid 111 Chest.
SAE Transactions: Journal of Passenger Cars. 2001;110(6): 26-31. Based on SAE Paper 2001-01-0118.

Elvik R, Vaa, T. The handbook of road safety measures. 2004; Amsterdam, Elsevier Science.

Foret-Bruno, J, Le Cox, J, Thomas, C, Brutel, G. In Depth Anaysis of Frontal Collisions As Regards the
Influence of Overlap and Intrusion On Occupant Severe and Fatal Injuries. International Technical
Conference on the Enhanced Safety of Vehicles (ESV). 1994;14.

Forman, JL, Lessley, DJ, Kent, RW, Bostrom, O, Pipkorn, B. Whole-body Kinematic and Dynamic Response
of Restrained PMHS in Frontal Sled Tests. Stapp Car Crash Journal. 2006;50: 299-336.

Horsch, J, Melvin, J, Viano, DC, Mertz, H. Thoracic injury assessment of belt restraint systems based on
Hybrid 111 chest compression. Paper 912895, Society of Automotive Engineers. 1991.

Huelke, DF, Sherman, HW, Murphy, MJ, Kaplan, RJ. Effectiveness of Current and Future Restraint Systemsin
Fatal and Serious Injury Automobile Crashes. Data From On-Scene Field Accident Investigations. Paper
790323, Society of Automotive Engineers (SAE). 1979.

Kent, RW, Balandin, D, Bolotnik, N, Pilkey, WD, Purtsezov, S. Optima control of restraint forces in an
automobile impact. Journal of Dynamic Systems, Measurement, and Control. 2007;129: 415-424.

Lemmen, P, Bernard Been Jolyon Carroll, David Hynd Johan Davidsson Jeff Crandall, Greg Shaw Cecilia
Sunnevang Autoliv Research Erwan Lecuyer, Eric Song Andre Eggers Luis Martinez Philippe Vezin.
(2013) An Advanced Thorax-Shoulder Design for the THOR Dummy. Submitted to 2013 ESV.

Lessley, DJ, Shaw, CG, Riley PO, Forman, JL, Crandall, JR. Assessment and Validation of a Methodology for
Measuring Anatomical Kinematics of Restrained Occupants During Motor Vehicle Callisions. Journal
of Biosensors and Bioelectronics. 2011;S1.

Morris, A, Welsh, R, Frampton, R, Charlton, J, Fildes, B. An Overview of Requirements for the Crash
Protection of Older Drivers. Annua Proceedings/Association for the Advancement of Automotive
Medicine (AAAM). 2002;46:141-156.

Morris, A, Welsh, R, Hassan, A. Requirements for the Crash Protection of Older Vehicle Passengers. Annual
Proceedings/Association for the Advancement of Automotive Medicine (AAAM). 2003;47:165-180.

NHTSA. Motor vehicle occupant protection facts 2006. 2008;Washington, DC, National Highway Traffic
Safety Administration.

NHTSA. Fataities in Frontal Crashes Despite Seat Belts and Air Bags. Review of All CDS Cases Model and
Calendar Years 2000-2007 122 Fatalities. 2009;HS 811 202, September, NHTSA US DOT,
Washington, DC.

Parent, DP, Lessley, DJ, Shaw, CG, Crandal, JR. Identification of anatomical landmarks for whole-body
kinematic measurement in the THOR Mod Kit frontal impact ATD. Paper 20125177, JSAE Annual
Congress. 2012.



Ridella, SA, Parent, DP. Modifications to Improve the Durability, Usability and Biofidelity of the THOR-NT
Dummy. Paper Number 11-0312. Proceedings of the 22nd International Conference on the Enhanced
Safety of Vehicles (ESV). 2011

Rouhana SW; Bedewi PG; Kankanala SV; Prasad P, Zwolinski JJ; Meduvsky AG; Rupp JD; Jeffreys TA;
Schneider LW. Biomechanics of 4-Point Seat Belt Systemsin Frontal Impacts. Stapp Car Crash Journal.
2003;47: 367-399.

Salzar, RS, Lessley, DJ, Sochor, MR, Shaw, CG, Kent, RW, Crandall, JR. Thoracic Response to Shoulder-Belt
Loading: Comparison of Table-Top and Frontal Sled Tests with PMHS. IRCOBI Conference on the
Biomechanics of Impact. 2011.

Shaw, CG, Lessley, DJ, Ash, JH, Crandall, JR. Development of an Alternative Frontal Impact Condition to
Assess Thoracic Response Using the THOR Mod Kit Dummy. 2012;Paper 20125216, JSAE Annual
Congress.

Shaw, CG, Lessey, DJ, Kent, RW, Crandall, JR. Dummy Torso Response to Anterior Quasi-Static Loading.
Paper 05-0371, Proceedings of the 19th International Technical Conference on the Enhanced Safety of
Vehicles (ESV). 2005.

Shaw, CG, Parent, D, Purtsezov, S, Lessley, D, Crandall, JR, Kent, RW, Guillemot, H, Ridella, SA, Takhounts,
E, Martin, P. Impact response of restrained PMHS in frontal sled tests: skeletal deformation patterns
under seat belt loading. Stapp Car Crash Journal. 2009;53:1-48.

Shaw, CG, Parent, DP, Purtsezov, S, Lessley, DJ, Crandall, JR, Tornvall, F. (2010) Torso deformation in frontal
ded tests. comparisons between THOR NT, THOR NT with Chalmers SD-1 shoulder, and PMHS.
IRCOBI Conference on the Biomechanics of Impact.

Society of Automotive Engineers. Surface Vehicle Recommended Practice J211-1 —Instrumentation for Impact
Test — Part 1 —Electronic Instrumentation, Warrendale, PA. 2003

Viano DC; Melvin JW; Mccleary JD; Madeira RG; Shee TR; Horsch JD. Measurement of Head Dynamics and
Facial Contact Forces in the Hybrid Il Dummy. Paper 861891. Stapp Car Crash Conference
Proceedings. 1986.

Viano, D, Ridella, S. Crash Causation: a Case Study of Fatal Accident Circumstances and Configurations. Paper
960458, Society of Automotive Engineers (SAE). 1996.



c PMHS

Figure 2. Study subjects and location of deflection
measurement sites on the anterior ribcage.
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Taurus front passenger position.

B [Seat Rigid horizontal aluminum plate.

C |Knee bolster Adjusteble bilateral non-padded knee
channels atop 5-axis load cells.

D |Pelvic block Adjustable bilateral blocks to prevent pelvic
posterior migration pre-test.

E |Footrest Adjustable bilateral channels with ankle
straps to immobilize feet and lower legs.

F |Seat load cell 6-axis |load cell supporting seat.

G |Footrest load cell |6-axis load cell supporting sest.

H |Right lap  belt|Center of bolt head securing the right belt to

anchor

the anchor mount defines the buck]
coordinate system for 3D movement data.
Lap belt length adjuster tongue mountg
here.

Upper shoulder

Center of bolt head securing upper shoulder

belt anchor belt segment. AdjustableinZ and Y.

J |Back Adjustable back and head support provided
by horizontal wires attached to vertica
cables.

K |Left lap  andAnchor point is position & an OEM

shoulder belt
anchor

location by a “stalk” surrogate. Shoulder
belt length adjuster tongue and the left lap

belt anchor mount here.

Figure 3. Test hardware. Thor SD-3 shown.

Anterior

Figure 4. Calculated anatomical kinematic
measurement locations.
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Figure 5. Overhead view of subject kinematics. Position of T1 and bilateral acromia at 20 ms intervals for each
subject. Overlay of all subjectsat 120 ms (lower right plot).



PMHS T1

300 ¢ PMHS RAC

T o5 | ===THOR T1

g - ——THOR RAC

@ 200 | = ==-Hybrid lll_T1

P L= Hybrid 111_RAc

X150 | Yl

S F

@ 100 |

2 50 |

& k

5 O | 1 T T T T T T 1
50 D 20 40 60 80 100 120 140 160

Time (Ms)

Figure 6. Right Acromion (RAc) and T1 displacement

with respect to the vehicle buck.

Plots represent the

mean from all available tests for each subject.

300 T

Mean Peak X-axis Disp. (mm)
= = N )
a1 o a1 o a
o o o o o

o

-50 I
PMHS THOR

B T1 wrt Buck

# RAC wrt Buck

H3

Figure 7. Mean Peak X-axis displacements + 1 S.D.

for each subject.

13



] ] 1) ]
| \ \ )
H \ \ |
\ | 7 \ ]
1 ' \ |
0 ] ] ]
- 0 ] S M ]
i ' ! ]
] ] ! ]
- I ] Y ]
] [} -.
4 ] ! ﬁ
a
A /] |
'
. “ ! 3
|
1
B A L N LT [ [ e e e
grevaogeevNe gemevNo 338828 R°F988 2985888 IR°{YB B8BIR"F
(N>1) peo13g  (NX) peo 1ed (N>1) peo (ww) dsiq (ww) 'dsi1q (ww) dsia (ww) dsia (Ww) dsigsixe

epnoys leddn  “pnoys Jemo 1R deTIUBY  sixe-x wnueIS sixe-x 1o dn SHe-X BRY 'dn Sixe-X 1o Mo

-X Y61y 'Mo1

100 120 140

80
Time (ms)

PMHS s THOR === H3
Figure 8. X-axis chest deflection, ded pulse, and belt

loads.

40 60

20

14



Table 2. GS1 Chest Deflection.
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Figure 9. GS1 X-axis deflection. Average values with 1 SD.
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ABSTRACT

Thoracic injuries are one of the main causes of fatally
and severely injured casualties in car crashes.
Advances in restraint system technology and airbags
may be needed to address this problem; however, the
crash test dummies available today for studying these
injuries have limitations that prevent them from
being able to demonstrate the benefits of such
innovations. THORAX-FP7 was a collaborative
medium scale project under the European Seventh
Framework. It focused on the mitigation and
prevention of thoracic injuries through an improved
understanding of the thoracic injury mechanisms and
the implementation of this understanding in an
updated design for the thorax-shoulder complex of
the THOR dummy. The updated dummy should
enable the design and evaluation of advanced
restraint systems for a wide variety (gender, age and
size) of car occupants.

The hardware development involved five steps:
1) Identification of the dominant thoracic injury types
from field data, 2) Specification of biomechanical
requirements, 3) Identification of injury parameters
and necessary instrumentation, 4) Dummy hardware
development and 5) Evaluation of the demonstrator
dummy.

The activities resulted in the definition of new
biofidelity and instrumentation requirements for an
updated thorax-shoulder complex. Prototype versions
were realised and implemented in three THOR

dummies for biomechanical evaluation testing. This
paper documents the hardware developments and
biomechanical evaluation testing carried out.

INTRODUCTION

Data from the European Road Safety Observatory
show that around 31,000 people were killed and
more than 1.4 million injured in European road
accidents in 2010 [1]. Although these figures
continue the decline in road casualties observed since
20001, further efforts are needed to make European
roads safer. In support of this the EU 7" Framework
project THORAX (Thoracic injury assessment for
improved vehicle safety) focused on reduction and
prevention of thoracic trauma. As depicted in
Figure 1, thoracic injuries are one of the leading
causes of severe injuries and fatalities in car crashes.
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Figure 1 —MAIS injury level per body region (CCIS
frontal impact sample n = 2,148 occupants) [2].
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The THORAX consortium consisted of car
manufacturers, suppliers, research groups and
universities with wide experience in impact
biomechanics. The main objectives of the project
were:

e Identification of the two most relevant thoracic
injury types for car occupants in view of societal
relevance;

e Development of a mechanical demonstrator
consisting of a new dummy thorax and shoulder
design for the THOR NT dummy;

e Derivation of injury risk functions;

e Evaluation of the sensitivity of the demonstrator
to modern vehicle safety systems.

This paper presents the demonstrator dummies

developed including the biofidelity evaluations. The

paper starts with a short summary of accident surveys
and Dbiomechanical studies which provided
requirements for the dummy design.

BACKGROUND INFORMATION TO THE
DESIGN

Outcome from accident surveys

Accident data were studied to identify the two most
relevant thoracic injury types for car occupants and
to provide detailed information on the type and
severity of thoracic injuries in relation to impact type,
restraint type, and occupant characteristics. The data
were controlled for impact partner, impact severity,
overlap and intrusion, and type of restraint system
used. Results have been reported in detail in [3], [4],
[5] and [6]. The data analysis showed that at the AIS
> 2 severity level, thoracic fractures are the torso
injuries that occur most frequently. These occur to
the ribs and sternum, and are observed often,
particularly when AIS 1 rib fractures are counted.
Lung injuries also occur frequently in frontal impact
accidents (even though they are AIS > 3) and are the
most frequently observed injuries to an organ.

Biomechanical requirements definition

To ensure that a crash test dummy loads the vehicle
and restraint system in a similar way to the human,
biofidelity requirements are used to specify the
dummy performance. In addition, these requirements
are used to ensure that the response of the dummy to
restraint system loading is relevant to be used in the
prediction of injury risk in simulated crashes.
Biofidelity requirements may be derived from human
volunteer, PMHS (post-mortem human subject), or

animal tests and the test conditions should be
representative of real-world accidents.

As no full set of requirements and related biofidelity
rating system was available for frontal impact
dummies the THORAX project conducted an in-
depth literature review to identify all available PMHS
datasets relevant for frontal impacts. Criteria were
developed for inclusion or exclusion of PMHS tests.
When feasible, data were processed to account for
differences in mass and age of the subjects. The test
conditions for biomechanical evaluations included
pendulum impactor, table top, static airbag and belt
tests, quasi static volunteer shoulder tests and various
sled tests. To ensure good performance under various
loading conditions a much broader set of
requirements was proposed when compared with
those from the EEVC and NHTSA. The results of the
literature review have been reported in [7]. The
report includes a detailed description of each test
configuration allowing for reproduction of the tests
with the THOR dummy.

Injury criteria and dummy instrumentation

A study into injury criteria and risk curves that are
independent of experimental parameters such as the
apportionment of seatbelt and airbag loading was
performed using a validated Human Body Model [8],
[9]. The model was submitted to a wide range of
loading types: impactor, static airbag, belt only
restraint, airbag only restraint and combined belt and
airbag restraint. For each loading type different
severities were applied to generate different levels of
rib fracture: from the absence of fractures to
numerous fractured ribs. From these studies rib
bending was identified as being the main loading
resulting in fracture as opposed to torsion. Two
injury criteria representing this pattern were
formulated. The first one, called the Combined
Deflection (Dc) criterion, uses chest displacements at
four locations to compute overall and differential
deflections resulting in bending strains. The second
criterion, called Number of Fractured Ribs (NFR),
uses locally measured strains at individual ribs to
identify those ribs for which the bending strains at
any location has exceeded a critical value. The Dc
criterion requires displacement to be measured at
four locations in the chest while the NFR requires
local strains to be measured at individual ribs.
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SHOULDER / THORAX DESIGN

Based on the findings of the accident surveys and the
outcome of the biomechanical work a demonstrator
dummy was designed. Extensive design and
prototyping efforts were made to realise three
demonstrator prototypes for evaluation testing and
restraint sensitivity testing [10]. The main focus was
on the updates to the SD2 shoulder, rib response
tuning to corridors and the implementation of
instrumentation to capture information for newly
proposed injury criteria.

Shoulder and arm design

Various updates were made to the THOR SD2
shoulder which was originally developed by Térnvall
[11]. The sterno-clavicular joint was redesigned to
meet anthropometry requirements for the 50"
percentile male described in [12]. The original SD2
design did not meet the anthropometric target
position of £20 mm lateral from mid saggital plane (it
was +44 mm).

Of particular importance is the update of the shoulder
cover. As the SD2 design allows a complex and large
range of shoulder motion, the original design applied
left and right soft foam shoulder mouldings inside a
dedicated jacket. The position and shape of the foam
was not well defined and did not provide a repeatable
position of and interaction with the belt. The updated
SD shoulder employs a solid elastomer moulding,
which is closer to the original NT part in geometry
and firmness. The THOR jacket used with the
updated SD shoulder is slightly modified to allow for
the larger range of shoulder motion.

The THOR dummy had Hybrid III arms which did
not match the anthropometry requirements in [12].
Moreover the arms were not well integrated in the
SD2 shoulder design. To correct these discrepancies,
a new upper arm was developed which is compatible
with the shoulder design and meets the
anthropometric targets. The new design includes load
measurement capabilities at the middle of the
humerus using a WorldSID 50™ loadcell.

Finally, clavicle load cells were implemented in the
updated shoulder design. Two-channel load cells can
be installed at both ends of the clavicles to measure
force in the forward and vertical directions.

The updated shoulder-arm design is shown in Figure
2 through Figure 4. It is being referred to as the SD3
shoulder.

Figure 2 — SD3 shoulder and arms installed on
demonstrator dummy.

Figure 3 — The pivot mechanism.

Figure 4 — Updated arm design (flesh not shown).
Rib cage response tuning

To optimise the thorax response the sensitivity to rib
stiffness and damping behaviour were investigated in
pendulum impactor tests [9], [10]. The rib stiffness
was gradually reduced first by damping thickness
reduction, then by stepwise cutting the height of the
metal. On this basis an optimal response with respect
to the NHTSA (Kroell) biofidelity corridors was
pursued as starting point for further biofidelity
evaluations. Based on the outcome 3 rib sets were
produced with 1.6 mm rib metal and 9 mm damping
material gauge. An additional 6 mm foam pad was
added inside the front jacket to increase damping
and, to a small amount, the external deflections. In a
first evaluation the demonstrator dummies were
subjected to frontal and oblique pendulum impactor
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tests (see Figure 5). Figure 6 shows responses from
frontal pendulum impact tests for three dummies
plotted against corridors based on Kroell [13]. The
peak pendulum force is exceeded by less than half
the corridor width and the peak compression is close
to the mean. Some variability between the dummies
is observed due to differences in the configuration of
the demonstrator dummies as described below.
Figure 7 shows the performance for oblique lower rib
impact tests (15° about a vertical axis) and the
NHTSA certification requirements for peak force and
peak compression [14]. One dummy is inside the
requirement while the other slightly exceededs the
peak compression. This was considered close enough
to the corridor to proceed with biofidelity evaluation.

Instrumentation

In conjunction with the injury criteria proposed, four
3D IR-Traccs in the thorax were adopted from the
THOR mod-kit [15]. The IR-Traccs provide the
required input to be used in calculating the Dc
criterion. As input to the NFR criterion two of the
demonstrator dummies were equipped with a total of
72 strain gauges on the ribs (see Figure 8). The
gauges are implemented such that the influence on
the chest dynamic response is negligible. From the
second rib down, all six lower ribs have six strain
gauges on both sides equally spaced in ratio to the
length of the ribs.

THORAX demonstrators

Three demonstrators were built based on THOR
donor dummies provided by THORAX partners
IFSTTAR, Autoliv and TRL. All three included
tuned rib sets, modified jackets and SD3 shoulders.
The Autoliv and TRL dummies also included the
Pelvis-Femur-Knee Mod Kit described in [15].

! A

.:.:ﬁ A | 1 NITT.
Figure 5 — Dummy in frontal and oblique pendulum
impact test set-up (Jacket removed for photo).
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Figure 6 — Response for three THORAX demo
dummies in frontal 4.3 m/s pendulum impact tests.

——1100735TRL
4.0
33 /A} S| ——1100736 TRL
Z 30+ F I
= 4 | ||=—1100737TRL
= |
g 2 7
= 1 |
2 20 I | il | |=——12000101FSTTAR
E ol {
= 15 /
3 /4 /| —1z000111FsTTAR
c /
a 10 4 e | | A
/
i 4 —m—Yogandan Lower ribcage
03 J// certification
reguirement
0o
[} 0 0 30 a0 50 G o a0 an 100

Deflection Dx in [mm]

Figure 7 — Results for two THORAX demo dummies
in oblique pendulum impact tests.

Figure 8 — Example of rib with gauges.
BIOMECHANICAL EVALUATION

In 2009, ISO/TC22/SC12 Working Group 5 started
an effort defining frontal impact biofidelity targets in
a world-wide expert group. The ISO Task Force led
by ACEA and CEESAR contributed a literature
review and also defined selection criteria to find
biofidelity test configurations. In the end, the work
focused on three test configurations and biofidelity
targets were proposed by ACEA-TFD and CEESAR
and released by Lebarbé and Petit [16], [17]. Their
current proposal for biofidelity targets is being
reviewed by ISO WGS5, with a draft Technical Report
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under revision. Acknowledging this effort and
previous evaluation proposals by EEVC and
NHTSA, the THORAX project sought further test
conditions under which an advanced dummy thorax
could be evaluated. In view of this the THORAX
project considered a wide set of test conditions for
the biomechanical evaluation of the demonstrator
dummies [7]:
e Pendulum impactor (Lebarbé [17], Yoganandan
[14]).
e Table top (Cesari & Bouquet [18], Kent [19]).
e Quasi static volunteer shoulder tests.
e Sled tests (Forman [20], Bolton [21], Shaw [22]).
In most cases matching tests with a Hybrid III and /
or baseline THOR dummy were included. Where
previous tests had been performed with one of those
dummies, this was used to give confidence to the
accuracy of the testing set-up. It also allowed
analysis of the relative dummy performance.

Thorax pendulum tests

Pendulum impactor tests replicating the Kroell
frontal sternum and Yoganandan oblique lower rib
tests, were evaluated against corridors defined by
Lebarbé [17] and, for the oblique impacts, by the
THORAX project itself based on Yoganandan
pendulum tests.

The requirements for the frontal sternum impacts
were developed as part of the ACEA-TFD support of
ISO Working Group 5. They define an external
(surface of the chest) deflection measurement. As this
can not be measured with the IR-Traccs inside the
thorax the pendulum penetration was recorded with
High Speed Video analysis. A standard 23.4 kg and
152 mm diameter pendulum was used at an impact
speed of 4.3 m/s. The dummy was positioned
according the PMHS test positions (see Figure 5).
For the Yoganandan tests the pendulum was lined
with 19 mm Rubatex foam, as specified.

Results for the upper thorax impact tests are given in
Figure 9. The peak penetration in these tests was
between 67 and 72 mm. The response is in fairly
good correlation with corridors defined by Lebarbé
[17]. The peak penetration corresponds well with the
average found in PMHS tests. The peak pendulum
force exceeds the target by around half the corridor
width. The unloading phase is entirely within the
corridor. In THORAX [7] the orginal Yoganandan
[14] data was reanalysed and Moorhouse
normalisation applied, which was found to reduce
scatter more than other methods. An artefact of this
method is that the corridors do not represent the
variation of peak deflection seen in the original tests,
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Figure 9 — Results Pendulum Force versus Pendulum
Penetration. Corridors from Lebarbe [17].
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Figure 10 - Pendulum force — penetration for oblique
impact tests on lower thorax. Normalised PMHS
responses grey shaded [7].

and corridors are narrow at peak deflection. Figure
10 shows resulting corridors and the demonstrator
dummy responses. Due to inaccuracy of the time zero
of pendulum contact with the dummy, the penetration
derived from high speed video analysis was possibly
overestimated upto 17mm . The peak forces of the
dummy exceed the PMHS responses. Considering
that dummy peak penetrations were almost certainly
overestimated, the penetration response was close to
the requirement.

Cesari & Bouquet table top tests

As part of the evaluation the THORAX demonstrator
was subjected to table-top conditions reported by
Cesari and Bouquet [18] and previous authors. For
this purpose a replica of the table-top rig as described
in [18] was built. The new demonstrator dummy and
the baseline THOR-NT were assessed on this rig
with additional Hybrid III tests required to prove that
the set-up was comparable with the original Cesari
and Bouquet experimental work. In the original tests
an impactor of mass 22.4 or 76.1 kg loaded the belt.
Impact velocities ranged from 3 to 9 m/s. The two
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ends of the seat belt passed through the table over
low friction supports and were attached to a
horizontal spreader bar. The movement of the bar
was activated by a dynamic impactor. The force at
each end of the belt was measured with a load cell
before connection to the rod. The chest deflection

was measured at eight different locations spread over
the different ribs.

The behaviour of the new equipment was compared
with the original behaviour via a comparison of test
results with the Hybrid III dummy (see Figure 12).
Slight differences were noted in the belt forces and
external deflection measurements at the higher
severity loading conditions. These differences were
regarded as being acceptable for the intended
purpose of comparing relative displacement
measurements and hence regional stiffness and
coupling.

A limitation of the set-up was in the accuracy with
which the external measurement points were
positioned around the thorax of the subject. The
locations had to be manipulated in order to align
them with realistic hard points throughout the thorax.
Whilst efforts were taken to minimise those errors, it
is considered that small variations in the positions of
the external deflection measurement points could
have an influence on the biofidelity results.

Results comparing the three different dummies in
relation to corridors from the PMHS data are
depicted in Figure 13. Results for both the THORAX
demonstrator as well as the THOR-NT were found to
be close to the response corridor. Results for both
dummies are quite similar indicating no negative
effect of the modifications to the chest and shoulder
complex on the regional stiffness distribution as
evaluated in this test condition.

Kent et al. table top tests

In addition to the Cesari and Bouquet tests the
THORAX demonstrator was subjected to table-top
conditions described in [19]. In their research, Kent
et al. studied the effect of four different loading
conditions on the biomechanical response of the
human thorax using PMHS. For the purpose of the
evaluation of the demonstrator, three of four loading
conditions applied by Kent et al. were reproduced.
These loadings conditons were: hub, single diagonal
belt and double diagonal belt. The hub had the same
geometry as the one used in Kent et al. The belt for
the single and double diagonal belt loading
conditions was positoned on the dummy chest
similarly to the cadaver tests. The breadth of the belt
used was a little smaller than the original belt (4.6 cm
instead of 5 cm). The test rig was not reproduced
identical to the original set-up but the positions and
orientations of the loading devices as well as the
loading conditions were identical to the PMHS tests.
A universal tensile test machine was used to generate
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chest deflection at a rate similar to the rate applied on
the PMHS chest. This chest deflection is supposed to
mimic the deflection of a restrained PMHS in 48
km/h frontal sled tests. This corresponds to a linear
displacement with a constant velocity of 1 m/s. In
order to replicate the PMHS protocol accurately, the
pre-test 10-cycle preconditioning regime described in
the Kent paper was also applied to precondition the
thorax of the demonstrator. The dummy was
positioned in the same way as the PMHS with its
back lying on the table.

Applied and reaction force were recorded with the
same sampling frequency as in the PMHS tests. In
addition to the dummy instrumentation, the chest
deflection at mid-sternum was also measured with a
linear transducer (LVDT) to facilitate the comparison
with the PMHS corridor established by Kent et al.
[19]. Kent et al. performed non-injurious tests with
the different loading condtions on each cadaver and a
final injurious test with one of the four loading
conditions for each PMHS. For the THORAX
demonstrator, successive tests were performed by
increasing the chest deflection from 10% up to 30%.
The 30% of chest deflection corresponds roughly to
the injurious tests performed on the PMHS. This
allowed to check the repeatability of the
demonstrator response and to avoid damage to the
dummy by checking the rib conditions after each test
and before increasing the deflection.

The responses of the demonstrator were compared
with the PMHS corridors (see Figure 14). The
demonstrator response is within the corridor for the
hub loading condition. Nevertheless, for low chest
deflection (<10%) the reaction force was low
compared to cadavers. The reaction force increased
rapidly between 10 and 15% and then the
demonstrator followed the cadaver response with a
value slightly higher than the average characteristics
of the PMHS. For the single diagonal belt loading,

the demonstrator behaviour fitted very well with the
corridor up to 10% of chest deflection. Then, the
stiffness of the dummy chest increased and became
higher than the upper corridor above 15% of
deflection. The THORAX demonstrator appears too
stiff compared with the PMHS corridor with the
double diagonal belt loading condition. It should be
noted that permanent deformation of the lower ribs of
the demonstrator were observed for this series, which
is to be expected considering the peak load of 18 kN
applied.

Quasi static volunteer shoulder tests

In the Thorax project a test rig for evaluation of the
human shoulder stiffness was developed (see
Figure 15). Belted volunteers were seated and their
shoulder bone motions measured when loaded
forward (0°), forward-upward (45°), upward (90°)
and rearward (180°). The forward and upward loads
to the shoulders were applied through the arms by
means of arm brackets fastened to the elbows
Rearward loads were applied by means of a padded
strap wrapped around the shoulder complex. To
block torso movement the volunteers were restrained
by two shoulder belts, routed close to the neck, that
were pre-tensioned to 100 N each. The arms or
shoulders were statically loaded with 50 N
increments to a maximum of 200 N/side. Each
volunteer was exposed to three tests for each loading
direction. The position of the shoulder complex was
recorded by three digital cameras. The left acromion
process relative to T1 displacements were used to
calculate shoulder motion in 3D. Belt loads and seat
back loads were recorded to facilitate a comparison
between dummy interactions during testing as
compared to those of the volunteers.

Tests were done with six volunteers and reproduced
using the THORAX demonstrator dummies as well
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Figure 15 — Test rig used for shoulder stiffness tests

as a standard Hybrid III. Evaluation of the dummy
performance in this loading condition is regarded as
complimentary to PMHS sled tests like, for instance,
the Gold Standard sled tests [24]. Average T1 change
in position for each loading condition was below
32 mm forward-rearward and 14 mm upward-
downward when maximum load was applied (both
for volunteers and dummies). This means that the
shoulder motion was more successfully isolated from
other motions in this study than in similar previous
studies [11] and therefore more suitable for
evaluation of crash test dummy shoulders.

The THORAX demonstrator produced similar
shoulder motions as the volunteers did when the
loads were applied forward, oblique and upward
(Figure 16). For series 0° the shoulder relative to T1
forward motion was 54 mm for the average
volunteer, 45 mm for the THORAX demonstrator
and 2 mm for the Hybrid III when maximum load
was applied. For series 45° the resultant maximum
shoulder relative to T1 motion was 68 mm for the
average volunteer, 64 mm for the THORAX
demonstrator and 2 mm for the Hybrid III. Both the
THORAX demonstrator and the Hybrid III exhibited
less than half the rearward shoulder motion of the
volunteers in the 180° tests (Figure 16). For this
loading condition the THORAX demonstrator
exhibited 22 mm rearward motion whereas the
average volunteer exhibited 47 mm.

Forman and Bolton sled tests

To replicate PMHS sled test configurations reported
by Forman et al. [20] and Bolton et al. [21] a sled rig
was developed (see Figure 17). The rig consists of a
stiffened Ford Taurus buck equipped with airbags,

--#--Series 0 - Volunteers --#--Series 80 - Volunteers

—>— Series 0 - HYBRID Il > Series 80 - HYBRID IlI
—&— Series 0 - THORAX ©— Series 80 - THORAX
--#-- Series 45 - Volunteers  --#-- Series 180 - Volunteers

—>— Series 45 - HYBRID Il —<— Series 180 - HYBRID Il
—&— Series 45 - THORAX —&— Series 180 - THORAX

Acromion rel. T1 z-displacement (mm)

Il
-60 -40 -20 0 20 40 60 80
Acromion rel. T1 x-displacement (mm)

Figure 16 — THORAX project shoulder response
corridors, Hybrid 111 and THORAX displacements in
four loading directions.

safety Dbelts, dashboard, seat, etc. Four front

passenger sled test configurations were replicated

using the Autoliv THORAX demonstrator dummy:

o No shoulder belt (2pt belt) + airbag.

e Only 3-point belt load, no airbag. 5 kN Shoulder
belt load.

¢ 3-point belt (force limiter) + airbag. 5 kN Shoulder
belt load.

® 3-point belt (no force limiter) + AB. 8 kN Shoulder
belt load.

High speed filming with motion capture was applied

to obtain dummy kinematics data. Dummy reponses

were compared against global kinematics, thoracic

spine accelerations and thoracic deformations

obtained from the PMHS tests.

To derive the acceleration corridors, the original raw

PMHS data from the tests performed by UVa have

been used. PMHS corridors were derived for T1, T8

and T12/L1 resultant accelerations. An attempt was

made to apply normalisation to the standard 50"

percentile size [25]. However, the different temporal

scaling factors between subjects appeared to generate

different values resulting in a bi-modal mean

response, which was not representative of any of the

_—

Fiure 17 — General view of the sled rig.
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PMHS and cannot reasonably be reproduced by the
dummy. Therefore normalisation was not applied for
the corridors used in the performance comparisons.
The acceleration versus time responses were obtained
as the mean response with a corridor set at = one
standard deviation.

For T1 acceleration corridors, the positions of the
accelerometers in the PMHS and in the dummy are
different. To derive the T1 corridors, the PMHS
response with three accelerations and three rotational
velocities have been used to obtain the acceleration
corridors for the position of the dummy TI
accelerometer. Therefore the T1 corridors presented
in this paper are dummy specific corridors.
Furthermore, the kinematics behavior is analysed
(trajectories of different targets on the head, T1 or

hip) in order to perform a general comparison of the

demonstrator dummy with respect to the PMHS.

The results from the two tests with the demonstrator

dummy in each test configuration, together with the

response corridors, are shown in Figure 18 to Figure

20. It is observed that:

e The general behaviour of the THOR kinematics is
good. The lower part of the dummy underwent a
greater excursion than the mean of the PMHSs. It is
possible that the main factor was the knee to
dashboard distance which, together with the
forward displacement of the pelvis from condition
to condition, was variable in the PMHS. The T1
and head excursions are well reproduced.

Forman et al. (2006).Taurus buck. 3P belt pretensor & FL + depowered Airbag. 48 km/h. 5 kN SBFL.
Head displacement X —Head 1 Left Shoulder displacement X Hip displacement X
Head 2 Left 500 200
=5 600 —Head 3 Left — Shoulder Left — Hip 1 Right
£ 5001 —Head 1Right | | 400 — Shoulder Right z 150 —Hip 2 Righ
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Forman et al. (2006).Taurus buck. 3P standard belt + depowered Airbag. 48 km/h. 8 kN SBL.
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Head 2 Left
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Figure 18 — Head, T1 and hip x-displacements; upper spine, mid spine and lower spine resultant accelerations for
tests with 2 point belt and full powered airbag (top rows) by Bolton et al. [21] and tests with 3 point belt without

airbag (bottom rows) by Forman et al. et al. [20].
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Figure 19 — Head, T1 and hip x-displacements; upper spine, mid spine and lower spine resultant accelerations for
tests with 3-point force limiting belt (5 kN) and de-powered airbag (top rows) and tests with 3-point standard belt
no-force limitation (maximum shoulder belt load of 8 kN) with de-powered airbag by Forman et al.[20].

Figure 20 — Comparison of chest x-deflections (as a percentage of the chest depth at measurement location) tests

2P belt + Full-powered Airbag

3P belt pretensor & FL + depowered Airbag

THOR PMHS THOR

| THOR PMHS THOR
|

| Right 1| Sternum || Left 1111 Right || Right [ Sternum | Left || Left |
[ Opper [ 122% [ 1t0% [ _111% |[_-104% |[ 259% | -27.6% | -248% |[_-17.0% |
[ Cower |[41% (59%) || [ 2% 63%) |||[44% @3%) || 62% | 69% | -11.5% |[-16.3% (1.7%)]

3P standard belt + NO Airbag

3P standard belt + depowered Airbag

THOR PMHS THOR

| THOR PMHS THOR
|

| Right ]| Sternum || Left 1111 Right ]| Right | Sternum |  Left |] Left |
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[ Cower [ B52%eaw || 7% |[30% s ||| 66%Ba% || 7% | 59% | -134% |[207% 2.7%)]

for all four passenger load conditions considered by Forman et al. [20] and Bolton et al. [21].
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Figure 21 — Chest deformations relative T8 for THORAX demonstrator with SD3, Hybrid Il compared with

biofidelity target provided by Lebarbé and Petit [17].

o The resultant spine accelerations (T1, T8 and T12)
gave good results. Dummy accelerations are greater
than the PMHS, but the morphology and timing
was well reproduced. The T8 and TI12 dummy
accelerations are influenced by the direct contact of
the knees against the dashboard.

The THOR dummy had less chest compression than the
PMHS, especially for the more severe configurations.
The dummy thoracic deformation was able to
discriminate the configurations in terms of their
severity. In the three-point belt loading, the PMHS had
large uncoupled deflections (the upper compression
was 2 to 4 times greater that the lower compression);
however, the prototype dummy could not reproduce
this. With the three-point belt, the lower left thoracic
location had high deflection and the lower right location
had very little deflection (even considering the local
chest depth at that level) reproducing the behavior of
the PMHS.

Gold Standard Shaw et al. sled tests

In a sled test series, commonly referred to as the
‘Gold Standard’, by Shaw et al. [26] and [27], eight
PMHSs were positioned on a rigid planar seat with
their torso and head supported by a matrix of wires.
The subjects were restrained by a three-point
shoulder and lap belt, using separate adjustable-
length sections joined near the subject’s left hip,
tensioned to approximately 5 N and 50 N,
respectively, prior to each test. In addition, a rigid
knee bolster, adjusted to be in contact with the knees,
and a footrest with ankle straps restrained the lower
extremities. The sled and the PMHSs were subjected
to a peak acceleration of 140 m/s that resulted in a
velocity change of 40 kph. Instrumentation was
comprehensive and enabled the extraction of
acromion, spine, and head displacements and chest
compressions using video analysis [26], [27], [17].

The new THORAX demonstrator and Hybrid III
dummy were subjected to Gold Standard sled tests
using a replica of the original test rig [28]. Dummy
rib cage deformations were measured using internal
sensors and recalculated to the coordinate system
used in the the Gold Standard series; anterior chest
displacements in a T8 vertebra coordinate system. T8
location and coordinate system attitudes were
transferred to dummy drawings from drawings of
seated humans [12].

THORAX demonstrator upper chest deformations
were larger than those of the THOR NT [28] but still
lower than the response target (Figure 21). In the
tests with the demonstrator dummy slightly larger
belt downward sliding was observed compared to the
original PMHS tests [27]. This off-loaded the left
chest and may, to some degree, explain the smaller
upper left chest deformations. For the belted
shoulder, the clavicle of the PMHSs moved
somewhat rearward and exposed the chest to belt
loads. This was not fully reproduced by the
demonstrator; the clavicle shielded the upper right
chest to a higher degree in the demonstrator. In
addition, the demonstrator exhibited slightly larger
thorax rotation around its vertical axes and this could
explain why the demonstrator exhibited relatively
large lower left chest compressions as compared to
those observed in the upper chest. Another reason for
larger lower left chest deformations were differences
in pelvis motions; the demonstrators moved on
average 35 mm forward while the PMHSs only
moved on average 25 mm.

The results indicate that the dummy chest may be
slightly stiffer than that of the average PMHS in this
loading condition.

Hybrid III chest deformations were uniform but also
small; upper right and lower left chest deformations
were smaller than the biofidelity targets (Figure 21).
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Figure 22 — Stills from high speed video of tests in
Gold standard conditions with a respresentative
PMHS, THORAX and Hybrid IIT at 120 ms.
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Time (ms)
Figure 23 — Head displacement relative sled for
THORAX demonstrator and Hybrid III compared
with project requirments that were derived from Ash
et al. [2012].

In addition to chest stiffness, two other factors highly
influenced the chest response of the Hybrid III; the
Hybrid III thorax spine is rigid and as a result the
thorax did not flex as did the spine of the
demonstrator and the PMHSs (Figure 22); the Hybrid
IIT exhibited smaller head forward displacements
than those specified in the project requirements
(Figure 23). These differences may not seem to be
important in this sled condition but influences
restraint interactions in modern cars.

Neither the THORAX demonstrator nor the Hybrid
IIT exhibited lower right chest bulge out as did the
average PMHS. The THORAX demonstrator appears
to be repeatable based on these three tests.

DISCUSSION

In the THORAX project a new shoulder-thorax
complex to be fitted on the THOR-NT was
developed and three demonstrator dummies were
updated with this design. The dummies were then
evaluated against a broad list of biomechanical
requirements for the thorax and shoulder. Those
requirements included, but were not limited to those
published previously by NHTSA and Lebarbé. In

summary the performance of the demonstrator

dummies in each test condition was as follows:

1) In pendulum impactor tests generally a reasonable
to good correlation between demonstrator dummy
responses and corridors was obtained. Peak forces
for frontal pendulum tests (Lebarbé) and oblique
tests in the lower thorax region (Yoganandan)
tended to be higher than the corridors.
Penedulum penetration could not be determined
accurately, however appeared to be a good match
in both conditions.

2) In table-top tests the regional coupling, assessing
the influence of loads in one part of the thorax on
deflections in another part, was investigated.
Comparison of the demonstrator dummy with
corridors identified from PMHS table top tests by
Cesari and Bouquet revealed that the dummy
performs reasonably well compared with other
dummies like the Hybrid III. However, slight
deviations from the PMHS responses were still
observed. Also, in sled tests, it appears that the
balance of the upper to the lower measurement
point deflections may not be the same as for
PMHS. As injury risk development work now
considers a combined deflection criterion
incorporating the differential deflections from the
four measurement points (left-right, top-bottom),
it seems important that those efforts consider the
biofidelity of the dummy. Implications of the
performance of the dummy in terms of regional
coupling and stiffness need to be viewed in
relation to the injury criterion used.

3) In table-top tests considering the influence of
loading condition (Kent), the demonstrator
dummy also performed reasonably well. The
stiffness of the dummy increased from the hub to
the single diagonal belt to the double diagonal
belt conditions as for the PMHS. Results were
within the force-compression corridors for hub
and initially for the diagonal belt loads while
being too stiff for the double diagonal belt. This
may indicate that the SD3 shoulder or the top of
the thorax is too stiff compared to humans under
the belt conditions tested. The consequences of
this for the behavior in frontal impacts are not
clear from this test environment though.

4) Very good correlation was obtained between
dummy tests and corridors for the shoulder range
of motion tests, matched with a new set of
volunteer tests. The human shoulder motions in
the forward and/or upward directions are
represented well by the dummy including
sufficient range. Rearward shoulder motions
however, were found to be limited but still
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showed a substantial improvement compared with
the Hybrid III. The results for rearward shoulder
loading with limited motion compared to
volunteers might help explain the belt condition
performance in the Kent table top tests, but this is
to be investigated.

5) In sled tests (Forman, Bolton) representing
various restraint conditions the demonstrator
dummy generally shows good behaviour.
Although, some differences with respect to the
PMHS corridors were observed. It is to be noted
that reproducing these test conditions is difficult
in terms of finding representative test components
like airbags, belts and seats. Furthermore for each
restraint type only a very limited number of
subjects were used to define the corridors.
Therefore, the requirements could be biased to the
specific subject characteristics and responses, for
instance in their interaction with the knee bolster.

6) The gold standard tests were specified to address
some of the limitations noted above by selecting
subjects with anthropometry close to the average
male. Also, the set-up was intended to be easily
reproduced in other laboratories. In reproductions
of these tests the demonstrator dummy showed
improved overall kinematics in terms of head
forward displacement and spine rotation and
bending in comparison with the Hybrid III. Also
the chest deformations were improved when
compared to published THOR-NT results.
However, the maximum upper right chest
deformation was somewhat lower than the project
requirements while the upper and lower left
maximum deformations were within the required
range. The reason for low upper left chest
deformation may be due to higher stiffness of the
upper ribcage quadrant but may also be due to the
first rib-clavicle complex. This was also indicated
in the comparisons with volunteer shoulder data,
Kent table top test data, table top tests by Cesari
and Bouquet and the Forman and Bolton sled test
series.

Although for some of the individual test conditions
the dummy response deviates from the project
requirements, reasonable correlation is obtained over
the broad range of conditions considered. Detailed
comparison of chest deflections in various conditions
indicates that the upper rib - clavicle complex
appears stiffer than those of the PMHSs. No specific
biomechanical data for this region was available and
it is recommended to collect such data in future
studies. The demonstrator exhibited differential
displacements in upper and lower, as well as left to

right thorax regions in line with PMHS data. The
Hybrid II dummy also showed differential
deflections but too a much lesser extent. These
relative deflection components are input to injury
criteria proposed in THORAX and regarded as
important when distinguishing between different
loading conditions. In defining such criteria the
relatively stiff response in the upper thorax region
should be kept in mind as it reduces dummy
displacement readings in this part.

In some cases the lack of correlation could clearly be
attributed to specifics of the set-up. As an example
differences in kinematics in sled tests could be
attributed to knee contact with the bolster which is
highly dependent on subject size considered and
seating position. This example also illustrates an
aspect of certain test conditions which, other than
table top and pendulum impactor, suffer from the fact
that data for only a limited number of subjects are
available. However, if broad evaluation in a variety
of test conditions is deemed a priority, than also
conditions of small subject count must be included.
In this respect it should also be noted that at this
stage of the research the comparison of the dummy
responses with the biofidelity targets has been a
subjective one. It is encouraged that future efforts
will incorporate an objective validation of the
dummy performance. This will require an approved
set of requirements and assessment method, which
are not formally available at the time of writing.

During the biofidelity evaluations it became evident
that the THORAX demonstrator dummies showed
sensitivity of the chest deflection measurements to
the different restraint systems or loading devices
used. This suggests that the THORAX demonstrator
can be valuable as a tool to investigate performance
differences between various types of restraint.
However, to offer equivalent or comparable risk of
injury predictions under localised or distributed
loading a criterion which is independent of the
restraint system should be used. The potential use of
the THORAX demonstrators and injury criterion
candidates is being investigated in sled tests using
modern restraint systems within the final work
package of the THORAX Project.

CONCLUSION

THORAX was a project under the European 7th
Framework. Car manufacturers, suppliers, research
groups and universities jointly investigated thoracic
injury mechanisms and findings were implemented in
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design tools meant to enable the design and
evaluation of advanced occupant restraint systems.
Following accident surveys and biomechanical
studies a new shoulder-thorax complex for the
THOR-NT dummy was developed. This included a
modified version of the SD shoulder representing
realistic range of motion in this body section. Three
demonstrator dummies were prepared for evaluation
against a broad list of biomechanical requirements
and test conditions. This included hub impactor tests,
table-top tests and sled tests under various restraint
conditions. Although in some individual tests
differences between dummy response and corridors /
requirements from PMHS tests were observed, the
THORAX demonstrator generally shows reasonable
to good correlation over a broad range of conditions.
The upper rib - clavicle complex seems stiffer though
than those of the PMHSs in various conditions. As
currently no specific biomechanical data for this
region is available it is recommended to collect such
data in future studies for further improvement of the
dummy.
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ABSTRACT

During the upgrade of the 50th percentile male THOR
anthropomorphic test device (ATD) from the Alpha
level to the NT level, the low-speed Kroell hub impact
corridor was selected as the design requirement for blunt
thoracic impact response. Although this requirement
was reiterated during the development of the THOR
Mod Kit, it has been documented that the response of
the thorax does not meet the design requirement. There
were three objectives to this study: first, to quantify the
thoracic biofidelity of frontal impact ATDs; second,
to demonstrate that the Mod Kit design level of the
THOR ATD meets the intended the low-speed blunt
thoracic impact biomechanical response requirement;
and third, to evaluate the influence of the SD-3
shoulder design on the performance of the THOR
ATD in blunt thoracic impact. Data were collected
from low-speed (4.3 meters per second) blunt thoracic
impact tests of several variations of 50th percentile male
ATDs: Hybrid Ill, THOR-NT, THOR Mod Kit, and
THOR Metric. The latter two THOR variations were
tested both with and without an updated shoulder (“SD-
3”) used in the European Union’s THORAX project
demonstrator. The thoracic force-deflection responses
were qualitatively compared to the existing low-speed
thoracic impact response corridors: the Kroell corridor,
based on internal deflection, and the Lebarbé corridor,
based on external defelction. The THOR-NT and
THOR Mod Kit responses showed force levels similar
to the biomechanical response requirements, but
deflections lower than desired. The repeatability array
carried out on one THOR Mod Kit ATD showed no
notable variations in force or deflection. Quantitative
comparison of the ATD impact response to the
biofidelity corridors was carried out using a biofidelity
ranking system, which was used to demonstrate that the
response of the THOR ATDs are not differentiable from
the human subjects used to develop the corridors. The
low-speed blunt thoracic impact response requirement
for the THOR Mod Kit design level was met both
qualitatively and quantitatively. The installation of the
SD-3 shoulder influenced the resulting biofidelity
ranking system results, but did not change the order of

ranking of either the THOR Mod Kit or the THOR
Metric ATDs. This study is limited by the volume,
quality, and specificity of the PMHS data.

INTRODUCTION

The National Highway Traffic Safety Administration
(NHTSA) has been researching advanced
anthropometric test devices (ATDs) to succeed the
Hybrid 1Il ATD since the early 1980s (Haffner,
2001). The primary design objective of this research
was to represent the response of automotive
occupants in  sophisticated restraint  systems
developed since the advent of the Hybrid 11, such as
force-limited three-point belts and air bags. This
research has culminated in the development of the
Test Device for Human Occupant Restraint (THOR),
first as the THOR Alpha (Haffner, 2001) and later
upgraded to the THOR-NT (Shams, 2005). Most
recently, in coordination with the Society for
Automotive Engineers (SAE) THOR Evaluation Task
Group, a modification package (“Mod Kit”) intended
to enhance the biofidelity, repeatability, durability,
and usability of the THOR was introduced (Ridella,
2011) and installed as an upgrade kit on the NHTSA-
owned fleet of THOR-NT ATDs. One of the primary
requirements of the Mod Kit upgrade was to ensure
thoracic biofidelity as assessed by the low-speed
Kroell blunt hub impact corridor.  Although this
design requirement was first implemented during the
upgrade from THOR Alpha to THOR-NT and reiterated
during the development of the THOR Mod Kit, it has
been documented that the response of the thorax does
not meet this design requirement (Ridella, 2011;
Mueller 2011).

Subsequent to the development of the THOR Mod
Kit, an upgrade to the Chalmers shoulder assembly
known as the “SD-3” was developed through the
European Union’s THORAX project (Lemmen,
2012). This shoulder assembly is currently being
evaluated to determine its suitability for inclusion in
the THOR drawing package. One step in this
evaluation is to install the shoulder on the THOR
ATD and compare the response to both the standard
shoulder response and to the biomechanical response
requirement.

There are three objectives in the current study: first,
to quantify the thoracic biofidelity of frontal impact
ATDs; second, to demonstrate that the Mod Kit
design level of the THOR ATD meets the intended
the low-speed blunt thoracic impact biomechanical
response requirement; and third, to evaluate the
influence of the SD-3 shoulder design on the
performance of the THOR ATD in blunt thoracic
impact.
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Figurel. THOR Metric ATD
METHODS

The first objective of this study can be addressed
using a biofidelity ranking system, but to implement
such a system in this case, several steps were
necessary to prepare the both the existing biofidelity
corridors and the collected test data (Figure 2). First,
since the biofidelity corridor used as the primary
THOR design requirement (“Kroell”) exists as a
force-deflection characteristic, it was necessary to
develop internal (skeletal) deflection and force time
history data before the biofidelity ranking system
could be implemented. This was carried out using a
three degree-of-freedom “Lobdell” model fit to the
response  corridor. Then, for each ATD
configuration, at least one blunt thoracic impact test
was carried out. The measured thoracic response was
compared to the Kroell corridor time histories using
the biofidelity ranking system. Next, in order to
develop the external deflection for comparison to the
Lebarbé corridor, a Lobdell model was fit to the
response of the blunt thoracic impact test. This
process resulted in four measurements of thoracic
impact response biofidelity for each ATD.
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Figure 2. Methodology employed in this study to
quantify biofidelity of thoracic impact response.

Blunt Thoracic Impact Tests

Low-speed blunt thoracic impact tests were carried
on four different 50" percentile male ATDs: Hybrid
I1l, THOR-NT, THOR Mod Kit, and THOR Metric.
The THOR Mod Kit and the THOR Metric were
tested both with the standard THOR-NT shoulder and
with SD-3 shoulder, for a total of six configurations
(Table 1). In each test, the response force imparted
on the impact pendulum and the internal deflection
time histories were recorded. In one test (THOR
Mod Kit w/SD-3), high-speed video of the impact
event was recorded from the side and film analysis
was used to calculate external deflection by
measuring the change in distance between the
impactor face and the posterior aspect of the ATD
starting at the time of first contact.

Anthropomor phic Test Devices

The THOR-NT, which was built by GESAC, Inc.,
was based on the drawing package released in 2005.
The THOR Mod Kit was originally built as a THOR-
NT by GESAC, Inc., and then subsequently modified
by Humanetics Innovative Solutions, Inc. to the Mod
Kit build level (Ridella, 2011). The THOR Metric
(Figure 1) was built by Humanetics to the same
design as the THOR Mod Kit, except that it was built
from scratch instead of upgrading a THOR-NT.
While there are some detailed differences between
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the THOR Mod Kit and the THOR Metric, such as
the imperial fasteners in the THOR Mod Kit
compared to the metric fasteners in the THOR
Metric, the performance requirements for both ATDs
are based on the test conditions defined by the
biomechanical response requirements and
certification requirements of the THOR-NT
(NHTSA, 2005a,b), with additional requirements
specified during the development of the Mod Kit
(Ridella, 2011).

Tablel. Test Objects

Identifier
Description

Hybrid 111
As described in 49 CFR Part 572 Subpart E

THOR-NT
As described in THOR-NT technical data package
(http://www.nhtsa.gov/Research/Biomechanics+&+Trauma/>>
THOR-NT+Advanced+Crash+Test+Dummy)

THOR Mod Kit
As described in Ridella, 2011

THOR Mod Kit w/SD-3
As described in Ridella, 2011 except for the shoulder
assembly. SD-3 shoulder assembly as described by Lemmen
et al (2012) is installed

THOR Metric
As described in Ridella, 2011 but with the remaining
components soft-converted (exact unit conversion without
change in precision or physical configuration) to metric
dimensions and metric fasteners used throughout

THOR Metric w/SD-3
As described in Ridella, 2011 but with the remaining
components soft-converted to metric dimensions and metric
fasteners used throughout. Additionally, SD-3 shoulder
assembly as described by Lemmen et al (2012) is installed

Biomechanical Response Requirements

The Biomechanical Response Requirements for the
THOR ATD (NHTSA, 2005a) specify two test
conditions that were used as design requirements.
The first condition is a blunt thoracic impact, which
consists of a 23.4 kilogram pendulum with a 152.4
millimeter diameter flat face impacting the center of
the sternum at 4.3 meters per second. The 6.7 meter-
per-second impact was originally included in the
design requirements, but this requirement was
relaxed during the development of the Mod Kit. The
6.7 meter-per-second condition remains as a
certification condition, but primarily to assess the
durability of the ATD. The second condition
describes a 15 degree oblique impact to the lower
thorax using the same impactor characteristics.

Calculation of Thoracic Deflection

In the design of the THOR-NT, the thoracic
deflection instrumentation is initially aligned with the
coordinate system of the pendulum. However, this is
not necessarily effective for rib strain estimation, as
this effectively measures the change in distance
between the 4™ rib and the 8" thoracic vertebral
body. In this arrangement, rotation of the ribs about
the spine can be measured as deflection, but such
deflection does not necessarily relate to rib strain. In
the design of the THOR Mod Kit, the upper thorax
deflection instrumentation was attached to the same
spine segment as the rib attachment, which is thought
to be a more accurate representation of rib strain,
which in turn is believed to be a predictor of rib
fracture (Forman, 2012)

However, this presents an additional layer of
processing difficulty, as the coordinate system used
to measure skeletal deflection on the THOR Mod Kit
is not parallel to the impactor in the blunt thoracic
impact test, thus may not record the total skeletal
deflection. As previously presented (Shaw, 2012),
the methodology to process the IR-TRACC chest
deflection instrumentation presents the three-
dimensional deflections in the coordinate system of
the upper spine, which is roughly 20 degrees forward
of vertical. During the blunt thoracic impact event,
the THOR rib cage compresses towards and rotates
downward about the upper spine. This results in
compression of the chest along the axis of the
impactor that is not captured by the upper spine local
X-axis. To account for this, both the local X- and Z-
axes of deflection in the upper spine coordinate
system must be evaluated (Appendix A).

Biofidelity Ranking

The biofidelity ranking system (“Bio Rank” for short)
calculation assesses the biofidelity of an ATD by
comparing the dummy response to the mean cadaver
response. To account for the potentially large
variability in individual cadaver responses, Bio Rank
calculates a cumulative variance between the dummy
response and the mean cadaver response (DCV) and
normalizes this value by the cumulative variance
between the mean cadaver response and the mean
plus one standard deviation cadaver response (CCV)
(Rhule, 2002). For example, given a fixed dummy
response, the DCV/CCV value would be higher for a
narrow corridor of cadaver response corridor
compared to a wide corridor of cadaver response.
For the current effort, the +/R terms for deflection and
force are presented both individually and combined
to allow multiple levels of comparison.  The
biofidelity targets for the deflection and force time-
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histories are limited to the timeframe between 0 and
500 milliseconds, since the impactor is no longer in
contact with the occupant. While the unloading
portion of the event is important in that the unloading
hysteresis is one representation of the viscoelastic
properties of the occupant, including too much of the
unloading portion could override response at peak
force, which has a stronger relationship to injury risk.

Generation of Mean, +/- SD for Kroell Corridor

The design requirement for response to blunt thoracic
impact for the THOR ATD was specified using the
corridors known as the Kroell corridors, developed
from several series of PMHS impacts in the early
1970s (Neathery, 1974). From these tests, a
biofidelity corridor for low-speed (4.3 meters per
second) blunt thoracic impact was developed through
an oft-criticized “eyeball averaging” method, though
subsequent reanalysis has not shown significant
differences from this method (Lessley, 2004).

Since the Kroell corridor exists in the force-vs-
deflection domain and not the time domain, the
calculation of Bio Rank is not straight-forward. In
order to achieve the time histories of force and
deflection for the mean response, a simplified
Lobdell model (Lobdell, 1973) was formulated
(Figure 3). The simplified Lobdell model includes 8
variables and two constants (Table 2). This model
was optimized to match the mid-points of the low-
speed thoracic impact response corridor as defined in
the THOR Biomechanical Response Requirements
manual (Figure 4).

\'
L7
Kyo A\

m, PV m,| Czs

ms

Figure 3. Simplified Lobdell model implemented in this
study

Table 2. Variables in the Simplified Lobdell model of
thorax response to blunt hub impact

Variable Description
my mass of impactor
m, mass of the sternum, anterior rib cage
ms mass of the remaining coupled mass of the body

K1z stiffness of the skin/muscle in front of sternum
stiffness of rib cage before k,5
kosp stiffness of rib cage after k,s,

koss inflection point of piecewise linear stiffness k,3
€234 viscous response of thorax compression
Ca3b viscous response of thorax extension

2 initial velocity of the impactor

The optimization was configured to minimize the
objective function defined by the sum of the
normalized distances from each target point
(represented by red stars in each relevant plot) and
the nearest point on the Lobdell model force-vs-
deflection response. To ensure a global solution in
the optimization, an initial design array was
developed by generating 100,000 designs by
randomizing variable values between 0.1 times and
10 times the values provided for the initial dummy
targets (Lobdell, 1973). The design that
demonstrated the best fit was then used as the input
to a brute force optimization using the ranges defined
by +/- 20% of each variable value.

Lobdell Model Targets: Kroell
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Figure 4. 4.3 meters per second blunt thoracic impact

response requirement (NHTSA, 2005a) in dashed black

line, along with optimization target points (red stars).

The mean response was then scaled in the deflection
and force axes by 15% (as described in Neathery,
1974) to create the upper and lower boundaries of the
force and deflection time-histories for use in the Bio
Rank calculation.

Generation of Mean, +/- SD for Lebarbé Corridor

In  support of the International Standards
Organization (ISO) Frontal Biofidelity Specification
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International Task Force (ISO/TC22/SC12/WG6),
new biomechanical response targets were developed
in the low-speed blunt thoracic impact condition
(Lebarbé, 2012). These targets have since been
adopted by the European Union’s THORAX project,
which aims to develop a thoracic impact response
demonstrator which has been installed on a THOR
ATD. The development of this corridor included a
different normalization process, along with additional
newer data sets, compared to the Kroell corridor.
Since this corridor was developed by calculating the
mean and standard deviations of the force and
deflection time-histories, it is suitable for evaluation
using Bio Rank. Nonetheless, a Lobdell model was
optimized to the Lebarbé corridor to allow an apples-
to-apples comparison with the Kroell corridor (Figure
5).

Lobdell Model Targets: Lebarbe
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Figure 5. 4.3 meters per second blunt thoracic impact
response target (Lebarbé, 2012) in dashed black line,
along with optimization target points (red stars).

Estimation of External Deflection for THOR
(based on THOR-K SD3 tests)

The two targets for blunt thoracic impact response
differ in that the Kroell target is based on skeletal
deflection, while the Lebarbé target is based on
external  deflection. Both the certification
requirements and the biomechanical response
requirements for the THOR ATD (NHTSA, 2005a,b)
specify that internal (skeletal) deflection shall be
measured. As such, a comparison to the Lebarbé
target is not possible. To address this issue, a series
of blunt thoracic impact tests were conducted, using
both the THOR Mod Kit and the THOR Mod Kit
with the SD-3 shoulder installed, which employed
high-speed video to track the external deflection in
addition to internal deflection measured by the
thoracic IR-TRACC instrumentation.

Ideally, the external deflection measured should be
related to the internal deflection by some transfer
function. However, due to various nonlinearities, this
cannot be calculated by a simple shifting and/or

scaling of the internal deflection. Therefore, to
address this issue, a Lobdell model was fit to the
response of the THOR internal response the same
way it was fit to the Kroell corridor, except this time
the deflection time-history was used as the target.
Once optimized to recreate the skeletal deflection
using the differential motion of m, and ms, the
model can be used to predict external deflection
based on the differential motion of m, and m;. The
quality of this prediction can be evaluated using the
THOR Mod Kit with SD-3 test condition, where both
internal and external deflections were measured.

RESULTS
Repeatability

For all of the ATDs included in this study, local
repeatability (same ATD, same laboratory,
consecutive tests) was excellent (Figure 6). Since the
repeatability was good, the Bio Rank subsequent
calculations were carried out using just one of the
sets of test results for each ATD, since calculating an
average of the response time-histories could result in
smoothing or filtering of the responses if the timing
was not identical, resulting in non-physical
nonlinearities.

THOR Mod Kit w/SD-3 - Repeatability
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Figure 6. Three consecutive repeated blunt thoracic
impact tests on a THOR Mod Kit w/SD-3 shoulder (S/N
16).

Responseto Blunt Hub I mpact

In a blunt thoracic impact with a 23.4 kilogram
impactor at 4.3 meters per second, compared to the
Kroell internal deflection corridor the Hybrid Il
shows the stiffest response, with a peak force about
1,000 Newtons higher than the corridor and a peak
deflection 10 millimeters less than the peak of the
lower boundary of the corridor (Figure 7). The
THOR-NT response (Figure 8) is stiffer than the
THOR Mod Kit response (Figure 9), which is in turn
stiffer than the THOR Metric response (Figure 10).
When installed on the THOR Mod Kit, the SD-3
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shoulder resulted in a similar peak deflection as the
standard shoulder, while some of the local peaks in
force have been smoothed out. When installed on the
THOR Metric, there peak deflection is reduced by
roughly five millimeters, and the local peaks in force
are similarly smoothed out.

Blunt Thoracic Impact Response - Hybrid IlI
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Figure 7. Force-deflection response of the Hybrid I11
under 23.4kg, 4.3m/s blunt thoracic impact.
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Figure 8. Force-deflection response of the THOR-NT
under 23.4kg, 4.3m/s blunt thoracic impact.
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Figure 9. Force-deflection response of the THOR Mod
Kit with and without the SD-3 shoulder under 23.4kg,
4.3m/s blunt thoracic impact.
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Figure 10. Force-deflection response of the THOR
Metric with and without the SD-3 shoulder under
23.4kg, 4.3m/s blunt thoracic impact.

Generation of Mean, +/- SD for Kroell Corridor

The optimized Lobdell model of blunt thoracic
impact achieved good qualitative and quantitative
agreement with the center of the Kroell corridor
(Figure 11). The scaled upper and lower boundaries
generally conformed to the boundaries of the original
Kroell corridor, though naturally the sharp creases
were not able to be represented with the simple
Lobdell model. The resulting skeletal deflection and
force time-histories (Figure 12) were similar in shape
to those of the Lebarbé targets (Figure 13). Note that
both deflection time-histories show a very narrow
corridor width at the onset of force and deflection,
though only the Kroell force time-history narrows at
the end of the force time-history

Lobdell Representation of Kroell Corridor
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Figure 11. Lobdell model response that best fits the
center of theKroell corridor.
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Time-History Representation of Kroell Corridor
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Figure 12. Representation of the force (left) and
skeletal deflection (right) components of the Kroell
corridor as a time-histories for use in Bio Rank
calculations.

Time-History Representation of Lebarbé Corridor
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Figure 13. Representation of the force (left) and
external deflection (right) components of the Lebarbé
corridor as a timehistories for use in Bio Rank
calculations.

Comparing the Lobdell model fits of the Kroell and
Lebarbé corridors, the parameters resulting in optimal
fit to the corridor centerline were noticeably different
for the two conditions (Appendix B). However, the
Kroell response, when represented in the same
external deflection basis as the Lebarbé response, fits
within the plus or minus standard deviation corridor
for a majority of the response (Figure 14).

Kroell Fit in Lebarbe Domain
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Figure 14. Lobdel model response that best fits the
L ebarbé corridor mean response.

Estimation of External Deflection for THOR
(based on THOR-K SD3 tests)

For each of the tests for which external deflection
was not explicitly measured during a test with high-
speed video, the external deflection was determined
by first fitting a Lobdell model to the measured
sternal deflection, then outputting the impactor-to-
spine deflection predicted by this Lobdell model. To
validate this methodology, the external deflection
measured during the test of the THOR Mod Kit with
SD-3 was compared to the Lobdell model prediction
(Figure 15). The peak deflection predicted by the
model is 60.5 millimeters, compared to 75.3
millimeters measured during the test. It should be
noted that this measured deflection is based on post-
processing of high-speed video data, which
introduces numerous error sources including images
resolution, lens distortion, and synchronization of test
data and video data.

THOR Mod Kit - Measured vs. Model - Lebarbe Deflection

E w0

§ et ==

3

T 40 '

o 20 Measured: BioRank = 0.652

g Model: BioRank = 1.518

2 0+ : : : : :

w 0 0.01 0.02 0.03 0.04 0.05
Time (s)

Figure 15. Comparison of the measured and predicted
external deflection (and for ce-deflection response) of the
THOR Mod Kit with SD-3 ATD.
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The same trends in relative stiffness that appear in the
Kroell corridor comparison (Figure 7 through Figure
10) are repeated in the Lebarbé corridor comparison
(Figure 16 through Figure 19). Note that these
responses present the force and external deflection
time-histories predicated by the Lobdell model.
Qualitatively, out of the ATDs included in this study
the response of the THOR Metric with the SD-3
shoulder is the closest to meeting both the Lobdell
(Figure 10) and the Lebarbé (Figure 19) corridors.

Hybrid 11l Response vs. Lebarbe Corridor
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Figure 16. Force vs. external deflection response of the
Hybrid 111 under 23.4kg, 4.3m/s blunt thoracic impact.

THOR-NT Response vs. Lebarbe Corridor
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Figure 17. Force vs. external deflection response of the
THOR-NT under 23.4kg, 4.3m/s blunt thoracic impact.

THOR Mod Kit Response vs. Lebarbe Corridor
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Figure 18. Force vs. external deflection response of the
THOR Mod Kit with and without the SD-3 shoulder
under 23.4kg, 4.3m/s blunt thoracic impact.

THOR Metric Response vs. Lebarbe Corridor
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Figure 19. Force vs. external deflection response of the
THOR Metric with and without the SD-3 shoulder
under 23.4kg, 4.3m/s blunt thor acic impact.

Bio Rank

A Lobdell model was optimized to fit the force vs.
skeletal deflection response of the Kroell 4.3 meters
per second blunt thoracic impact response biofidelity
corridor to allow the Bio Rank calculation of the
individual force and deflection time histories
measured in certification tests carried out for each of
the ATDs included in this study. For the Bio Rank
evaluation using the Kroell corridor as the
biomechanical response basis (Table 3), the measured
skeletal deflection was used (either the chest slider on
the Hybrid 111, the CRUX on the THOR-NT, or the
IR-TRACC on the remaining THORS). For the Bio
Rank evaluation using the Lebarbé corridor as the
biomechanical response basis, the deflection used for
all of the ATD responses was the external deflection
output from a Lobdell model that was fit to the
measured internal deflection (Table 4).
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In the case of the THOR Mod Kit w/SD-3, the Bio
Rank R, could be calculated for both the
measured external deflection and the external
deflection calculated using the Lobdell model fit to
the ATD. In this condition, VR, for the measured
and predicted external deflections were 0.652 and
1.518, respectively. This discrepancy is likely due to
the 20% difference noted in the peak external
deflection calculated using the Lobdell model and the
measured external deflection from the test of the
THOR Mod Kit w/SD-3 (Figure 15).

In every Bio Rank calculation except for the VR,
for the Lebarbé corridor comparison, the THOR
Metric with the SD-3 shoulder had the lowest VR,
indicating the most biofidelic response. All of the
THOR Mod Kit and Metric responses demonstrated
VR values below 2.0, suggesting that the ATD
responds as much like the target corridor as would
another human subject (Rhule, 2002).

Table 3. Bio Rank calculation using the Kroell corridor
astheforce and deflection target

Biomechanical Basis. Kroell

ATD \/ﬁdefl \/Eforce \/ﬁavg
Hybrid 111 2.648 1.844 2.246
THOR-NT 1.865 1.052 1.459
THOR Mod Kit 1.030 1.024 1.027
THOR Mod Kitw/SD-3  1.256 0.973 1.115
THOR Metric 0.266 1.267 0.767

THOR Metric w/SD-3 0.581 0.905 0.743

Table 4. Bio Rank calculation using the Lebarbé
corridor asthe force and deflection target

Biomechanical Basis. Lebarbé 2012

ATD \/Edefl \/Eforce \/Eavg
Hybrid 111 2.364 2.923 2.644
THOR-NT 2.327 1.968 2.148
THOR Mod Kit 1518 1.514 1516
THOR Mod Kit w/SD-3  1.621 1.438 1.530
THOR Metric 0.495 0.985 0.740

THOR Metric w/SD-3 1.049 0.769 0.909

DISCUSSION AND LIMITATIONS

It is no surprise that in the low-speed blunt thoracic
impact condition that was used as a primary design
requirement for the THOR ATD, its biofidelity when
assessed in the same condition shows improvement
over the Hybrid I1l, for which the primary thoracic
impact response requirement was a high-speed (6.7
meters per second) blunt thoracic impact. On the

other hand, the quantification of biofidelity
implemented in this study demonstrates that the
THOR-NT blunt thoracic response is less biofidelic
than the THOR Mod Kit design level, which is
important because the same design requirement was
used for the THOR-NT during the upgrade from the
THOR Alpha version, yet the response of the THOR-
NT would not be considered biofidelic under
evaluation in the same condition.

When installed on the THOR Mod Kit or the THOR
Metric, the SD-3 shoulder does not appreciably
improve or degrade the biomechanical response in
the blunt hub impact. The SD-3 was designed more
for biofidelic range of motion and shoulder belt
interaction than for blunt hub impact response, so this
outcome was not unexpected since this increased
range of motion assumedly results in the mass of the
shoulders and arms being less coupled to the thorax.
This assumption is supported by the Lobdell models
fit to the THOR Mod Kit and THOR Metric with and
without the SD-3 shoulder, as the variable m,
indicates that the coupled mass of the thorax is lower
with the SD-3 shoulder than with the standard
shoulder (Appendix B). There are other variable
differences as well, but it is difficult to compare
directly since the value of variable k,5,, the switch
between the piecewise linear stiffness of the rib cage,
is markedly different.

Overall, the THOR Metric resulted in the lowest Bio
Rank values of any of the frontal impact ATDs
included in this study. Addition of the SD-3 shoulder
to the THOR Metric resulted in some differences in
the individual VR values, as in both corridor
comparisons the deflection values increased but the
force values decreased. However, the average VR
values for both the Kroell and Lebarbé corridor
comparisons for the Metric THOR with the SD-3
shoulder were below 1.0, suggesting that the response
is indiscernible from the response of a human subject
used to develop the biofidelity corridors.

The performance of the THOR under the low-speed
blunt thoracic impact condition does not alone
demonstrate sufficient biofidelity of the ATD, since
this condition is not necessarily representative of the
type of loading that the occupant may undergo during
as a motor vehicle occupant during a frontal or
oblique crash. One way to assess the thoracic
biofidelity under such conditions is through an
isolated sled test representing shoulder belt loading to
the thorax, as carried out in the “Gold Standard”
condition at the University of Virginia (Shaw, 2013).
Preliminary results show that the chest deflection
measured using the THOR Mod Kit w/SD-3 were
more PMHS-like than those of the Hybrid 111, though
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there were some localized differences in the response
of the loaded shoulder and associated upper chest
quadrant, as well as differences in the chest
deflection measurement locations between the Hybrid
I11 and the PMHS.

There is a second thoracic impact response
requirement in the THOR Biomechanical Response
Requirements manual (NHTSA, 2005a): oblique
impact to the lower thorax, based on tests carried out
by Yoganandan et al (1997). The THOR manual
includes mean and plus/minus standard deviation
responses for both the force and deflection time-
histories (NHTSA 2005a, Figures 21 and 22). This
deflection time-history appears to be related to
processed chestband deflection, though the force and
deflection time-histories are only presented for one
subject in the source referenced by the manual. The
manual later states that the external deflection in the
THOR tests was taken from a linear potentiometer
measuring the impactor displacement, which is not
ideal since it does not account for the spine moving
away from the impact interface. Due to this lack of
information, the oblique thoracic impact condition
was not included in the present study.

There are several limitations to this study that are
worth noting, mostly relating to the implementation
of the Lobdell model. Though it has not been
demonstrated herein, it is acknowledged that the
optimization of the Lobdell model returns a non-
unigque solution.  Specifically, the value of the
variable k,,, which represents the stiffness of the
impactor-to-chest  response, could significantly
influence the relationship between internal and
external deflection. However, changes to k,, also
influence the initial peak (between 0 and 10
millimeters of deflection) of the response, so care
was taken in selecting the validation points to ensure
that this portion of the response was captured.
Nonetheless, it is understood that the predicted
external deflection is not a single solution, thus the

values of the Bio Rank VR, in the Lebarbé
condition should be used with caution.

FUTURE WORK

One of the potential applications of the THOR ATD
is the assessment of injury risk in small overlap and
oblique vehicle crash tests (Saunders, 2012). Since
oblique loading of the thorax by the shoulder belt or
steering wheel rim is possible in this test condition, it
is important that the biomechanical response of the
thorax in oblique loading is assessed. To confirm the
biofidelity of the ATD, the THOR will be exercised
in the same condition as the oblique thorax loading

conditions referenced in the THOR Biomechanical
Response Requirements manual.

CONCLUSIONS

Using the previously-developed Bio Rank
methodology to assess frontal impact ATD thoracic
biofidelity as defined using both the Kroell and the
Lebarbé biomechanical response bases, the THOR
Metric ATD demonstrates the best qualitative
agreement with the available biofidelity corridors and
resulted in a favorable quantitative biofidelity
assessment compared to the Hybrid 111 and previous
versions of the THOR ATD. Using the quantitative
biofidelity ranking system, the THOR Mod Kit and
Metric ATDs result in VR values below 2.0,
indicating that the ATDs respond as much like the
target corridor as would another human subject. It
was further demonstrated that the THOR Metric ATD
showed the best overall thoracic impact response
biofidelity. The installation of the SD-3 shoulder
assembly resulted in better qualitative agreement and
similar ~ quantitative = agreement  with  the
biomechanical response corridors.
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APPENDIX A. THORAX DATA PROCESSING Pendulum coor dinate system correction

. bus = =17+ ¢urs Eq. A7
Y-axis Pot

bus.penp = bpenp — Pus = ¢ Eq. A8
XpenpL = Xyspcosd —Zys,sing  Eq.A9

XpEnDR = XysrCOsS¢ — Zyspsin¢ Eq. A10

Dear Xpenp — Xpenpr + Xpenp R Eq. AlL
Figure Al. Diagram of the IR-TRACC configuration in the 2 '
upper thorax of the THOR Mod Kit. = — —
Xpenprer = Xpenp — Xpenp(0) Eq. A12
Upper Chest (IR-TRACC below pot; See Figure Al)
Xys= D cos @ cosy + § sin Eqg. Al Wwhere:
us — “local ™ v v d ¢us = Angle of the upper thoracic spine in the lab
Yys = DipcqiSin @ Eq. A2 coordinate system
Zys =  —Digcar cosOsiny + § cosyp Eq. A3 ¢penp = Angle of the pendulum in the lab coordinate
Lower Chest (IR-TRACC above pot) system (0°)
Xis =  Diocar COS O cosyp — §siny Eq. A4 ¢.rs = Y-axis angle measured by the lower thoracic
Yis = Dipeq Sin® Eq. A5 spine tilt sensor
Zis = —Djpcqicos8siny — § cosyp Eq. A6 ¢ = Angle of transformation from US to PEND
where: X 7 = Left- and right-side upper spine X- and Z-axis
Diocar = Position of the anterior attachment point of the IR- X, ]US'[L'R] position
TRACC tube relative to the attachment origin at . . . L
the Z-axis potentiometer Xpenp,Lr) = Left-and right-side X-axis deflection in
| h ; | pendulum coordinate system
= Angle time-history of Z-axis rotational —
o potgntic;metell y X! : Xppyp = Average of left- and right-side X-axis
] ) ) ) deflection in pendulum coordinate system
1 = Angle time-history of Y-axis rotational = _ . . -
potentiometer XpENDREL = (I:?:(I)?g_ve X-axis deflection in pendulum
inate system
6 = Offset between centers of Z-axis and Y-axis — . . .
potentiometers Xppyp(0) = Average of left- and right-side X-axis
deflection in pendulum coordinate system at
XYZys = XY, orZcomponent relative to upper spine the time of initial impactor contact with the
coordinate system chest
XYZ,s = X Y,orZcomponent relative to lower spine

coordinate system

X ppnp
¢US,PEND
Xys
Ak Z
¢US,PEND = ¢PEND - ¢Us o “Cus|

i -

Figure A2. Schematic of the upper spine coordinate system relative Figure A3. Representation of upper spine coordinate system
to the pendulum coor dinate system components relative to the X-axis of the pendulum coordinate
system
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APPENDIX B. LOBDELL MODEL PARAMETERS

L obdell model parametersfor the conditions presented in this study.

M odel Variable m, m3 ki k23a k23p C23a C23p k35

I dentifier Units kg kg N/m N/m N/m Ns Ns m
Kroell Mean Response 0.85 32.66 180000 8400 61600 520 2490 0.0231
Lebarbé Mean Response 0.35 28.20 270000 29300 100100 350 510  0.0640
Hybrid 111 0.53 48.32 220000 87100 81900 500 610  0.0202
THOR-NT 0.74 36.04 330000 39000 76100 660 490  0.0220
THOR Mod Kit 0.99 36.52 250000 39100 129700 460 300 0.0408
THOR Mod Kit w/SD-3 0.64 33.79 260000 34400 59400 420 410 0.0160
THOR Metric 1.04 40.73 180000 16900 105900 460 190 0.0434
THOR Metric w/SD-3 0.84 26.24 140000 44300 33100 400 540 0.0325
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APPENDIX C. BIO RANK RESULTS
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ABSTRACT

In this study, the sensitivity to different seating
positions of the THOR-NT and the Hybrid Il in sled
testing were evaluated. In the tests, the THOR-NT or
the Hybrid 111 was installed on the driver seat of a
vehicle body fixed on the sled, and a frontal impact of
15.6 m/s (56 km/h) was given to the sled. Dummy
installation was subject to FMVSS 208 and UMTRI
seating procedures. Furthermore, based on the FMVSS
208 procedure, the seat slide was adjusted forward 30
mm (MP-30).

In testing of the three seating positions of the
THOR-NT, different responses in the head acceleration
was shown. The head accelerations in FMVSS 208 and
UMTRI exhibited a sharp high wave of about 110 ms,
but that in the MP-30 did not exhibit such a wave.
Applying the dummy injury values to provisional
injury assessment reference values (IARVs) for THOR
used in the research of the NHTSA, kinematic
rotational brain injury criterion (BRIC) of the MP-30
was lower than FMVSS 208 and UMTRI. For the
acetabulum force, it was large, in the order of the
UMTRI, FMVSS 208, and MP-30. For
inversion/eversion of the right ankle of the accelerator
pedal side, it showed large angles, in the order of the
FMVSS 208, MP-30, and UMTRI. Other injury values
of the ankles showed large angles, in the order of the
UMTRI, FMVSS 208, and MP-30.

The difference in the responses to the different seating
positions was mainly observed in the head acceleration
and lower extremity force responses for both the

THOR-NT and the Hybrid Ill. However, comparing
responses of the THOR-NT and the Hybrid 111 with the
same conditions, the upper body of the THOR-NT
moved forward more, compared to the Hybrid Il and
the torsion about the z-axis was also larger than the
Hybrid 1Il. As a result, the head acceleration of the
THOR-NT and the Hybrid Il exhibited different
responses.

INTRODUCTION

Currently, though the Hybrid IIl frontal crash test
dummy is used worldwide, there is a neeed for a more
advanced dummy with more biofidelity and higher
measurement performance to more sensitively evaluate
the advanced restraint devices, so as to further improve
safety performance. Under these circumstances, in
2001 an advanced frontal crash test dummy THOR
(Test Device for Human Occupant Restraint) - alpha
version was developed in the United States [1]. In
2005, the THOR-NT wversion which exhibited
improvement in durability and usability from the
THOR-alpha was released [2]. In order to further
improve the biofidelity and measurement performance
of the THOR-NT, development of a new version
THOR (THOR Mod Kit), under collaboration of
NHTSA, EU THORAX, and other organizations came
in progress [3]. In this study, it evaluates the sensitivity
to different seating positions of the THOR-NT and the
Hybrid 111 in sled testing. The objective is to obtain
base data which is a comparative target for evaluating
the THOR Mod Kit in the near future.
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SLED TESTING

Test Condition

The THOR-NT or the Hybrid Il was installed on the
driver seat of a vehicle body fixed on the sled, and a
frontal impact of 56 km/h was given to the sled. The
vehicle body used in the sled tests was a four-door
sedan passenger car (Figure 1). For the restraint system,
the air bag, and a seatbelt with force limiter and a
double pretensioner at the retractor and outer lap belt
anchorage were used in this series of tests. Figure 2
shows the acceleration and the velocity curves of the
sled.

Figure 1. Vehicle body of four-door sedan passenger
car

~ 300 ——— 60

g 250 50 =

g 200 40 &

= 150 30 <
>

% 100 20 £

o 50 10§

@ 0 0

(5]

Q

& 50 -10

0 20 40 60 80 100 120
Time (msec)

Figure 2. Sled pulse (acceleration and velocity)

Measurements

For the electrical measurements, the accelerations,
deflections and forces of the dummies and the
acceleration of the sled were recorded by a data
acquisition system, and they were filtered in
compliance to SAE J211 [4]. The detailed information
of the instrumentation of the THOR-NT and Hybrid 111
is shown in the Appendix (Table Al). For the
photogrammetry, two high-speed video cameras were
used to take the kinematics of the dummy during the
impact. Kinematics of the dummies were observed as
follows: The motions of the markers attached to some
parts on the dummy were recorded by the video
camera, then these were converted into the

displacements using a video analyzer.

Dummy Positioning
Dummy installation was subject to the following three
seating procedures:

(1) FMVSS 208; specified for Hybrid I11 [5],

(20  UMTRI  (University of Michigan
Transportation Research Institute); the seat
position depends on the driver occupant size,
dimensions of steering wheel and accelerator
pedal, and seat adjustment range [6],

(3) MP-30; based on FMVSS 208 procedure,
the seat slide was adjusted forward 30 mm.

For FMVSS 208, the seat slide is in the mid position,
and the seat lifter is in the lowest position. For UMTRI,
the seat slide is rearward 49 mm relative to FMVSS
208, and the seat lifter is upward 14 mm. For MP-30, it
is as described above.

Figures 3 and 4 show the comparison of the
positioning in the X-Z coordinate system for the
THOR-NT and the Hybrid 11 in each seating position
according to three seating procedures. The x-axis is
posterior and anterior direction, and the z-axis is
superior and inferior direction. Figures 5 and 6 show
the posture and the clearance between the instrument-
panel and each body region, for the THOR-NT and the
Hybrid 1ll in each seating position. For both the
dummies, depending on the difference in the seat
position, dummy positioning differed in three
conditions.

Kinematic Responses

Figures 7 and 8 illustrate the trajectories of the markers
on each body region for the THOR-NT and the Hybrid
Il in three seating positions. Time of trajectories
shown in these figures is when the dummies' head has
reached to the maximum displacement with the
x-direction. Table 1 shows the maximum displacement
of each body region. For both the dummies, the
trajectory in three seating positions was mostly similar.
However, in reviewing the details, the forward
movement of the upper body was larger as the dummy
position was more in the rear position (UMTRI > 208
> MP-30) (see comparison of the values in the
red-bordered boxes in Table 1). For the ankle, the
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Figure 3. Comparison of the positioning in the X-Z Figure 4. Comparison of the positioning in the X-Z
coordinate system for the THOR-NT coordinate system for the Hybrid 111

THOR-NT 208

Seat slide; mid Seat slide; 49 mm rearward

FMVSS208 Seat lifter; lowest UMTRI | Seat lifter; 14 mm upward MP-30 Seat slide; 30 mm forward
Measurements THOR-NT 208-01 [ THOR-NT 208-02 [ THOR-NT UMTRI-01 [ THOR-NT UMTRI-02 | THOR-NT MP-30
A |Face to Steering Wheel Rim (Top) (mm) 442 442 471 469 380
B _|Chest to Steering Wheel (Center) (mm) 337 338 365 361 278
C [Abdomen to Steering Wheel Rim (Bottom) (mm) 213 215 254 260 187
D |Knee to Dash Panel (mm) 60 63 122 123 40

Figure 5. Posture in each seating position and clearance between instrument panel and each body region for
the THOR-NT

HIll 208

Measurements HIIl 208-01 HIIl 208-02 HIIl UMTRI-01 HIIl UMTRI-02 HIIl MP-30
A |Face to Steering Wheel Rim (Top) (mm) 382 378 425 428 350
B |[Chest to Steering Wheel (Center) (mm) 293 293 333 337 266
C _|Abdomen to Steering Wheel Rim (Bottom) (mm) 217 212 264 268 185
D_|Knee to Dash Panel (mm) 104 102 150 153 73

Figure 6. Posture in each seating position and clearance between instrument panel and each body region for
the Hybrid 111
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difference in upward movement was remarkable
(see comparison of the values in the blue-bordered
boxes in Table 1). Figure 9 shows the comparisons
of the trajectories of each body region for the
THOR-NT and the Hybrid Il in FMVSS 208
seating position. The upper body of the THOR-NT
moved forward more, compared to the Hybrid IIl.
Figure 10 shows forward displacement versus time
curves for the right and left shoulders of the

a

THOR-NTUMTRI

dummies based on the video analysis. With the
THOR-NT, the left shoulder was still moving
forward even when the right shoulder has rebounded.
For the Hybrid Ill, the left shoulder also started
moving rearward when the right shoulder has
rebounded. These results showed that the torsion
about the z-axis of the upper body of the THOR-NT
was larger than that of the Hybrid I11.

[~

ms

Figure 8. Trajectories of each body region of Hybrid 111 in three seating positions

Table 1. Maximum displacement of each body region

THOR-NT Hybrid III
THOR-NT 208 THOR-NT UMTRI THOR-NT MP-30 HIII 208 HIII UMTRI HIII MP-30
X z X Z X z X Z X z X Z
Head 568 -188 594 -171 467 -131 487 -160 592 -180 467 -141
Shoulder 376 —-134 392 —-120 310 —-131 322 —-107 390 -90 306 -95
Elbow 417 -20 413 -47 393 23 347 —64 391 -75 346 -19
Wrist 345 82 344 72 332 83 291 25 339 26 318 26
H.P. 177 -36 183 -65 166 -53 179 -33 192 —41 179 -37
Knee 125 73 141 102 112 70 135 77 168 86 128 72
Ankle 103 62 133 103 38 20 128 43 226 175 88 15
+ Direction Forward Upward mm
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Figure 9. Trajectories of each body region of THOR-NT and Hybrid 111 in FMVSS 208 seating position
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Figure 10. Forward displacement versus time curves for the right and left shoulders of THOR-NT and Hybrid

Dynamic Responses

Responses of THOR-NT

Figures 11 to 16 show the comparison of dummy
responses of the different seating positions for each
body region. The head accelerations in FMVSS 208
and UMTRI exhibited sharp high wave of about 110
ms, but that in the MP-30 did not exhibit such wave
(Figure 11). The response of chest deflection was
similar in three seating positions (Figure 12).
Acetabulum force between FMVSS 208 and MP-30
was similar, but the time of the maximum in
UMTRI was later and the maximum value was
larger than the others (Figure 13). For femur axial

-}
=}
S

N
o
S}

0 20 40 60 80 100 120 140
Time (msec)

force, UMTRI exhibited stronger force than others
in both compression and tension (Figure 14). Tibia
axial force exhibited different responses between the
three seating positions. The initial response of
UMTRI was later than others but the force increase
was the sharpest and the value was the largest. The
initial response of MP-30 was earlier than others,
exhibiting a flat curve between 40 ms and 80 ms,
and the value was the lowest (Figure 15). For
inversion/eversion of the right ankle of the
accelerator pedal side, it showed large angles, in
order of FMVSS 208, MP-30, and UMTRI (Figure
16).
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Responses of Hybrid 111

Figures 17 to 20 show the comparison of responses
of the different seating positions for each body
region.The head acceleration in UMTRI exhibited
sharp high wave of about 110 ms, but the others did
not exhibit such wave (Figure 17). The response of
chest deflection was similar in the three seating
positions (Figure 18). With the femur axial force,
slight compression force was generated between 40
ms and 60 ms in all three seating positions, and the
time of the maximum of UMTRI was later than the
others (Figure 19). The tibia axial forces of FMVSS
208 and MP-30 exhibited one sharp wave while that
of UMTRI exhibited two peaks (Figure 20).
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Figure 11. Head resultant acceleration of THOR-NT
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Figure 13. Right acetabular resultant force of
THOR-NT
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Responses of THOR-NT versus Hybrid 111
Figures 21 to 24 show the comparison of the
responses of each body region for the THOR-NT
and the Hybrid 11l in FMVSS 208 seating position.
The head acceleration of the THOR-NT exhibited
sharp wave of about 110 ms, but that of the Hybrid
I11 did not exhibit such wave (Figure 21). The chest
deflection in the left side (upper and lower) of the
THOR-NT was similar to the Hybrid 1l (on the
chest center) (Figure 22). The axial force to the
femur of the THOR-NT was not significantly strong.
For Hybrid IlI, tension force was larger than
compression force (Figure 23). The tibia axial force
of the Hybrid 11l exhibited sharp wave and value
was larger than that of the THOR-NT (Figure 24).
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THOR-NT UMTRI [}
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0
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gure 12. Chest deflection (upper right) of

THOR-NT
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Figure 14. Right femur axial force of THOR-NT
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Figure 15. Right tibia axial force (lower) of THOR-NT  Figure 16. Right ankle rotation (inversion/eversion)

of THOR-NT
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Figure 17. Head resultant acceleration of Hybrid 111
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Figure 19. Right femur axial force of Hybrid 111
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Figure 21. Head resultant acceleration of THOR-NT

and Hybrid 111
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Figure 23. Right femur axial force of THOR-NT and

Hybrid 111

Dummy Injury Values

Table 2 shows the injury values of THOR-NT in
three seating positions. It also shows provisional
injury assessment reference values (IARVS) for
THOR used in the research of the NHTSA[7].
Applying the dummy injury values to IARVs for
THOR, kinematic rotational brain injury criterion
(BRIC) of MP-30 was lower than FMVSS 208 and
UMTRI. For the acetabulum force, it was large, in
the order of the UMTRI, FMVSS 208, and MP-30.
For inversion/eversion of the right ankle of the
accelerator pedal side, it showed large angles, in the

e
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Figure 18. Chest deflection of Hybrid 111
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Figure 20. Right tibia axial force (lower) of Hybrid
1l
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Figure 22. Chest deflection of THOR-NT and Hybrid
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Figure 24. Right tibia axial force (lower) of
THOR-NT and Hybrid 111

order of the FMVSS 208, MP-30, and UMTRI.
Other injury values of the ankles showed large

angles, in the order of the UMTRI, FMVSS 208,
and MP-30.
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Table 2. Injury values of THOR-NT in three seating positions

IARV THOR-NT 208-01 | THOR-NT 208-02 | THOR UMTRI-01 | THOR UMTRI-02 | THOR-NT MP-30
BRC _ [ 055 o0s2[ 055 0.49 0.44
Head HIC 15ms 700 317.2 200.3 270.7 1475 87.1
3ms clip G 80 68.9 59.6 64.0 42.2 32.8
TensionForce W)_ ___ _ ___ _ _ | __ 2520 _ | _seral 8923 ____ __ 8e4d] srar|______ 11549
Upper Neck Compression Force (N) 3600 281.4 274.2 173.7 219.5 260.0
FlexionatOC (Nm)_ 48 5.0 6.5 9.5 14.4 19
Extension at OC (Nm) 72 75 7.3 6.8 6.1 8.4
Deflection(Upper Right) (mm) 15.7 17.7 20.7 18.9 21.9
Deflection(Upper Left) (mm)_ _ _ _ __ N Y B 248 200| ______ss[ 24§
Chest Deflection(Lower Right) (mm) -84 -7.5 6.8 74 5.9
Deflection(Lower Lef)(mm) _ | 25.6 23.9 25.4 22.7 255
3msclip G 60 34.2 327 28.6 29.1 31.0
Abdomen | Deflection (mm) 111 39.3 29.1 17.4 17.3 29.9
Acetabulum |RiGht Resultant Force () _ _ _ _ __ _ 500 |- - - - auss| _ _ _ __ 2024 27895 _ _ _ __26930|_ _ _ _ __ 17129
Left Resultant Force (N) 1731.5! 1640.3 2173.6 2184.9 1567.6!
RightFemurForceN) _ | 40000 booo--- 309 2949 0473 1045.5 524.3
Femur |\ eft Femur Force (N) 10000 1163.1 3785 3134 3289 7208
Right Upper Tibia Index 041 0.38 0.32 0.34 0.39
Tibia Left Upper Tibia Index 116 0.45 0.55] 0.48 0.54 0.47
RightLower Tibialndex_ __ ____ |~ [J______ [ - 7! B DR 031
Left Lower Tibia Index 0.33 0.44] 0.40 0.44 0.39
Right Inversion/Eversion _______ DY) 20 wa sal 264
Right Dorsiflexion/Plantarflexion 21.8 23.0 234 27.3 145
Ankle Left Inversion/Eversion 35735 319 28.4 343 34.0 275
Left Dorsiflexion/Plantarflexion 25.2 29.3 29.5 31.6 23.1
DISCUSSION was lower. As a result, it was presumed that BRIC in

Difference in Dynamic Responses of THOR-NT
With regard to some differences of injury values
among the three seating positions, the cause of the
difference is considered.

Head Acceleration Response

As shown in Figure 11, the head accelerations in
FMVSS 208 and UMTRI exhibited sharp high wave
of about 110 ms, but that of the MP-30 did not
exhibit such wave. With the high speed video
analysis, the incline of the dummy upper body
during impact in MP-30 was smaller than in
FMVSS 208 (Figure 25). Thus, it was presumed that
the contact force between head and airbag in MP-30
became lower than others, and the head acceleration

208

MP-30

MP-30 was also lower than others (Table 2).

KTH and L ower Extremity Responses

As shown in Figures 13 to 15, the acetabulum,
femur and tibia forces in UMTRI seating position
differed from others. The cause of the difference is
considered the following: The initial gap between
the floor and lower extremity was wider as the
H-point of the dummy was more in the rear position,
and the peak values increased. In addition, the load
path to the knee-thigh-hip and lower extremity
differed with the difference in the angle of the knee
during the load against the tibia from the accelerator
pedal (Figure 26).
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Figure 25. Behavior of upper body of THOR-NT
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Figure 26. Behavior of KTH and lower extremity of THOR-NT

CONCLUSION

The difference in the responses to the different seating
positions was mainly observed in the head acceleration
and lower extremity force responses for both the
THOR-NT and the Hybrid IIl. However, comparing
responses of the THOR-NT and the Hybrid 111 with the
same conditions, the upper body of the THOR-NT
moved forward more, compared to the Hybrid IlI, and
the torsion about the z-axis was also larger than the
Hybrid 11l. As a result, the head acceleration of the
THOR-NT and the Hybrid IIl exhibited different
responses.

Development of the THOR seating procedure is in
progress under SAE THOR Task Force, etc.
Considering such differences in dummy responses as
observation in this study, it is necessary that the THOR
seating procedure is determined.
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APPENDIX

Table A1. Comparison of the instrumentations of the THOR-NT and the Hybrid-111

THOR-NT Hybrid Ill(Typical Configuration)
Head 9 Uniaxial Accelerometers Yes (1 Triaxial Accelerometer at Head C.G.)
1 Biaxial Tilt Sensor No
Face Five Uniaxial Load Cells No
Upper Neck Load Cell (6 channels) Yes
Lower Neck Load Cell (6 channels) Yes
Neck Front Neck Cable Load Cell No
Rear Neck Cable Load Cell No
Head Rotation Potentiometer No
CRUX Deflection Units - 3 Dimensional . . : .
. . Yes (One-directional Displacement String
Displacement at each of Four Locations (UL, UR, Potentiometer
Thorax LL, LR)- 4 CRUX units @ 3 channels each; : )
1 Triaxial Accelerometer at the C.G. Yes
Mid Sternum 1 Uniaxial Accelerometer No
Uni-directional Displacement String No
Upper Abdomen ||Potentiometer
Uniaxial Accelerometer No
DGSP Deflection Units - 3 Dimensional
Lower Abdomen |[Displacement at L & R Locations (2 DGSP units @ No
3 channels each)
1 Triaxial Accelerometer at T1 location No
Spi 1 Triaxial Accelerometer at T12 location No
ine
p T12 Load Cell (5 channels) Yes
4 Biaxial Tilt Sensors No
Acetabulum Load Cell (left and right, 3 channels No
each)
Pelvis lliac Crest Load Cells (left and right, 1 channel No
each)
1 Triaxial Accelerometer at Pelvis C.G. Yes
Femur Femur Load Cell (left and right, 6 channels each) Yes
Knee Knee Shear Displacement, L&R Yes
Upper Tibia Load Cell (left and right, 4 channels
Yes
each)
Lower Tibia Load Cell (left and right, 5 channels
Yes
each)
Tibia Acceleration (left and right, 2channels No
each)
Lower Extremity Achilles Tendon Load Cell (left and right, 1 No
channels each)
Ankle Joint Rotation Potentiometers (left and
. No
right, 3channels each)
Foot Acceleration (left and right, 3 channels No
each)
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ABSTRACT

Traumatic injuries are the leading cause of death of
children aged one to nineteen in the United States.
These unintentional injuries are principally caused by
motor vehicle collisions, with the head being the
primary region injured. The neck, though not
commonly injured, governs head kinematics and
influences head impact location and velocity. Vehicle
design improvements necessary to reduce or prevent
these injuries are evaluated using anthropomorphic
testing devices (ATDs). The head and neck properties
of the current pediatric ATDs were established by
scaling adult properties using the size differences
between adults and children. Due to the paucity and
limitations of pediatric head and neck biomechanical
research, computational models are the only available
methods that combine all existing biomechanical data
to produce injury-relevant biofidelity specifications
for pediatric ATDs. The purpose of this study is to
provide the first frontal impact biofidelity corridors
for neck flexion response of six and ten year olds
using computational models incorporating pediatric
cadaveric data. These corridors are compared with
response of the Hybrid 111 (HIIT) ATD necks and the
Mertz flexion corridors.

Our six and ten year old head and neck multibody
models used pediatric biomechanical properties
obtained from pediatric cadaveric and radiological
studies. The computations included the effect of
passive and active musculature, and were validated
with data including 3 g dynamic frontal impact
responses using pediatric volunteer tests. Because
ATD pendulum tests are used to calibrate HIII neck
bending stiffness, we simulated these tests to

compare the pediatric model and HIIl ATD neck
bending stiffness, and to compare the model flexion
bending responses with the Mertz scaled neck flexion
corridors. Additionally, pediatric response corridors
for both pendulum calibration tests and high speed
(15 g) frontal impacts were estimated through
uncertainty analyses on primary model variables. For
the frontal impacts, adult boundary conditions and
muscle activations, validated against 15 g volunteer
tests, were applied to the pediatric models. Response
corridors for each loading scenario were calculated
from the average + standard deviation response over
650 simulations.

We found that the models were less stiff in dynamic
anterioposterior bending than the pediatric ATDs, as
the secant stiffness of the six and ten year old models
was 53% and 67% less than that of the HIII ATDs.
At higher rotation angles the ATDs exhibited
nonlinear stiffening while the models demonstrated
nonlinear softening. Consequently, the models did
not remain within the Mertz scaled flexion bending
corridors, especially for rotations above 60 degrees of
flexion. The more compliant model necks suggest an
increased potential for head impact via larger head
excursions. In contrast with the Mertz corridors, no
interactions between the head and chest were
modeled in these simulations since the loading
conditions used (pendulum calibration testing) do not
include chin-on-chest contact. The pediatric
anterioposterior bending corridors developed in this
study are extensible to any frontal loading condition
through calculation and sensitivity analysis. Our
corridors are the first based on pediatric cadaveric
data and provide the basis for future, more biofidelic
designs of six and ten year old ATD necks.
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INTRODUCTION

Traumatic injuries are the leading cause of death of
children ages one to nineteen years in the United
States (CDC 2007). The main source of these
traumatic injuries is motor vehicle crashes (MVC),
with the head being the primary body region injured
(Durbin et al. 2001). The pediatric neck, although not
commonly injured, governs head excursion and
acceleration, thus influencing head impacts and
injury during automobile collisions. Additionally,
pediatric cervical spinal injuries are debilitating and
often fatal. Of children sustaining these cervical
injuries, the mortality rate was 27% and the overall
incidence of neurological deficits was 66% (Platzer et
al. 2007). While seating children in the rear seat of a
vehicle in an age-specific restraint can decrease the
likelihood of injury, additional pediatric MVC
injuries can be prevented by design improvements to
vehicle passenger compartments and restraint
systems.

The principal tool used to evaluate these restraint
systems and passenger compartment advances are
anthropomorphic testing devices (ATD). While very
useful, these child ATDs were developed with
limited human pediatric biomechanical data. The
head and neck dynamic response of the current
pediatric ATDs are adult properties scaled using size
differences between adults and children with limited
incorporation of the material differences with age.
The assessment of pediatric ATD biofidelity and
injury criteria is limited by the paucity of pediatric
head and neck biomechanical research. Common
sources of this data include studies with human
volunteers, cadavers, animal surrogates, and
computer models. While valuable, each of these
approaches has inherent limitations.

For instance, human volunteer studies are restricted
to non-injurious loading scenarios. To date, only a
single pediatric volunteer study at the Children’s
Hospital of Philadelphia (CHOP) has been published
in which volunteers were subjected to frontal impact
loading. During this study, adults and pediatric
volunteers, aged six to fourteen years, were subjected
to low-speed (<4 g) frontal impacts (Arbogast et al.
2009).

Moreover, cadaver studies are limited by the rare
availability of pediatric cadavers, their lack of live-
active musculature, and their inability to demonstrate
minor injury, such as pain or loss of consciousness.
Only a handful of pediatric cadaver studies of frontal
impact tests have been conducted (Kallieris et al.
1976; Wismans et al. 1979; Dejeammes et al. 1984).

Though the pediatric cadavers in these studies were
less stiff than their respective ATDs, the authors
conclude that determining ATD performance criteria
and injury values from their results would be
speculative.

Animal surrogate studies provide valuable insights
into the biomechanical response of the cervical spine.
However, they are limited by interspecies differences
in functional anatomy and the absence of scaling
relationships from animal to human responses.

In view of the above limitations, computational
modeling of the pediatric head and neck may prove to
be the best method to provide biofidelity
requirements and injury assessment reference values
for child ATDs. Experimentally validated models
incorporating accurate pediatric properties can
simulate numerous loading conditions to investigate
injury potential. While numerous models of the adult
50™ percentile male have been created, a limited
number of pediatric models exist (de Lange et al.
2001; Liu and Yang 2002; Mizuno et al. 2005;
Dupuis et al. 2006; Meyer et al. 2009).

Accuracy of the computational model results is
limited by the parameters—geometric and
mechanical—upon which the model is founded.
Thus, validation is critical to assess model biofidelity.
Validation is the correlation of model responses to
experimentally obtained result corridors, either
cadaver or volunteer. Computer models of the head
and neck have principally relied upon frontal impact
simulations for validation, such as adult volunteer
frontal impact experiments performed at the Naval
Biodynamics Laboratory (NBDL) (Ewing and
Thomas 1972; Wismans et al. 1986; Thunnissen et al.
1995).

To ensure repeatable and biofidelic response,
dummies are also certified against such experimental
or computational/scaled corridors. For example, the
head and neck of the Hybrid 111 family of ATDs is
certified before use in a frontal impact loading
scenario (49 CFR 572, Subpart E). The ATD head
and neck are attached to the end of a pendulum,
which is raised and released. The pendulum arm is
allowed to rotate under gravity until it impacts a
block of aluminum (49 CFR 572, Subpart E). The
pendulum deceleration results in head and neck
flexion similar to a frontal impact. Computational
models of the ATD head and neck have simulated
this test for model validation (Doherty and Paver
1988; Yang and Le 1992; Marzougui et al. 1997;
Medri et al. 2004). Similarly, models of the pediatric
head and neck have used this test to validate against
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scaled flexion corridors (de Lange et al. 2001;
Mizuno et al. 2005; Dupuis et al. 2006).

The objective of this study was to use validated
pediatric head and neck computer models that
incorporate biomechanical properties from pediatric
volunteer and cadaver studies to provide frontal
impact biofidelity corridors for pediatric ATDS.
Specifically, neck dynamic bending corridors were
developed using a statistical uncertainty analysis for
six and ten year olds based on the dynamic bending
stiffness response of validated pediatric
computational models for the pendulum certification
test and for 15 g frontal impacts. These corridors
were compared to that of the adult, the Hybrid 111
pediatric ATDs, and the Irwin and Mertz (1997)
scaled neck flexion corridor.

METHODS
Model Development

The adult 50" percentile male computational head
and neck model developed and used in the current
study is a hybrid multibody and finite element model
(Dibb 2011), as shown in Figure 1. Previous models
(Camacho 1998; VVan Ee 2000; Chancey 2005)
provided the foundation for the current model (Dibb
2011). The osteoligamentous cervical spine was
modeled with rigid body vertebrae connected by six
degree of freedom non-linear viscoelastic beam
intervertebral joints. A viscoelastic finite element
head was implemented for head impact studies but
was modeled as a rigid body for the purpose of this
study. The material and inertial properties for the
head, vertebrae, and muscles were developed from
literature. Cervical musculature was modeled using
Hill-type discrete beams. Muscle models were rate
sensitive and included passive and active musculature
(Hill 1938). Muscle wrapping was implemented to
account for the interactions between individual
muscles and vertebrae during bending (Dibb et al.
2013). Modeling and analysis were performed using
LS-DYNA (LSTC, Livermore, CA). This adult
model was validated in low-speed (<4 g) frontal
impacts (Dibb et al. 2013), using data from CHOP
(Arbogast et al. 2009), and in 15 g frontal impacts,
using from NBDL (Ewing and Thomas 1972).

Adult Ten year Six year

Figure 1. Lateral view of the adult and pediatric head
and neck models.

The pediatric head and neck models of the current
study (Figure 1) represent a 50™ percentile six and ten
year old and were created upon the same framework
as the adult model, while incorporating pediatric
biomechanical properties from pediatric volunteer
and cadaver studies. The pediatric head models were
developed using pediatric geometric and inertial
properties reported by Loyd et al. (2010), while
cervical vertebral geometric and inertial properties
were developed from pediatric volunteer and cadaver
radiology studies, respectively (Dibb 2011).
Likewise, cervical muscle cross-sectional areas and
attachment locations were developed from human
pediatric and adult radiology studies (Dibb 2011).
Intervertebral joint stiffnesses were derived from
pediatric cadaver osteoligamentous cervical spine
mechanical tests (Luck et al. 2008; Luck et al. 2012).
These pediatric head and neck models were validated
in frontal impacts (Dibb et al. 2013) using the only
pediatric head and neck biofidelity validation
currently available: the CHOP low-speed (<4 g)
human volunteer tests (Arbogast et al. 2009).

Pendulum Certification Simulation

Simulations of the ATD neck pendulum calibration
test with the adult and pediatric models were
performed to compare the neck sagittal dynamic
bending stiffness between the pediatric models and:
the adult model, the pediatric Hybrid 111 ATD necks,
and the Irwin and Mertz (1997) scaled neck flexion
corridor. In these simulations, the pendulum was
modeled as a rigid solid with physical and inertial
dimensions as detailed in the Hybrid 111 50"
percentile male ATD test procedure (49 CFR 572,
Subpart E). It was constrained to rotate about the y-
axis only. The T1 vertebrae of the head and neck
models were rigidly attached to the end of the
pendulum such that the radial distance between the
pivot and head CG was equivalent for the ATD and
adult model. The pendulum with attached head and
neck model was initiated in the vertical position, as
specified in the certification test (49 CFR 572,
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Subpart E), with the specified rotational velocity.
Each model was ran with the appropriate pendulum
impact velocity, according the model’s age: 7.01 m/s
as specified by the Hybrid 111 (HIII) 50" percentile
male ATD (49 CFR 572, Subpart E) certification test
procedure, 4.95 m/s as specified by the HIII six year
old ATD (49 CFR 572, Subpart N) test procedure, or
6.10 m/s as specified by the HIII ten year old ATD
(49 CFR 572, Subpart T) test procedure (Figure 2).
Additionally, the adult and 10 year old models were
ran at the HIII six year old certification velocity of
4.95 m/s for comparison between model responses.
Decelerations were defined at the specified
accelerometer attachment radius for both impact
velocities.

]
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Figure 2. Applied pendulum deceleration and
subsequent velocity time histories with the Hybrid I1I
50" percentile male, six year old ATD, and ten year
old ATD certification specifications. The adult
Hybrid IIT 50" percentile male standard specifies an
acceleration corridor while the Hybrid III six and ten
year old standards specify a velocity corridor. The
corresponding pediatric acceleration and adult
velocity profiles are plotted for comparison.

Biofidelity corridors for the pendulum certification
tests were created from uncertainty analyses of the
pediatric models with their corresponding pendulum
velocity by varying the thirteen pediatric model input

parameters + one standard deviation (Table 1). These
input values were scale factors developed from the
ratio of the measured child to measured adult values
for each parameter. For example, the adult model
neck length, defined as the distance between the
occipital condyle-C1 joint center of rotation and the
C7-T1 joint center of rotation, was 14.08 cm. The ten
and six year old model neck lengths were 12.35 and
9.80 cm, respectively. Input parameter values were
selected using Latin hypercube sampling and 50
simulations were run per variable (Iman et al. 1981a;
Iman et al. 1981b), for a total of 650 simulations.
Correlation of stiffness to input variable was
quantified through Pearson correlation with
significance levels of p < 0.05. Model uncertainty
corridors were created from the average + one
standard deviation over all simulations.

Muscle activations were initially set to a relaxed
activation state (Dibb et al. 2013), since pediatric
motor vehicle occupants are likely not aware of
impending impacts. However, the dynamics result in
muscle activations due to stretch mediated activation,
so the extensor muscles as a group were activated to
100% at the pendulum impact, with no delay time.
Muscle activation dynamics were modeled using
Hill-type muscle models and two first-order systems
(Hill 1938; Winters and Stark 1985; Winters and
Stark 1988), and 100% was chosen to bracket the
response. A delay time was not incorporated for the
pendulum certification test. Similarly, chin-on-chest
contact was not modeled in these simulations as this
contact is not accounted for in the pendulum
certification test, and thus peak head excursions in
the simulation were unimpeded. Gravity was
modeled in the inferior to superior direction to
simulate an inverted posture, and simulations were
run for 200 ms.

The model head rotation was measured relative to the
pendulum longitudinal centerline. The model sagittal
moment at the occipital condyle (OC) joint was
calculated from the ligamentous joint and the sum of
all the muscle moments about the O-C2 joint center
of rotation (COR). Therefore, the OC moment
reported in this study is the total neck moment (sum
of the ligamentous loads and all muscle moments
about the O-C2 joint COR), not the moment seen by
the OC joint alone. Secant stiffness was calculated at
peak OC moment, as the slope of the line between
zero and peak on a plot of OC moment versus head
rotation.
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Table 1. Pediatric Head and Neck Uncertainty Analysis Parameters (average + one standard deviation; each
value given is a ratio of the pediatric to adult* value and thus is unitless)

Parameter Age
Six Years Ten Years Pediatric Value
Reference
Head mass 0.75+0.02 0.80 +0.02 Loyd et al. 2010
Head inertia 0.58 + 0.09 0.62 +0.10 Loyd et al. 2010
Head size x 0.92 £ 0.03 0.93 £ 0.03 Loyd et al. 2010
Head size y 0.92 £ 0.03 0.93 £ 0.03 Loyd et al. 2010
Head size z 0.74 £ 0.06 0.77 £ 0.06 Loyd et al. 2010
Vertebra mass 0.47 £ 0.07 0.62 + 0.07 Dibb 2011
Vertebra inertia y 0.26 + 0.05 0.44 +0.05 Dibb 2011
Vertebra size x 0.73+0.08 0.80 £+ 0.08 Dibb 2011
Vertebra size y 0.82 £ 0.06 0.85 £ 0.06 Dibb 2011
Vertebra size z 0.70 £ 0.09 0.88+£0.11 Dibb 2011
Intervertebral joint stiffness 044+0.11 0.58 £0.09 Luck et al. 2008, Luck
(Upper cervical spine) etal. 2012
Intervertebral joint stiffness 0.75+0.12 0.88£0.13 Luck et al. 2008, Luck
(Lower cervical spine) etal. 2012
Muscle PCSA 0.47 £ 0.09 0.57 £0.12 Dibb 2011

*Adult values, previously cited during development of the Duke Adult Head and Neck Model, can be reviewed in
Dibb 2011, Chancey 2005, Van Ee 2000, and Camacho 1998

NBDL 15 g Frontal Impact Simulation

The adult and pediatric head and neck models were
subjected to 15 g frontal impact loading (Figure 3).
To simulate this loading, the average T1 x-direction
accelerations and y-direction rotational displacements
from the NBDL volunteer tests (Ewing and Thomas
1972; Thunnissen et al. 1995) were applied to the T!
vertebra of the models (Figure 3). The same adult
volunteer NBDL T1 boundary conditions were
applied to the pediatric models (Figure 3) as well as
the same muscle activation dynamics (Figure 4)
(Dibb 2011). Muscle activation dynamics were
modeled using Hill-type muscle models and two first-
order systems (Hill 1938; Winters and Stark 1985;
Winters and Stark 1988). The simulations were
initiated with relaxed muscle activation states that
maintained an upright posture against gravity (Dibb
2011, e.g. Dibb et al. 2013). Extensor muscles were
then activated to 100% (Figure 4), again chosen to
bracket the response, after a reflex delay time. As
muscle reflex delay times range in the literature from
10 to 120 ms (Colebatch et al. 1994; Foust et al.
1973; Reid et al. 1981; Schneider et al. 1975;
Tennyson et al. 1977; Siegmund et al. 2003), a time
of 50 ms was used in this simulation. Gravity was
simulated as a constant body load in the superior to
inferior direction.

T1 x-acceleration (m/s%)

0 0025 005 007 _ 01 0125 015 0175 02
Time (s)

na
[

T1 y-rotation (deg)

=3

n

o

0 0025 005 0075 _ 01 0125 015 0175 02
Time (s)

Figure 3. Imposed T1 horizontal acceleration and
sagittal rotation time history from 15 g NBDL human
male volunteer frontal impact tests, average + one
standard deviation (adapted from Thunnissen et al.
1995). The average histories were applied in all of
our simulation.
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Biofidelity response corridors were developed
through uncertainty analyses of the adult and
pediatric models, since pediatric volunteer high speed
frontal impact experiments cannot be conducted due
to the possibility of serious injury. The thirteen
pediatric model input parameters were varied plus
and minus one standard deviation (Table 1). Input
parameter values were selected using Latin
hypercube sampling and 50 simulations were run per
variable (Iman et al. 1981a; Iman et al. 1981b), for a
total of 650 simulations. The dependence of peak
model responses and OC neck loads on input
variables were quantified through Pearson correlation
with significance levels of p < 0.05. Pediatric model
response corridors were created from the average +
one standard deviation over all simulations.

Adult model kinematic and kinetic responses were
validated against the NBDL volunteer response
corridors (Dibb 2011) defined as the average
response plus and minus the standard deviation
(Thunnissen et al. 1995). Accelerations were defined
relative to the global coordinate system while
displacements were defined relative to a local
coordinate system fixed to the midsagittal anterior-
superior corner of the T1 vertebral body. Head
accelerations and displacements were defined at the
head CG. Neck rotations were defined as the rotation
of a linkage that connected the T1 local coordinate
origin to the OC center of rotation. Neck loads were
calculated at the vertebral joints, including the OC,
by summing the ligamentous and the muscular
contribution about the vertebral joint COR. Neck
loads were relative to the head anatomical coordinate
system. The secant head and neck bending stiffness
was calculated from the head rotation and OC joint
neck moment.
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Figure 4. Activation dynamic time history of the
extensors during 15 g frontal impact, modeled using
Hill-type muscle models and two first-order systems.
Initial activations, Ay, maintained an upright head
posture against gravity. Activations were then

increased to 100% after a reflex time (t = 50 ms).

RESULTS
Pendulum Certification Simulation

The response of the pediatric six and ten year old
models during pendulum induced frontal impact with
the HIII six year old certification velocity (49 CFR
527, Subpart N) was similar to the adult response at
the same velocity (Figures 5 and 6). The adult 50"
percentile male model first went into extension
rotation, followed quickly by flexion rotation upon
impact (Figure 6). Extension peaked at -4° head
rotation. Peak head flexion of 111° occurred 97 ms
after impact, while peak flexion moment of 51.2 Nm
occurred earlier, at 85 ms after impact. The flexion
moment reached 90% of its peak magnitude by 55 ms
and increased the final 10% during the next 27 ms.
OC moment decreased by 17% at the time of peak
head rotation. The pediatric model heads also initially
extended, reaching a peak of -3° head rotation. The
head of the pediatric models then rotated into flexion
with greater rotational displacements and lower OC
flexion moments than the adult model, indicating that
the pediatric necks were less stiff than the adult.
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Figure 5. Adult and pediatric kinematic time-lapse during the six year old pendulum certification test. The pediatric
models had larger peak head rotations than the adult.
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Figure 6. Pediatric and adult model head rotation and OC moment during the six year old pendulum certification
test. The pediatric models are more compliant than the adult, as indicated by the slope of the loading curve. Both the
pediatric and adult models rotated first into extension before rotating into flexion.

Pediatric model uncertainty analysis corridors are
presented in Figure 7. The six year old average peak
OC moment was 22 + 1.7 Nm at 85 + 10 degrees of
head flexion. The ten year old average peak OC
moment was 28 + 2.1 Nm at 110 + 14.6 degrees of
head flexion. The average secant stiffness during the
uncertainty analysis was 0.27 £ 0.05 Nm/deg for both
the six and ten year old models, respectively.
Pediatric model bending stiffnesses were most
sensitive to muscle physiological cross-sectional area
(PCSA). Increasing the muscle PCSA significantly
increased the bending stiffness, as this increased the
force-generating capacity of the muscles. Bending
stiffness correlation coefficients to pediatric model
parameters are presented in Table 2. The next most
significant parameters were vertebral and head
geometry scale factors in the x and z directions,
which altered muscle attachment locations and thus
their effective moment arms. Increasing these factors
also increased the bending stiffness of the models.

Increasing the osteoligamentous bending stiffness
increased the neck bending stiffness too; however,
the muscle parameters and geometric scale factors
mentioned previously had greater effects.

The pediatric models with muscle tension were less
stiff than the Hybrid 111 six year old (NHTSA 1998;
Saul et al. 1998) and ten year old ATD (Mertz et al.
2001), as shown in Figure 8. The secant stiffness of
the six year old model was 0.24 Nm/deg and of the
ten year old was 0.25 Nm/deg. This was 53% and
67% less than the HIII six and ten year old ATD
stiffnesses of 0.50 and 0.75 Nm/deg, respectively. In
addition, the qualitative response of the model and
the Hybrid 111 were different; the pediatric model
flexion bending stiffnesses were nonlinear softening
while the HIII were nonlinear stiffening. Due to these
differences in nonlinearity, the pediatric models did
not remain within the Irwin and Mertz (1997) scaled
flexion bending corridors (Figure 8).
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Table 2. Pediatric Model Bending Stiffness
Pearson Correlation Coefficients During
Pendulum Uncertainty Analysis (* indicates

statistically significant; the three most important

parameters for each model are in bold)

Parameter Stiffness Correlation
Six Years Ten Years
Vertebra geometry — x 0.18* 0.11*
Vertebra geometry — y -0.03 -0.07
Vertebra geometry — z -0.16* -0.16*
Vertebra mass 0.07 0.07
Vertebra inertia 0.02 0.02
Head geometry — x 0.09 0.12*
Head geometry —y 0.00 -0.01
Head geometry — z -0.18* -0.10
Head mass -0.07 -0.04
Head inertia 0.09 0.05
Intervertebral joint -0.14* -0.04
stiffness (Upper
cervical spine)
Intervertebral joint -0.01 -0.01
stiffness
(Lower cervical spine)
Muscle PCSA 0.88* 0.88*
Six Year Old
120 120
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Figure 7. Pediatric model flexion stiffness
uncertainty analysis corridors for pendulum
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standard deviation. Model stiffness for both pediatric

models was most sensitive to muscle PCSA.
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Figure 8. The pediatric head and neck models demonstrated qualitatively different behavior than the Hybrid 111 six
and ten year old ATD in pendulum certification tests. The models were less stiff than the Hybrid 111 ATDs and their
behavior was not predicted by the Irwin and Mertz (1997) scaled flexion corridor.
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NBDL 15 g Frontal Impact Simulation

The response of the pediatric six and ten year old
head and neck models to 15 g frontal impact was
similar to the adult model response (Figure 9), which
reproduced the kinematic response of adult human
volunteers to 15 g frontal impact (Dibb 2011). During

6 year old

the first 80 ms there was little head motion and the
relaxed state muscles maintained an upright posture
against gravity. From 80 to 106 ms, the head began to
translate but did not begin to rotate. This 26 ms
delay in head rotation is termed head lag. Afterwards,
the head rotated into flexion. After reaching peak
angular displacement, the head started rebounding.
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Figure 9. Pediatric and adult model response time-lapse in 15 g frontal impact. The pediatric models had larger peak

head rotations than the adult.

As in the pendulum certification tests, the pediatric
models had smaller head excursions but greater
rotations than the adult (Table 3 and Figure 10).
Specifically, the six and ten year old models
displaced 30% and 14% less in the x-direction and
21% and 5% less in the z-direction. This is not
unexpected given the shorter overall lengths of the
pediatric necks. The head of both the six and ten year
old models rotated 11% more than the adult. This is
not unexpected, since rotation is dependent on the
head mass and moment of inertia (MOI). The ratio of
head MOI to head mass is very similar for the six and
ten year old models, leading to a very similar amount
of rotation. On the other hand, the adult ratio of head
MOI to head mass is less than that of the pediatric
models, and consequently demonstrates less rotation.

The pediatric models had greater head translational
and rotational accelerations than the adult (Table 3
and Figure 10). Head x-direction translational
accelerations for the six and ten year old models were
17% and 6% greater than the adult, respectively.
Head sagittal rotational accelerations for the six and
ten year old model were 68% and 44% greater than
the adult, respectively. These higher accelerations
resulted in earlier peak excursions and rotations, and
the six and ten year old models reached peak head
rotation 19 and 11 ms earlier than the adult.

Table 3. Pediatric and Adult Model Peak
Responses During 15 g Frontal Impact

Response Six Years Ten Adult
Years
Head 10.1cm 12.5¢cm 14.5cm
displacement x
Head 12.2 cm 14.6 cm 15.4 cm

displacement z

Head rotation 76.1 deg 76.2 deg | 68.4 deg

Head 286 m/s° | 258 m/s® | 243 m/s’
acceleration x
Head 174m/s® | 185 m/s® | 172 m/s®
acceleration z
Head rot. 2571 2208 1534
acceleration rad/s® rad/s? rad/s?
Neck rotation 65.6 deg 67.9deg | 62.5deg
Head lag 26 ms 26 ms 26 ms

Furthermore, the pediatric models sustained lower
cross-sectional neck flexion moment and tensile
loads than the adult (Figure 11). The total cross-
sectional peak flexion moment at the OC was only
20.9 and 25.5 Nm in the six and ten year old models
compared to 46.5 Nm in the adult. The total cross-
sectional peak tensile force at the OC was 648 and
713 N in the six and ten year old models compared to
859 N in the adult. On the other hand, the pediatric
models sustained higher peak shear loads than the
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adult model. The total cross-sectional peak shear neck during 15 g frontal impacts (Figure 11). As

force at the OC was 950 and 861 N for the six and ten illustrated by comparing the ligamentous, muscular,

year old models compared to 835 N for the adult. and total F, neck loads, the osteoligamentous spine
was loaded in compression during peak neck flexion

In all models, the neck muscles were the primary at the same time the total neck was loaded in tension.

moment and force-carrying component of the total
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Figure 10. Pediatric and adult model kinematic response to 15 g frontal impact. The heads of the six and ten year old
models displaced less but rotated more than the adult.

Dibb 10



Ligamentous Fx (M)

500

-a00

-1000

1000

500

Ligamentous Fx Neck Load

Ligamentous Fz (M)

Ligamentous Fz Meck Load
0 .

0 003 0
Time (s)

Muscular Fx Neck Load

015 02

2000

1500

o
Time (s)
Muscular Fz Meck Load

005 015

0.2

= =
i o
3 0 — & 1000
3 = 3 STAY
2 sm L V\\\:\\
-1000 0
0 005 01 0.15 02 0 0.05 0.1 015 02
Time (s) Time (s)
Total Fx Meck Load Total Fz Neck Load
1000
500
g £
i 0 I
K] E]
5 5
- =
-1000
0 005 01 0.15 02 0 0.05 0.1 015 02

Time (s) Time (s)

Ligamentous My (WNm)

Muscular by (Nm)

Total My (Mm)

Ligamentous My Neck Moment

40
30

T Six yearold

Ten year old
Adult

0 Ty

0 0.05 01 015 02
Time (s)

Muscular My Neck Moment

s

] 0.05 0.1
Time (s)

Total My Neck Moment

015 0z

0z

] 0.05

01
Time (s)

015

Figure 11. Pediatric and adult model O-C2 spinal segment osteoligamentous, muscular, and total neck loads during
15 g frontal impact. The cervical muscles bore a majority of the loading during this impact. At peak neck flexion,
the osteoligamentous spine was loaded in compression while the total neck was loaded in tension.

From the uncertainty analysis, the kinematic response
of the pediatric models was most sensitive to the z-
direction vertebral geometry scale factor. Correlation
coefficients of model parameters to kinematic
responses are presented in Table 4. Increasing the z-
direction scale factor—which in turn increased the
length of the pediatric neck—significantly increased
peak head displacements, head rotation, and z-
direction translational accelerations; increasing this
value also significantly decreased the peak x-
direction translational acceleration and head
rotational acceleration.

The next most significant parameters affecting the
kinematic response were muscle PCSA and the z-
direction head geometry scale factors. Increasing
these scale factors increased the muscle size and the
muscle attachment distance from the spine, or
moment arm. Increases in these parameters
significantly decreased peak head flexion rotation
and decreased head rotational accelerations.
Increasing the intervertebral joint stiffness did not
significantly affect peak head excursion or rotations;
however, increasing the joint stiffnesses did increase
peak head accelerations. Additionally, cross-sectional
neck loads measured at the OC spinal segment were
most sensitive to pediatric muscle PCSA, vertebral
and head z-direction geometry, and head inertial
property scale factors (Table 5). As before,

intervertebral joint stiffnesses only significantly
affected peak OC tensile forces.

Six and ten year old pediatric response corridors

during 15 g frontal impact are presented in Figures 12
and 13.
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Table 4. Pediatric Model Uncertainty Analyses Kinematic Pearson Correlation Coefficients During 15 g

Frontal Impact, Presented and Ranked Against Other Model Parameters

(* indicates statistically significant; the top three parameters in each column of each age are in bold)

Parameter Peak CG Peak CG Peak Peak CG | Peak CG Peak Peak Head
displace- displace- head accel. accel. head neck lag
ment x ment z rot. X z rot. rot. time
accel.
Vertebra geometry - x -0.08 -0.22* -0.24* -0.02 -0.45* -0.07 -0.43* -0.33*
Vertebra geometry - y 0.04 0.07 0.05 0.00 0.04 0.04 0.09 0.13*
Vertebra geometry - z 0.94* 0.76* 0.37* -0.73* 0.69* -0.41* 0.63* 0.59*
Vertebra mass 0.01 -0.01 -0.04 -0.04 -0.01 -0.04 0.01 0.03
Vertebra inertia 0.00 -0.01 0.00 0.01 -0.01 -0.06 -0.04 0.02
Head geometry - x -0.08 -0.06 -0.14* 0.07 -0.05 0.00 0.01 -0.01
[%2]
S
E Head geometry - y 0.05 0.03 0.01 -0.08 0.04 -0.01 0.00 -0.05
x
& | Head geometry - z 0.28* 0.25* 0.23* -0.33* -0.13* -0.06 0.08 -0.34*
Head mass 0.00 0.10 0.13* 0.04 0.07 0.18* 0.17* 0.01
Head inertia -0.02 0.04 0.14* 0.24* -0.28* -0.53* -0.08 0.47*
Joint stiffness - upper 0.01 0.02 0.01 0.05 0.08 0.20* 0.03 -0.14*
cerv. spine
Joint stiffness - lower 0.01 -0.09 -0.03 0.04 0.33* 0.08 -0.28* -0.09
cerv. spine
Muscle PCSA -0.07 -0.55* -0.85* -0.43* -0.21* -0.65* -0.54* -0.08
Vertebra geometry - X -0.07 -0.19* -0.19* -0.39* -0.52* -0.10 -0.36* -0.19*
Vertebra geometry — y 0.05 0.06 0.05 0.05 0.07 0.03 0.08 0.10
Vertebra geometry - z 0.96* 0.78* 0.43* -0.41* 0.73* -0.45* 0.66* 0.71*
Vertebra mass 0.01 -0.01 -0.04 -0.01 0.01 -0.03 0.00 0.04
Vertebra inertia 0.00 0.00 0.01 -0.01 -0.01 -0.06 -0.03 0.01
Head geometry - x -0.09 -0.06 -0.12* -0.07 -0.03 0.01 -0.02 -0.04
[%2]
S
§ Head geometry - y 0.05 0.02 0.01 0.07 0.02 -0.01 0.01 -0.03
c
£ | Head geometry - z 0.23* 0.21* 0.24* 0.27* -0.18* -0.08 0.06 -0.29*
Head mass 0.01 0.09 0.11 -0.08 0.04 0.16* 0.15* -0.03
Head inertia -0.01 0.05 0.12* -0.25* -0.11 -0.51* -0.03 0.47*
Joint stiffness - upper 0.01 0.01 0.01 0.28* -0.05 0.12* 0.02 -0.10
cerv. spine
Joint stiffness - lower 0.02 -0.06 -0.01 0.25* 0.30* 0.04 -0.19* -0.04
cerv. spine
Muscle PCSA -0.13* -0.57* -0.85* -0.04 -0.28* -0.65* -0.62* -0.07
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Table 5. Pediatric Model Uncertainty Analyses Kinetic Pearson Correlation Coefficients During 15 g Frontal

Impact, Presented and Ranked Against Other Model Parameters

(* indicates statistically significant; the top three parameters in each column of each age are in bold)

Parameter Peak OC Peak OC Peak OC
Shear Tensile Flexion
Force Force Moment

Vertebra geometry - x 0.02 -0.07 0.10
Vertebra geometry - y 0.00 -0.05 -0.04
Vertebra geometry - z 0.48* 0.01 -0.15*
Vertebra mass 0.02 -0.04 0.05
Vertebra inertia -0.02 0.03 0.01
Head geometry - x -0.05 -0.28* 0.08

w

S

E Head geometry -y 0.07 0.07 0.01

x

@ | Head geometry - z 0.40* 0.53* 0.12*
Head mass -0.37* 0.30* -0.03
Head inertia -0.26* 0.35* 0.15*
Intervertebral joint stiffness — 0.01 0.31* -0.02
upper cervical spine
Intervertebral joint stiffness — -0.06 0.21* 0.06
lower cervical spine
Muscle PCSA 0.58* -0.25* 0.95*
Vertebra geometry - X 0.03 -0.21* -0.01
Vertebra geometry —y -0.01 -0.01 -0.04
Vertebra geometry - z 0.60* 0.20* -0.04
Vertebra mass 0.02 -0.04 0.04
Vertebra inertia -0.01 0.02 0.01
Head geometry - x -0.09 -0.20* 0.11

w

—

E Head geometry - y 0.07 0.06 0.03

c

£ | Head geometry - z 0.33* 0.56* 0.28*
Head mass -0.31* 0.28* -0.02
Head inertia -0.21* 0.10 0.05
Intervertebral joint stiffness — 0.02 0.20* 0.03
upper cervical spine
Intervertebral joint stiffness — 0.01 0.13* 0.06
lower cervical spine
Muscle PCSA 0.57* -0.49* 0.93*
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DISCUSSION

The purpose of this study was to utilize a pediatric
head and neck multibody and finite element model to
investigate the head kinematics and dynamic flexion
bending response and stiffness of the neck during
ATD neck certification pendulum testing. Also
created and studied were flexion biofidelity corridors
for future pediatric ATD design for both pendulum
certification tests and 15 G frontal impacts.

In the pendulum certification tests, the pediatric neck
was less stiff than the adult neck. Likewise, the
pediatric necks were less stiff in flexion bending than
the Hybrid 111 ATD necks: the six year old was 53%
less stiff than the ATD while the ten year old was
67% less stiff. The difference between ATD and
model bending stiffness was minimal below 40° of
head flexion, while greater differences occurred at
higher rotations. At higher rotations the ATD
stiffness nonlinearly increased while the model
stiffness nonlinearly decreased. The muscles and
their strain rate dependence can explain this nonlinear
softening of the models. Muscle force increases at
higher elongation strain rates in both the passive and
active elements (Hill 1938; Myers et al. 1998;
Winters 1990; Winters 1995). Since higher muscle
strain rates occurred during the higher head rotational
velocities of the initial loading phase, and then
decreased until peak head rotational displacement
was reached, the muscle force decreased as peak head
rotational displacements were reached. This is
illustrated by the OC moment time histories (Figure
6). The moments increased rapidly during the high
muscle strain rate of the initial loading and peaked
prior to peak rotational displacement, then decreased
by peak rotation. A secondary explanation of the
softening of model bending stiffness is the decrease
in stress of the active muscle with increased strains
(Hill 1938; Myers et al. 1998; Winters 1990; Winters
1995). However, the active muscle strain dependence
was less of a factor since muscle strains were
relatively low with an average peak extensor strain of
only 11%. Therefore, an important difference in
stiffness between the models and the HIIl ATD necks
is the strain rate dependent effects that are not
accounted for in the design of the ATD necks.

In a similar fashion, the pediatric and adult model
flexion bending response all passed outside of the
Mertz corridors, primarily at higher head rotations.
This is because the model bending stiffness did not
increase at higher rotations, and instead decreased.
This behavior was consistent for both the six and the
ten year old, and illustrates that the Mertz corridors

predict qualitatively different behavior than the neck
models display.

Though chin-on-chest contact was not modeled in
these simulations, the pendulum flexion bending
biofidelity response corridors created from
uncertainty analysis of the models’ response (Figure
7) are appropriate since this contact is not accounted
for in the Hybrid 111 pendulum certification test.
Therefore, these corridors represent the response of
validated, biofidelic models under the same loading
conditions used to certify the ATD neck, and can be
used for future pediatric ATD neck design
specification. Importantly, both the head extension,
which occurs prior to flexion, and the nonlinear
softening behavior were included in the corridors.
Neither of these effects is represented by the current
HIll ATD necks. Muscle parameters had the greatest
effect on neck bending stiffness. Increasing the force
generating capacity, effective moment arm, and
stiffness of the muscles significantly increased the
bending stiffness.

Similarly, the first 15 g frontal impact pediatric
biofidelity response corridors (Figures 12 and 13)
were created for future pediatric ATD neck design
specifications from uncertainty analysis of the
models in this loading scenario. Uncertainty analysis
demonstrated that the z-direction vertebral geometry
scale factor had the largest effect on the pediatric
kinematic translation response, as increasing this
value increased the length of the pediatric neck. As
can be expected because of their smaller neck length,
the heads of the pediatric models translated less than
the adult. Peak x-direction CG translations were 70%
and 86% of the adult peak translations, which were
essentially the same percentage as the vertebral z-
direction scale factors used to create the six and ten
year old models, respectively. For the kinematic
rotation response, the most significant parameter was
muscle PCSA. Increasing this value decreased the
peak head rotation, which is likely the result of an
increased bending stiffness due to an increased
muscle PCSA. As the ratio of head MOI to head mass
is very similar for the two pediatric models, they
experienced very similar flexion rotations.
Additionally, since this ratio was larger in the
pediatric models than in the adult, the pediatric model
heads experienced more flexion rotation than the
adult, each rotating 11% more than the adult.

Both the pediatric six and ten year old models had
higher head translational and rotational head
accelerations than the adult, with the six year old
having the highest accelerations. This can be
explained by a simple mass spring on a moving base
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model. Increasing the spring stiffness of the mass-
spring model decreases the acceleration of the mass.
This was demonstrated during the uncertainty
analysis in which increasing the muscle PCSA, which
increased the neck bending stiffness, significantly
decreased head accelerations. This is important as
higher pediatric head accelerations could lead to
pediatric head injuries that would not have caused
adult injury under identical loading scenarios.
However, further work needs to be done to
understand pediatric accelerational head injuries to
fully study this possibility. Currently, the Head Injury
Criterion (HIC) threshold for the six year old is the
same as the adult (Eppinger et al. 1999).

Notably, in all models (pediatric and adult), the neck
muscle protected the osteoligamentous spine by
bearing a large portion of the cross-sectional neck
loads during 15 g frontal impacts (Figure 11). At
peak neck flexion, the overall neck was loaded in
tension. However, at this point the osteoligamentous
cervical spine was loaded in compression due to the
tension in the muscles. Additionally, nearly all of the
moment experienced by the total neck in 15 g frontal
impacts was carried by the muscles. As a result, the
moments experienced by the osteoligamentous spine
were small, indicating that in frontal impacts the
osteoligamentous spine is unlikely to fail in this
mode. In fact, the high compressive loads
experienced by the osteoligamentous spine suggest
that the primary mode of neck failure in frontal
impacts is compression.

Finally, this study is not without limitation. For one,
a limitation of the comparison of model responses
during pendulum certification tests to the Mertz
corridors was that head and chest interactions were
not modeled in the simulations. The Mertz corridors
were created from cadaver frontal impact sled tests in
which the OC moment was calculated from inverse
dynamics of head accelerations and included “the
summation of the moments of the neck and chin
forces” (Mertz and Patrick 1971). Mertz and Patrick
reported a volunteer static head flexion rotation limit
of 66 degrees and a dynamic rotation limit of 70
degrees. The adult model surpassed these limits with
a peak head rotation greater than 110 degrees, which
would not have occurred with chin contact providing
“a stop for forward head rotation” (Mertz and Patrick
1971). Another limitation of this study was that
during the 15 g frontal impact simulation, the same
T1 boundary conditions were applied to the pediatric
models as those measured from adult volunteers.
While doing this enables direct comparisons between
adult and pediatric head and neck kinematics and
kinetics, subjecting children and adults to the same

sled accelerations would likely result in different T1
accelerations, as demonstrated in low speed frontal
sled tests (Arbogast et al. 2009). This study also
removed the effects of muscle activation dynamics
from the comparison by applying the same activation
histories to the pediatric models as those of the adult
model for 15 g frontal impacts.

CONCLUSION

Pediatric head and neck models were used to
investigate the dynamic bending stiffness of the
pediatric human neck during frontal impact induced
via Hybrid 111 ATD neck certification pendulum
loading. The neck response of both pediatric models
(six and ten years old) was found to be qualitatively
different from the pediatric HII1 ATDs: the models
demonstrated nonlinear softening behavior while the
HIIl ATDs experienced nonlinear stiffening.
Additionally, the pediatric models’ response was less
stiff than that of the pediatric HIIl ATD: Specifically,
the pediatric six and ten year old models were 53%
and 67% less stiff than the HIII ATD, respectively.
As a result, the models’ response was not predicted
by the Irwin and Mertz (1997) scaled neck flexion
corridors. Moreover, these validated pediatric models
based on human pediatric biomechanical properties
were used to create the first pendulum certification
and 15 g frontal impact biofidelity corridors for
future ATD design.
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ABSTRACT

Despite decreases in mortality and overall injury
in the last 15 years, in that same time lower
thoracic and upper lumbar spine fractures have
not decreased, and there is growing evidence that
these fractures are actually increasing in frontal
impact collisions. Due to the usual upward
inclination of passenger seats and structural
features added to optimize frontal impact
performance, there is a question as to how much
the construction of the seat pan might contribute
to the incidence of thoraco-lumbar fractures. A
seat testing apparatus was designed and
evaluated to determine the static stiffness of any
vehicle seat when it was loaded in a forward
direction. The device used an appropriately pre-
weighted seat form to load the vehicle seat and
moved the seat form forward relative to the seat
cushion. As the seat loading device interacted
with the seat, horizontal and vertical forces were
generated by the increasing load due to the
inclination of the seat and the under cushion
structure.  While paired same model seats
exhibited similar loading patterns and values,
there was a variable response from different
model seats. Of the five different models tested,
maximum vertical loadings varied from 1082 N
to 5655 N.  After disassembly, structural
differences were found between the tested seat
models that could account for the difference in
seat reaction loads. The device proved that the
differences in stiffness between seat models
could be evaluated in a non-destructive and
timely manner.

BACKGROUND

Research and mitigation strategies regarding
injury due to frontal impacts has concentrated on
protecting the head, neck and thorax of front seat
occupants (Mertz, Irwin et al. 2003). The
development of airbags and three point seatbelts

has been instrumental in reducing mortality and
injury severity in collisions. Mortality rates
while wearing only a seatbelt were reduced by
51% compared with users utilizing no restraint
devices. The mortality rate of those utilizing an
airbag only, without belts, had a 32% reduction,
but the rate for those users protected by both
airbag and seatbelt had a 67% drop (Cummins,
Koval et al. 2011). Injury severity scores
showed a similar pattern. However, while the
use of both seatbelts and airbags has decreased
the probability of sustaining many injuries, the
occurrence of spine fractures in front seat
occupants has not decreased between 1994 and
2002 (Wang, Pintar et al. 2009).

Although thoracolumbar injuries due to axial
compression have been known to occur due to
frontal impacts, the mechanism of injury to the
spinal column is somewhat elusive (Begeman,
King et al. 1973). Begeman used a series of sled
tests of lap and shoulder belted cadavers placed
on a welded steel chair with a load cell under the
seat to monitor axial forces from the spine. In a
series of frontal braking tests of up to 15g, they
found that the vertebral column suffered
wedging or compression fractures at L1, T9, or
T7. The authors felt that the fractures were the
result of the straightening of the spine curvature
during a frontal impact.

Huelke et al. found that, vertebral fractures can
occur to lap-shoulder belted front car occupants
in frontal crashes, and that thoracolumbar
fractures can happen during low speed crashes
without the occupant’s head striking the interior
of the car. They hypothesized that the fractures
were due to the submarining of the occupant’s
pelvis under the lap belt with a pre-flexed lumbar
spine (Huelke, Mackay et al. 1995). In a study
involving 37 patients with thoracolumbar
fractures, Ball found that of those wearing three
point restraints, 80% sustained burst fractures



while 28.6% of patients wearing lap belts alone
had burst fractures (Ball, Vacarro et al. 2000).
They stated that the thoracic spine would
straighten “suddenly and forcefully” as the torso
was restrained by the shoulder belt. Bilston used
NASS data to identify AIS2+ spinal injuries
among restrained vehicle passengers. The study
identified risk factors for thoracolumbar fractures
such as higher severity crashes, crashes into
fixed objects, and crashes in the presence of
intrusion (Bilston, Clarke et al. 2010).

Pintar et al. studied NASS data and performed an
in-depth study of the US-DOT NHTSA Crash
Injury Research and Engineering Network
(CIREN) database to identify crashes that
involved the potential for seat pan and lap belt
interaction with the pelvis. (Pintar, Yoganandan
et al. 2012) They identified 73 cases from the
CIREN database that met the criteria: frontal
direction; fractured spine at T10 or below;
fracture due to compressive loads (burst, overall
compression, or wedge-type with more anterior
than posterior involvement); no rollover greater
than two quarter turns; row one occupants only.
Exclusion factors included occupants who had a
history of previous thoracic and/or lumbar
surgery and occupants who were in sub-optimal
posture at impact. They found that 73% of the
Delta-V’s occurred at 56 km/h or less and that
the location of the crash was approximately half
on-road and half off. The vehicles were
predominantly (75%) late-model between 2000
to 2010 model years. They noted some
interesting relationships between the location of
the fracture and type of object struck: five of the
ten occupants with T10 or T11 fractures struck a
heavy truck, eight of the ten that struck a fixed
hard object had L1 fractures, and 17 of the 30
tree/pole impacts suffered fractures at L2 or
below. Given the detailed crash descriptions in
the CIREN results, it was possible to identify
many direct planar frontal impacts with no
obvious upward component. As pointed out by
Pintar et al. this implies that the seating
components of the car are implicated in
producing significant upward compressive loads
on the distal spine. The structure of the modern
automobile seat, in particular the seat pan and
forward frame components such as thigh-bars,
should be examined for interaction with the
lumbar region of restrained occupants. To
investigate the potential for seat pan involvement
in generating vertical spine loads, a seat testing
apparatus to determine static stiffness for vehicle
seats was designed and evaluated.

Photo 1. Seat mounted in test fixture. Test platform angle
is adjustable relative to seat form. Seat was pulled
rearward during test.

APPARATUS

The static seat testing (SST) device was intended
to test the resistance of vehicle seats to forward
motion of an occupant during a forward, planar
collision. The test apparatus was constrained to
remain in a horizontal plane while the seat was
pulled out from beneath. The device incorporated
a cart fastened to linear bearings riding on two
parallel, large diameter (38.1 mm) round rods
enabling free forward and back motion (Photo
1). The vehicle seat to be tested was bolted to
the cart with the seat tracks parallel to the cart’s
plane of travel. A seat form of fiberglass
composite was fabricated that matched the
contours of a standard H-Point machine. The
shaped form was rigidly mounted to a base plate.
The plate was hinged to a second plate along its
front edge to vary the angle of the device relative
to the seat being tested while keeping four 3-axis
load cells mounted above the upper plate
horizontal (Photo 2). Two lateral beams were
mounted to the upper surface of the front and
rear pairs of load cells. The beams extended to a
solid fixed frame rigidly mounted around the
movable seat and cart. The vertical position of
the two beams could be varied, then fixed in
position. The cart with vehicle seat was pulled
rearward using a manual winch through a single
axis load cell. The total weight of the movable
portion of the SST was, at 134 pounds (60.8 kg),
equal to the sitting weight (total weight less the
feet, lower legs and one half of the upper leg) of
a Hybrid 3 dummy. The signals from all load
cells were collected and recorded by a TDAS
PRO (Diversified Technical Services, Seal
Beach, CA, USA) data acquisition system. As
the test was quasi static, the sample rate was
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1000 samples per second with a duration of 60
seconds.

Photo 2. Fiberglas seat form mounted to instrumented
platform.

METHODS

In this preliminary series of tests eight seats were
tested. All seats were bucket seats with fabric
covers. Six of the seats were previously used and
two were from recently crash tested vehicles.
The six used seats were from three different car
models with two seats from each model. The
vehicle model year of the six used seats ranged
from 2006 through 2012. The two new seats
were made available from NCAP tested vehicles.
Each of the those seats were from the passenger
side of 2012 model year vehicles that had been
used for a side impact test to the opposite side
and a side airbag occupant out-of-position test
using SID-2s 5™ percentile female dummies.
Those seats had not been subjected to either the
loading of frontal tests or the wear and tear of
used seats. The seats represented five different
models, each model with different seat frame
designs, seat suspensions, and foam thicknesses.

Before testing, the seats were fixed to a plate
with the seat track level, and seat centerline
centered on the plate. If the seat pan angle was
adjustable, it was set per FMVSS 208 guidelines.
For consistency between pairs of seats, if only
one seat of a pair was adjustable, it was adjusted
to match the seat angle of the unadjustable seat.
For each test setup, the seat form and load cell
assembly were placed in the vehicle seat over a
fabric sheet similar to the dummy setting
procedure outlines in the FMVSS 208. The seat
was brought forward into contact with the rear of
the seat form. Additional weights were placed on
top of the assembly to bring the total weight
resting on the seat to 930 N. The portion of the
device representing the ischial tuberosities
location of a human occupant was allowed to rest

into the rear of the seat cushion while the front of
the device was stabilized in a fixed position to
maintain an upward angle of the seat bottom of
approximately 20 degrees with a level reference
plane for the load cells. The outboard ends of the
lateral beams on the pairs of load cells were then
tightened into position while monitoring a real
time output from the load cells to avoid
introducing any significant preload into the
system during the tightening. The seat was
pulled slowly rearward using a manual winch,
pausing every 50 mm of travel. The process was
repeated until the seat was pulled free of the seat-
form loading assembly. Care was taken to avoid
maintaining the loading of the seat cushion for
longer than 15 minutes, and the seat cushion was
allowed to rest unloaded for a minimum of 30
minutes between repeat tests. Each seat was
tested at least twice to assess repeatability.
Results of the repeated tests of each seat were
compared by summing the vertical loads
recorded by the four load cells. The mean
difference between peak seat pan loading
between repeated tests was 5.2% (SD 4.9%).
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Figure 1. Comparison of tests of three model seats.

The loading responses between the paired seats
were compared. For each seat, the mean of the
maximum seat pan loading of the repeated tests
was compared to the similar values calculated for
the other seat of the pair. For Model 1 and
Model 2 the differences between the two seats
were 9.0% and 2.5% respectively, while the
same comparison for the Model 3 seats was
32%. Combined, the mean difference was
14.6% (SD 12.8%). An explanation for the
larger difference in peak loading within pairs of
seats was found by examining the tested seats.
Two seats of the third pair, although they were
externally similar, had considerably different
foam cushions (Figure 1). The age and condition
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of the seat foam seemed to be a factor in the
stiffness of the tested seats.

RESULTS

Each of the seat models displayed different
stiffness behaviors with respect to the position of
the loading device (Figure 2). The Model 1 and
2 seats exhibited linear stiffening to
approximately 250 mm of seat travel. While seat
Model 1 gradually decreased in stiffness, seat
Model 2 did not reach peak stiffness until
approximately 400 mm of travel. Both models
unloaded smoothly after reaching the peak. The
Model 3 seat was considerably stiffer than the
first two (Table 1). It also exhibited a smooth
unloading phase after its peak at 300 mm. The
Model 4 seat paralleled the behavior of Models 1
and 2 until 200 mm, after which the stiffness
rapidly rose to a peak higher than the three
previous seats at 350 mm, then began to unload
smoothly. The Model5 seat showed a
considerably different behavior. For the first 100
mm, Model 5 was initially only marginally
stiffer than other seats, but the stiffness increased
at a higher rate and reached a considerably
higher peak at 350 mm. It remained stiff for 50
mm before dropping off suddenly.

Seat Travel (mm)

Seatpan Force (N)

-4000 4 \

_f" | ——Model 1
- ——Model 2
Model 3

Model 4

5000 \ |
I ——Model 5

-6000 -

Figure 2. Comparison of five different model seats.

The horizontal force (X axis) required to move
the seat pan out from under the test device was
proportional to the seat pan force at
approximately half of the Z axis load.

SEAT CONSTRUCTION

The construction of the Model 1 through 4 seats
was generally similar but with important
differences in detail. The seats utilized stamped
sheet metal side frames fastened to movable

tracks that allowed fore and aft adjustment of the
seat in the vehicle.

Table 1. Matrix of test results.

Max Seat- | Max
Seat pan Load | Horizontal | X/Z
[N] Pull [N]
Model 1 | -1081.8 -580.2 54%
Model 2 | -1442.0 -809.0 56%
Model 3 | -2621.3 -1429.3 54%
Model 4 | -3437.9 -1696.0 49%
Model 5 | -5655.2 -2698.4 47%

The two sides were fastened together with a
tubular member across the back and a front
structure consisting of another tube and/or other
structure. A wire upholstery spring suspension
was used to suspend the rear of the seat by
clipping onto the rear tubular cross-member. At
the front of all the seats a stamped sheet metal
cover fastened over the front cross-member and
springs (Photo 3).

Photo 3. Cross-section of typical car seat construction.
Under fabric upholstery and cushion is sheet metal cover
on front of seat (to right) and a portion wire spring
suspension is shown. Two side pieces are connected by a
round tube in the rear and a second tube toward the front
under the front cover.

A foam rubber cushion then covered the metal
portion of the seat, and fabric upholstery encased
the foam cushions. Due to the spring suspension
in the rearward portion of the cushion, the seats
were more yielding under the buttocks of the
vehicle occupant. During testing, as the testing
device moved toward the front of the seat, the
device compressed the foam cushion of the seat
to the point that the structure of the seat under
the cushion played a role in its relative stiffness.
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The higher stiffness seats were constructed with
more and heavier bracing between the side rail
framework in the forward third of the seats. For
instance, while Model 1 utilized a thin (0.67 mm
thick) stamped steel forward cover and a 25 mm
diameter tubular cross-tube beneath the cover,
the cover was fastened to the side structures by
four relatively small mechanical fasteners.
Conversely, Model 3 was constructed with a
thicker (1.0 mm) front upper metal cover over
the top front corner of the seat frame that was
welded to the side frames

Photo 4. Model 1 structure. Sheet metal front cover over
front frame tube wire seat suspension springs wrapped
around rear tube.

Rather than the single steel tube connecting the
two sides under the front cover sheet metal,
Model 3 seat also had a considerably more rigid
stamped sheet metal member fastened between
the two sides. It used a closed section welded
sheet metal beam of thicker (1.4 mm)
construction connecting the two sides beneath
the upper cover. Model 3 was more than twice
as stiff as the Model 1 shown in Photo 3.

In addition to the normal seat components, Seats
4 and 5 also were equipped with seat cushion
airbags. Neither seat bolster bag was deployed
before or during the testing. While the Model 4
used a wire spring suspension system Model 5
used a considerably different approach (Photo 5).

Photo 5. Model 5 seat. Sheet metal sides incorporating
three cross-tubes.

The side members of the seat were larger and
taller than the other seats. Front and rear cross-
tubes connected the two sides. In addition, a
tubular frame rose from the floor level, up the
front of the seat side frames, bent forward to
extend the front of the seat, then laterally to form
a rigid frame around the front of the seat. Rather
than springs, a sheet metal pan spanned from the
front tubular structure, rearward over the front
tube, down to form a depression for the seat,
then back to the rear tube (Photo 6). The pan
was not attached to the sides but was welded to
all three tubes. The airbag lay on top of the pan,
under the cushion.

S —

Photo 6. Airbag folded forward to show seat pan.

DISCUSSION

Three factors were identified as being involved
in the disparate stiffness of the seat models
tested. The original angle of the seat cushion
affected the measured stiffness of the seats. An
increased angle of seat cushion brought the
interaction of the test device with the under
structure of the seat earlier and to a greater
extent. Model 1, the least stiff seat, had a total
seat cushion angle of six degrees, while Model 3
seat was 8.3 degrees and Model 5, the stiffest
seat, was 10.9 degrees. Structurally, the stiffness
of the front structure of the seat contributed to
the overall stiffness as the load was moved
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forward. For the seats with a stiffer front
structure, stiffness increased as the seat form
encountered the hard structures. The condition of
the foam also influenced the tested stiffness
although it was less of a factor than the seat
geometry and structure.

In the small sample of seats tested, the unique
design of Model 5 stood out. The unyielding
seat pan was initially stiffer than the other seats
and increased in stiffness in a nonlinear fashion
until it reached a peak stiffness, 61% higher than
the next most stiff. The front tubular structure
was more forward and higher relative to the
other seats. The effect of this structure was that
it formed a rigid barrier at the front structure of
the seat. An example of this effect was the
abrupt fall off of force once the test device
cleared the front structure. The resistance of the
seat pan to forward motion of the occupant’s
pelvis may be significantly altered with under-
seat airbag deployment by tightening the
occupant against the lap belt, preventing
appreciable forward interaction between the
pelvis and hard structures of the seat pan.

There were limitations to conducting only static
testing of the seats. As mentioned above, there
is no opportunity to judge the effect of the under-
seat airbags and how they would affect forward
motion of the lower body. The small number of
seats available to be tested is a drawback that
will hopefully be addressed in the near future.
Finally, it cannot be assumed at this point that a
given seat that was evaluated with a higher
stiffness will be more prone to inducing
thoracolumbar spinal fractures. The dynamic
nature of a crash and the interaction of the
human pelvis with the seat pan have not been
considered in this study.

CONCLUSIONS

As the rate of thoracolumbar spine fractures is
increasing in  more modern designs of
automobiles, the contribution of seating systems
to the problem should be addressed. A test
device was developed and evaluated to
determine the relative stiffness of automobile
seats.

The device was able to measure differences in
the vertical load resistance of an occupant
surrogate between designs of modern seats. The
device should be useful in determining which
seating systems are more likely to cause high

axial loading into the spine of an occupant. The
next phase of the study will evaluate the most
and least stiff seats subjected to more dynamic
tests to verify the potential for spinal injury.
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ABSTRACT

In Europe, the law requires children up to 12 years or
up to 150 (or 135) centimetres to be restrained in a
child restraint system (CRS) when travelling in cars.
The EC FP7 project EPOCh developed test
procedures and tools for impact tests for CRS
designed to protect older and larger children in
vehicle collisions. The EPOCh project involved TRL,
Humanetics, IDIADA, DOREL and University of
Surrey. One of the main EPOCH deliverables was the
development of a prototype 10-year-old Q dummy.

This paper reports on the development and
assessment of the Q10 dummy within the EPOCh
project, as well as the subsequent refinement and
evaluation of the dummy based on third party testing.

INTRODUCTION

According to data from the European Road Safety
Observatory [1], the latest data available for child
fatal injuries is the year 2011. For that year 815
children in the age below 15 years old were killed on
European roads. Since 1995 the figure has dropped
around 56%. Whilst this is a good achievement, there
is still a need to reduce the level of child fatalities
and all types of child injury in the EU in the various
transport modes. Child fatality numbers for some EU
Member States in 2011 are provided in Figure 1.
Motivated by these numbers the EU FP7 projects
CASPER [2] and EPOCh [3] addressed the safety of
children transported in passenger cars. While
CASPER worked on improvements of existing
Q-series  dummies, their application in test
procedures and development of numerical models,
including Human body models, the EPOCh project
realised a Q family member representing adolescents
and investigated its application in UN Regulation
No. 44 and NPACS type test procedures.

The paper will outline the development of the Q10,
including: a summary of anthropometry and

. s
Figure 1. Numbers of child fatal injuries for the year 2011
in some Member States (source: www.erso.eu).

biofidelity  specifications, prototype  design
realisation, prototype performance and proposals for
injury thresholds obtained by scaling values from
adult and smaller child dummies. A brief list of
findings from testing by OEMs, suppliers and test
houses world-wide will be provided followed by
design updates implemented in a production version
of the Q10 dummy. First results on the performance
of the production version dummy are included as
well. Finally, recent work to evaluate abdomen
loading sensors related to the detection of belt
penetration in the pelvis-thigh region will be
presented. The sensors were developed in CASPER
and transferred to the Q10 dummy.

SIZE SELECTION

Under the current regulation (2003-20-EC) countries
have an option to select the maximum size of a child
that has to use a CRS when traveling in a car. Two
different statures are mentioned in the regulation: 135
or 150 cm. This corresponds roughly with 50"
percentile children of 8.9 and 11.6 Years Old (further
indicated as YO) respectively. The current regulation
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specifies a P10 dummy (Stature 1.38 m, mass 32 kg,
approximately 50" percentile 9.4 YO). The EPOCh
team presented their recommendation on the size
selection in a stakeholder’s forum meeting in June
2009. The conclusion from extensive discussions was
that the age of 10.5 YO was felt to be most
appropriate to represent the group of oldest CRS
users [4].

REQUIREMENTS AND PROTOTYPE DESIGN
Anthropometry

The dummy was sized according to the 50"
percentile anthropometry of the selected age: stature
1443 mm, seating height 748 mm, shoulder height
473 mm and total body mass 35.5 kg. In line with the
rest of the Q-dummy family the Q10 anthropometry
was based on CANDAT (Child ANthropometry
DATabase) [5]. Figure 2 provides data for mass
versus seating height. The yellow boxes give
envelops for 5™ to 95" percentile extremes according
to CANDAT around the Q-dummy ages 1, 1.5, 3, 6
and 10.5 and 11.6 YO. Note that the latter relates to
the age with average stature of 150 cm in CANDAT.
Dimensions and masses as abstracted from the
database are included in Table 1 and Table 2.
References to the measures included in Table 1 are
depicted in Figure 3. Additional information related
to the skeletal geometry of the pelvis was obtained
from [6]. This reference specifies coordinates for
important landmarks in the pelvis, based on CT scans
from 81 children of 5 to 11 years old. A full
description of the dimensional requirements is
included in the Q10 design brief [4, 7].

50 ‘
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Figure 2. Mass versus seated height for the Q and Hybrid
[11 series with the 5™ to 95" percentile envelopes for 1, 1.5,
3,6,10.5and 11.6 YO.

Biofidelity

In defining the Q10 dummy, priority was put on the
frontal impact performance because the current UN
Regulation No. 44 addresses frontal impacts only.
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Figure 3. Q10 Overall dimensions.

Table 1. Q10 anthropometry requirements and realised
dimensions in the prototypes from EPOCh

Requir. Actual

Description [mm] [mm]
Al — Seated Height (head tilt) 747.6 733.7
A2 — Seated Height (via T1) 747.6 748.4
B - Shoulder Height (top of arm) 473 472.5
C - Hip Pivot Height 65.9 65.9
D - Hip Pivot from Back Plane 90.4! 90.4
- Hip Joint Distance 130.0' 1320
F - Thigh Height 114.0 114.0
G - Lower Arm & Hand Length 374.7 374.2
| - Shoulder to Elbow Length 292.9 291.6
J - Elbow Rest Height 189.6 181.0
K - Buttock Popliteal Length 4175 414.9
L - Popliteal Height 405.7 405.7
M - Floor to Top of Knee 445.6 446.0
N - Buttock to Knee Length 488.4 485.4
O - Chest Depth at Nipples 171.2 171.0
P - Foot Length 220.0 220.0
- Standing Height (head tilt) 14425 14412
- Standing Height (via T1) 14425 14555
R - Buttock to Knee Joint (none) 445.7
R2 - Floor to Knee Joint (none) 414.0
S - Head Breadth 143.9 144.0
T - Head Depth 187.4 186.5
U - Hip Breadth 270.4 2715
V - Shoulder Breadth 337.8 337.8
W - Foot Breadth 86.0 86.0
X - Head Circumference 534.5 534.0
Y - Chest Circum at Axilla 687.3 604.6
- Chest Circum at Nipples 684.9 633.6
Z - Waist Circumference 593.5 664.6

1) The data from Reed et al. [6] are transformed from standing to
sitting and scaled from 10 YO stature of 137.4 cm to 144.3 cm for
Q10.
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Table 2. Q10 mass requirements and actual values
prototypes and ballasted versions used for testing

Body part Required Original Ballasted
prototype prototype
[k] [k] [kg]
Head 3.59 3.59 3.59
Neck 0.60 0.63 0.63
Upper torso 5.15 5.14 5.14
Lower torso 9.70 8.04 9.02
Upper arm* 1.09 1.05 1.10
Lower arm™*  0.90 0.83 0.90
Upper leg* 3.71 3.70 3.70
Lower leg*? 2.53 2.44 2.44
Total mass 35.5 33.4 34.7

1) Eacharm/leg
2)  Including hands / feet respectively

Nonetheless provisions were included for side impact
applications wherever possible. This includes for
instance a pelvis design based on the WorldSID 5"
dummy and a neck design based on the Q3s.

With regards to frontal biofidelity targets the
approach defined for other members of the Q family
was adopted. It consists of scaling of adult targets
based on anthropometry and bone properties. By
applying this approach Q-dummy research results
from the previous EU FP projects CREST [8] and
CHILD [9] become applicable for the Q10.
Biomechanical requirements for the various body
parts were described in [10]. As an example, scaled
performance corridors for neck My moment versus
flexion and thorax force versus deflection for
4.27 m/s frontal impact are provided in Figure 4 and
Figure 5 respectively. For the thorax impact tests an
impactor with a mass of 8.76 kg is defined.
Corridors for Q6 and Hybrid 111 50" percentile male
are given for reference. It can be observed that the
Q10 targets are in between those of the smaller child
and the adult dummy.

Instrumentation

In the development of the prototype Q10 the

following provisions for instrumentation were

included:

e 2D Displacements —Upper and lower rib cage.

e 3D Linear accelerations — Head, spine T4 and
T12, sternum and Pelvis.

e 3D Angular rate sensors — Head, thorax and
Pelvis.

e 6 axis loadcells — Upper and lower neck, Lower
lumbar spine, Sacro-Iliac and Femur.

¢ Single axis loadcell — Pubic force.
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Figure 4. Q10 Neck flexion corridors.
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Figure 5. Thorax impact performance corridors.

For side impact application provision for alternative
channels was implemented, such as 2-D chest
displacement, T1 Ay acceleration and pubic
symphysis load.

In addition to the above provisions for tilt sensors
were included in various locations to facilitate
positioning of the dummy.

Prototype Design Realisation

Using the requirements defined above, three
prototype dummies were realised in the EPOCh
project. The design and prototype evaluation are
described in [10] and [11]. Figure 6 through Figure 9
give some impressions of the prototype design. The
following summarises the performance of the
prototypes realised as well as some key features of
the Q10.

A comparison of the realised dimensions of the
prototypes with the targets is given in Table 1. In
Table 2 the actual mass distribution is compared with
the requirements. As can be seen actual dimensions
and masses correlate well with specifications set.

An apparent deviation in sitting and standing height
is explained by the fact that these dimensions are
measured in a fully erect posture while the dummy is
assembled with the head tilted 27° forward. To
enable comparison with an erect posture the
dimensions measured via T1 are included in Table 1
as well. For this dimension good correlation is
obtained.
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Figure 7. Shoulder design (initial concept) and double IR-
Traccs in thorax.

Figure 8. Detail of sit-standing pelvis design and suit with
patches intended to prevent belt intrusion.

Figure 9. Pelvis design based on WorldSID 5" and
comparison against bone anthropometry data from [6].

In addition to the sitting and standing height the chest
circumferences show deviations. Actual dimensions
are smaller than specified values because the soft
muscle tissue at nipple and axilla level is not

represented in the dummy. When considering the
thickness of the suit (6 mm) which, to a degree,
represents the flesh dummy values are much closer to
the target.

The mass of some prototype parts revealed to be low
within the mass tolerance for the upper and lower
arms. With an addition of some ballast items to the
upper arms, ~50 gram each, lower arms, ~70 gram
each, and pelvis, ~980 grams, the mass was increased
close to nominal weight. In design updates for the
production version this was corrected adding mass to
the related body parts.

For the head biofidelity three criteria for drop tests on
a rigid plate were defined and evaluated [10]:
e Frontal 130 mm drop height: Biofidelity corridor
limits based on EEVC scaling 113.1 -194.2 g.
o Lateral 130 mm drop height: Biofidelity corridor
limits based on EEVC scaling 116.4 — 200.0 g.
e Lateral 200 mm drop height: Biofidelity corridor
limits based on ISO TR9790 107 — 161 g.
Figure 10 gives resulting accelerations for these
conditions together with the corridors. The head of
the prototype meets the frontal (130 mm) and lateral
(130 mm) low in the EEVC corridors and meets the
lateral (200 mm) high in the 1SO/TR9790 corridor.
During the prototype evaluation the approach to aim
for simultaneously compliance with the EEVC and
ISO/TR9790 corridor was found to be not feasible,
therefore the EEVC corridors were selected to be the
priority. As the skin stiffness generally will increase
over time it was recommended to increase the
stiffness of the head such that its performance is at
the lower side close to the middle corridor [11].
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Figure 10. Head drop biofidelity results.

For the neck biofidelity requirements in flexion,
extension and lateral flexion were defined. Figure 11
shows neck flexion bending performance in a Part
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572 pendulum test with respect to the corridors
defined [11]. The flexion response is in the lower
range of the corridor and the rise in stiffness that
should occur around 35° of head rotation is slightly
late, starting around 45°. The slope in stiffness rise is
correct. An improved performance could be obtained
by increasing the rubber stiffness, but that would
affect the fracture toughness and therefore the
durability of the part. Another possibility is to change
the neck mould, but this may affect the response in
other directions which was not preferred.

Figure 12 gives neck extension bending performance
in a Part 572 pendulum test in comparison with the
biofidelity corridor [11]. It can be concluded that the
extension performance fits the corridor very well. No
further adjustment was deemed necessary.

Figure 13 shows the neck lateral flexion bending
performance in a Part 572 pendulum test in
comparison with the biofidelity corridor [11]. Up to
45° of head lateral flexion the performance is in the
right order of magnitude but the rise in stiffness for
large rotations is not followed.

Figure 14 shows shoulder pendulum force versus
timein comparison with the biofidelity corridor. The
test is done using an 8.76 kg pendulum at an impact
speed of 4.5 m/s. It can be observed that the initial
response of the shoulder is too stiff. In relation to this
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Figure 11. Neck flexion moment versus head rotation
at 6.6 m/s.
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Figure 14. Lateral shoulder impact force versus time.

result it should be noted that the Q10 is an omni-
directional dummy and performance tuning in either
direction will affect the performance in the other
direction. In the EPOCh project an optimal balance
was sought in both directions with the focus on
frontal impact. As shown below identical trends with
regards to lateral impact performance are observed
for thorax and pelvis region. Hence the stiffness
distribution in side is balanced between these body
regions, avoiding dominance of a single body
segment in absorbing loads.

For the frontal biofidelity of the thorax two
pendulum test impact speeds were specified: 4.31
and 6.71 m/s. Figure 15 provides pendulum force
versus rib displacement in impact direction. Rib
displacements are obtained by averaging the
measured values in upper and lower chest IR-Traccs.
It can be observed that the rib cage response meets
the corridors reasonably well, especially for the 6.71
m/s impact. For the lower impact speed at 4.31 m/s
the response is somewhat above the corridor.
However, compared to other Q family members the
frontal thorax performance is much better [12].
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Figure 16. Thorax lateral pendulum impact 4.31 m/s (top)
and 6,71 m/s (bottom).
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For the lateral biofidelity of the thorax two pendulum
test impact speeds were specified: 4.31 and 6.71 m/s.
Figure 16 gives results in comparison to the
biofidelity corridors [11]. As for the shoulder the
initial response overestimates the stiffness. Although
performance tuning might be applied this would
affect the frontal performance and introduce an
imbalance with the shoulder and pelvis performance
under lateral loadings.

The lumbar spine is made of a cylindrical rubber
column; hence performances in frontal and lateral
flexion are identical. Figure 17 gives test results
obtained from pendulum impact tests. The dynamic
stiffness is about 80 Nm/56° = 81.9 Nm/rad. This is
slightly higher than the targets set for flexion (68.6
Nm/rad) and for lateral flexion 71.4 Nm/rad [11].
This result was considered to be acceptable.

Figure 18 gives the lateral pelvis impact performance
in terms of pendulum force versus time. Again results
are shown in comparison with the biofidelity corridor
[11]. The pelvis response is in line with the lateral
shoulder and thorax responses, showing too high
stiffness. During the lateral pelvis impact tests a
bottoming-out contact between the iliac wing and the
sacrum block was observed for impact speeds of
4.0 m/s and above. This should not occur until the
impact speed exceeds 5.2 m/s.
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Figure 18. Pelvis lateral pendulum impact at 5.2 m/s.
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When considering the side impact performance in the
different regions it can be concluded that shoulder,
thorax and pelvis pendulum impact responses largely
exceed corridors in the initial phase. The stiffness in
all regions is too high and further improvements for
this configuration is needed (and being worked on as
described below).

INJURY RISK FUNCTIONS

To apply the dummy it is necessary to specify injury
criteria, risk functions and thresholds which are
appropriate to this age and size of occupant. With
adult humans the conventional approach taken to
derive injury risk functions has been to conduct
representative tests around the injury threshold with
Post-Mortem Human Subjects (PMHS). These tests
are then repeated with the dummy and the relevant
dummy output compared against the observed risk of
injury for the PMHS. By following this process,
dummy-specific injury risk functions are defined
directly relating a dummy measurement with the risk
of injury for a human. Unlike the adult situation,
however, there is very little biomechanical data from
which specific injury risk functions for children can
be derived. As alternatives, two approaches have

been used [12]:

e Perform accident reconstructions using the child
dummy under development.

e Scale adult injury risk functions and/or criteria to
be relevant to the child size (dummy) being
investigated.

The European Enhanced Vehicle-safety Committee
(EEVC) Working Groups 12 and 18 used the
accident reconstruction data developed within the
European Commission (EC) CREST and CHILD
projects to help develop risk functions for the Q3
dummy [12]. These functions were updated within
the CASPER project [13].
Accident reconstructions with the newly developed
Q10 were beyond the scope of the EPOCh project.
As an alternative the EPOCh project took the second
approach and scaled adult injury risk functions in an
attempt to make them relevant for the older child
dummy. To provide a comparison, the risk functions
developed for the Q3 by EEVC WGs 12 and 18 were
scaled up to the Q10 using the same formulae.

Previously, many authors have published techniques
for scaling biomechanical measurements to different
sizes of subject [14], [15], [16], [17]. While the
general principle behind the scaling remains
consistent, each of the publications seems to adopt

Table 3. Proposed injury criteria for use with the Q10
dummy in UN Regulation No. 44 frontal impact conditions
[11]

Measurement Threshold

Head 3 ms exceedence 80¢g
Head horizontal excursion 465 mm
Head vertical excursion 885 mm
Neck tension t
Neck flexion 125 Nm
Neck extension 37 Nm
Chest deflection (either IR-Tracc) 56 mm
Chest 3 ms exceedence 459

t To be set after further testing with the Q10

different specific details. EPOCh therefore reviewed
available scaling methods for each body region and
dummy measurement. The review considered
whether there are any new material property data
available to aid the scaling process and if the output
was reasonable.

The scaled injury risk functions or criteria were then
compared with initial test results with the Q10
dummy under Regulation 44 conditions. Associated
with this comparison has been an assessment of the
feasibility for CRS manufacturers to meet
prospective criteria. This has also been balanced with
pragmatic expectations of how well the criteria may
relate to current CRS performance and real world
accidental injury incidence. The limits for the Q10
dummy resulting from this approach and to be used
in UN Regulation No. 44 frontal impact conditions
are summarised in Table3. A more detailed
description of the full EPOCh injury risk review is
provided in [11]. Further work on the thresholds is
needed to arrive at final values for frontal and derive
values for side impact.

THIRD PARTY EVALUATION

Following the EPOCh evaluations two instrumented
Q10 prototype dummies were made available to third
parties for further evaluation testing. A wide variety
of tests were performed by research labs, restraint
manufacturers, OEMs and consumer organisations
world-wide to check on the dummy performance in a
vehicle environment. The tests included sled tests on
a body in white as well as full-scale crash tests.
Different restraint configurations were tested
considering belts with and without pretensioner and
belts with and without load limiter in combination
with different child restraint types. Variations in test
conditions included tests with sled buck rotation left
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and right, with and without seat in front and partial
overlap to the left and right. In some tests the
dummies were equipped with add-on features, such
as abdomen sensors and lap shields to prevent belt
intrusion between the pelvis and the thigh.

Figure 20 shows some typical test results. Values for
head 3 ms exceedence and upper neck bending My
are depicted in cross plots against chest 3 ms
exceedence. Results are normalised with respect to
thresholds from Table 3. Results from the EPOCh
project are included for reference (grey coloured
markers). Chest acceleration 3 ms is generally high in
NPACS sled tests (45 to 70 g) performed in EPOCh
and low in BIW sled tests (35 to 30g). The UN
Regulation No. 44 tests performed in EPOCh show
values in the middle range (25 to 50 g). For the upper
neck My (extension) high values are observed in
some tests. In most cases this can be attributed to
impact loads upon rebound. In tests with pretensioner
and load limiter a high extension moment may occur
at the end of the loading phase (see e.g. Figure 19).
Studies using a detailed finite element model of the
Q10 dummy are on-going to investigate the root
cause of this phenomenon. The high head
acceleration 3 ms exceedence results found in some
tests was also attributed to rebound impacts.

Feedback was provided on several dummy
performance issues, the most important of which
included:

1) Belt interaction in the pelvis region: lap belt
penetrating between pelvis and thigh;

2) Belt slip towards the neck: observed after
introducing Cordura top layer in the suit for
durability;

3) Side impact performance: to be improved and, if

possible, instrumentation to be added in shoulder

region (e.g. shoulder load cell);

Durability of various dummy parts.
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Figure 19. Upper Neck moment My for test with
pretensioner and load limiter (red, solid line) and without
(blue, dashed line).
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DUMMY UPDATES FOR Q10 PRODUCTION
VERSION

Following the testing with prototypes efforts were
made to develop a production version Q10 dummy.
Remarks related to durability, performance and
handling of the dummy forwarded by the EPOCh and
third party test programs were addressed. In the
following a brief overview of the main changes is
provided. A full overview is provided in [18].

Head and Neck - Additional dimple markers were
added to the head for accurate dummy positioning.
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Also the biofidelity was aligned with the EEVC
requirements by making the response stiffer.

For neck no changes were introduced other than
adding a lifting strap for handling, and reorientation
of some of the washers.

Thorax / shoulder complex - The rib cage of the
prototype dummies was produced using Ureol
material which was recently banned under the
REACH regulation. The new material formulation,
also applied in other Q dummies was adopted.
Figure 21 and Figure 22 compare the performance of
production version rib cages with new material to the
prototypes in frontal and lateral impactor biofidelity
tests. Essentially identical responses are obtained.
Shoulder durability issues were reported, with the
rubber tearing from the end plate. This failure was
caused by high belt loading at top of arm in tests with
the belt slipping over the shoulder onto the arm. As a
countermeasure a stronger internal wire was applied
in combination with a stress relief at the attachment
of the rubber to the end plate (see Figure 23). This
updated design was already used in the third party
testing program. No further failures were reported,
indicating that durability was improved.

Abdomen and Lumbar Spine - During tests with the
prototypes severe ballooning of the abdomen was
observed (see Figure 24). This part consists of a foam
block with PVC skin. It is probable that air could not
escape from the single vent hole fast enough, so six
more holes were added evenly to the top rear and
bottom of the skin. As the abdomen is soft it is not
expected that this modification influences the
dynamic response. However, this is to be evaluated
in future testing. The lumbar spine only had very
minor changes (e.g. change to screws with socket
heads).
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Figure 21. Performance of production version dummy in
frontal thorax biofidelity test (solid black lines production
dummy tests (3 off), dashed red line prototype).
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Figure 22. Performance of production version dummy in
lateral thorax biofidelity test (solid black lines production
dummy tests (3 off), dashed red line prototype).

Figure 23. To reinforce the shoulder under loads from
outboard belts the internal cable was reinforced and
oriented more horizontally.

Figure 24 —Test without suit showing ballooning of the
abdomen.

Pelvis - In the lower torso region the prototypes were
1660 grams too light and a temporary ballast weight
(980 grams) was added to the pelvis to compensate.
For the production dummy mass was added to the
abdomen, pelvis flesh and pelvis bones, and some
steel parts in the pelvis were replaced with tungsten.
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DAS ballast was also added to allow for DAS
integration into the sacrum. The changes resulted in a
total mass increase of ~1550 grams bringing the total
mass of the lower torso up to 9590 grams. This is
close to target (9700 grams) specified in Table 2. The
remaining 110 grams is consumed by the wire mass.
As with the thorax the pelvis flesh and bone material
was banned due to the REACH regulation.
Replacement materials as applied in the other Q
dummies were introduced and tuned to provide
identical performance and improved durability.

In lateral pelvis impactor tests contact between the
iliac wing and the sacrum block was observed from
impact speeds of 4.0 m/s onwards. To raise this
contact to a higher impact speed the clearance
between iliac wings and sacrum block was increased.
Also the pubic buffers were stiffened. Future lateral
pelvis testing is planned to evaluate the performance
of these updates.

Arms - In the third party testing fracturing of the
lower arm flesh at the wrist section occurred upon
impact against the front seat. To resolve this failure
tougher flesh material has been introduced in
combination with rounded edges to the lower arm
bone end. Like other items the performance of this
solution is to be investigated in future testing. In case
fracturing in the wrist section remains it might be
decided to change the geometry of the hands from
stretched to fist configuration.

Other modifications to the arms included the
introduction of locking threads for the shoulder joint
screws to maintain 1 g friction and adding friction
screws on both sides of the elbow to balance loading
and prevent damage in this joint. For handling
purposes marker dimples were added to the wrist.
Mass was raised to the weight specified in Table 2,
avoiding the ballast weights applied in the
prototypes.

Legs - As for the arms tougher flesh material was
introduced to the lower leg improve durability. Also
the lower leg bone was extended for this purpose. In
various tests excessive sliding of the upper leg flesh
along the femur bone towards the knee was observed,
introducing damage to the flesh in the pelvis area. To
prevent sliding of the flesh along the metal bones
observed in the production version, the flesh is
locked to the bone by adding a retainer in an access
hole for the femur load cell (see Figure 25).

Various minor modifications were introduced in the
knee such as anti-fretting plastic washers and friction
stops to the knee stop pins.

Mass was raised to the weight specified in Table 2.

!/

Figure 25. Upper leg flesh with insert.

Figure 26. Lap belt shield design (left) and shield
performance in dynamic condition (right).

Suit - In the prototype, hip patches where introduced
to try and prevent lap belt intrusion into the hip
pelvis gap. This did not work and profiled, stiffer, hip
shields have been incorporated for further evaluation
testing (see Figure 26).

A zip was added in the abdomen area to help with
fitting and umbilical wire access. The front chest
panel was covered with Cordura for better durability.

SIDE IMPACT PERFORMANCE - FE STUDY

In an attempt to define future improvements for side
impact performance a finite element study into
possible concepts has been conducted (see
Figure 27). The initial focus was on the shoulder and
thorax performance for interaction with vehicle
restraint systems. To avoid any negative effects on
the frontal impact performance it is proposed to
introduce a side impact kit with a minimal number of
components that are to be exchanged for side impact
applications. The configuration evaluated through
simulation included:

1) Omitting the lower arms;

2) Plastic upper arm bone (instead of aluminium);

3) Softened shoulder rubber and arm flesh.

Results for shoulder pendulum impact forces are
depicted in Figure 28. Omitting the lower arm only
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does not have a significant influence of the shoulder
impact force as this part is remote from the impact
location and due to interaction of the stiff arm
(aluminium bone) with the thorax. When introducing
a plastic bone in the upper arm (as used for the
WorldSID 5™ female dummy), shoulder forces were
reduced. Softening of the shoulder rubber and arm
flesh results in a further reduction, bringing forces
close to the corridor. This design concept for
improved side impact performance will be explored
in more detail and if feasible realised in hardware for
further evaluations.

An additional item for the side impact performance is
the realisation of a shoulder load cell. Initial design
efforts have started (see Figure 29). However, due to
the shoulder concept with ball joint on an oblique
pin, issues arise related to cross talk, non-linearity
and hysteresis. Further efforts will be needed to
realise an adequate solution.

Figure 27. Deformed configuration for simulation with

lower arms removed and upper arms realised with plastic

bone (arm flesh in left arm removed for visualisation).
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Figure 28. Shoulder impact pendulum force versus time
Prototype test result (for reference) and simulation results:
No lower arm, No lower arm + Plastic upper arm, No
lower arm + Soft shoulder rubber and all three measures
combined.

Figure 29. Shoulder load cell (green item in left plot)
concept packaging and feasibility study.

MEASURING ABDOMEN LOADING WITH
THE Q10 - FIRST STEPS

UN Regulation No. 44 specifies performance
requirements for head excursion, chest acceleration
and abdomen loading (by means of a clay insert
between the lumbar spine and the foam abdomen
block), using the P-Series dummies. Collision studies
undertaken by EEVC WG 12 and 18, the CASPER
and EPOCh projects indicate that it would be
desirable to maintain the assessment of child restraint
system performance at these body regions when the
Q-Series is introduced into legislation [12, 19, and
20]. At present, the Q dummies have no method for
detecting abdomen loading. It cannot be fitted with a
clay insert and will require another solution. A
potential solution is provided by the Abdominal
Pressure Twin Sensors (APTS) developed at
IFSTTAR during the CHILD and CASPER projects
[21]. The APTS sensor consists of two cylindrical
soft polyurethane bladders filled with a gel solution
(see Figure 30). They are closed by aluminium caps
in which pressure sensors are located. The bladders
are implanted in holes drilled in the abdominal block
of the dummy. In the CASPER project, risk curves
were derived for sensors installed in the Q3 and Q6
[e.g. 13]. Risk curves for the Q10 are yet to be
developed.

Various studies have shown that the lap part of the
seat belt can become trapped in the gap between the
legs and the pelvis in the Q-Series dummies [22].
The pelvis design of the Q10 differs from that of the
other Q-Series dummies and minimises this gap. In
addition, patches were stitched into the suit of the
prototype Q10 to further limit belt intrusion.
Nevertheless, the phenomenon was observed by
participants in the third-party testing described earlier
and a new solution has been developed consisting
profiled hip shields (see Figure 26).

To investigate the use of the APTS sensors with the
Q10 dummy and the capacity of the hip shields to
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prevent belt intrusion into the gap between the legs
and the pelvis a programme of three impact sled
experiments was carried out. The Q10 was seated in
a non-integral ISOFIX child restraint system (a
booster seat) on the test bench defined in the draft
new UN Regulation on “Enhanced Child Restraint
Systems”. It was exposed to a pulse defined in the
draft Regulation (which is identical to that it UN
Regulation 44). Three tests were done:

o Test #1: Reference test, no APTS or hip shields

o Test #2: Using APTS sensor but no hip shields

e Test #3: Using both APTS sensor and hip shields

The booster seat did not feature guides for the lap
part of the seat belt, although severe abdomen
loading was not expected in these experiments
because the seat was approved to UN Regulation 44.

Figure 32 shows the interaction between the dummy
and the seat-belt during each experiment. The
abdomen sensors did not seem to influence the
kinematics of the dummy or the way it interacted
with the seat-belt (tests 1 and 2). The lap parts of the
belt intruded partially into the gaps between the legs
and the pelvis, but not to the same extent as that
reported for other Q-Series dummies [see e.g. 18].
The abdomen ‘ballooned’ over the lap belt, but this
seemed to reduce when the hip shields were used
(test 3). The hip shields also helped to keep the lap
part of the belt higher on the pelvis and away from
the gap between the legs and the pelvis. Table 4
compares some of the main dummy measurements
from the sled experiments. The Q10 had been used
extensively prior to these experiments as part of the
third-party testing described earlier. Although the
dummy was inspected for damage, its schedule
between the laboratories did not allow for regular
certification and hence these data should be viewed
in that context. The table shows that the abdomen
sensors and the hip shields in this small programme,
did not tend to influence the broader dummy
measurements, but there were some exceptions and it
would be worthwhile to continue to investigate this
further.

Figure 30. APTS Abdominal pressure sensor (left) and
abdomen with APTS inserted (right).

Evaluation tests as done by Takata in the third party
testing programme also showed small changes in
dummy readings when using the hip shields. See
Figure 31. This was explained by small changes in
the dummy kinematics when using the shields.
Relatively low levels of pressure were recorded by
the APTS sensors, which was consistent with the low
levels of abdomen loading observed in the videos and
highlighted in Figure 32. The pressure was higher on
the right side of the dummy, on the buckle-side of the
seat belt. Beillas et al. [21] also reported low levels
of abdomen pressure in booster seats that were used
correctly, under UN Regulation 44 conditions; test
bench and pulse.

These experiments were part of a wider programme
supported by the European Commission (DG
Enterprise and Industry) with the aim of investigating
the state-of-the-art of the Q-Series dummies and
sensors for measuring and assessing abdomen
loading in the draft new UN Regulation. Further
experiments and analyses by TRL and other members
of the UN Informal Working Group on Child
Restraint Systems are on-going with a view to
proposing and validating a solution that can be
implemented in the new Regulation.

Table 4. Q10 dummy measurements during the experiments
Test#1  Test #2 Test #3

No sensor, Sensor, Sensor and
no shield no shield shield

Head exc. (mm) 350 326 346
Head acc. 3ms (g) 62.9 66.3 78.6
Upper neck Fx (kN) -0.98 -1.00 -1.17
Upper neck Fz (kKN) 3.63 3.79 4.80
Upper neck My (Nm) -16.6 -135 -18.5
Chest acc. 3ms (@) 34.0 32.8 354
Chest def. upp. (mm) 49.1 47.9 47.3
Chest def. low. (mm) 47.2 42.4 39.7
APTS left (bar) No sensor  0.72 0.68
APTS right (bar) No sensor  1.22 1.27

000N

Figure 31. Influence of hip shields on dummy reading (data
provided by Takata)
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Figure 32. Q10 interaction with the seat belt: Test #1 No abdomen sensor and no hip shields (left); Test #2 Abdomen sensors
without hip shields (middle); Test # 3 Abdomen sensors and hip shields (right).

DISCUSSION

Real-world car crash records shows that good
achievements have been made over the past decades
in reducing the number of fatally and severely
injured children on European roads. Nonetheless
further efforts are needed to improve the safety for
this group of road users. The EU FP7 project EPOCh
contributed to this by developing a Q10 dummy that
represents adolescents.

In the EPOCh project prototype Q10 dummies were
realised and extensively evaluated in UN Regulation
No. 44 and NPACS test conditions [11].
Subsequently two dummies were forwarded to
OEM’s, suppliers and test houses world-wide to
evaluate the dummy performance in a vehicle
environment. Feedback and recommendations on
design updates were collected for implementation in
a production version of the Q10 dummy. The main
remarks on the dummy performance included:

1) Belt interaction in the pelvis region: lap belt
penetrating between pelvis and thigh;

2) Belt slip towards the neck: observed after
introducing Cordura top layer in the suit for
durability;

3) Side impact performance: to be improved and, ir
possible, instrumentation to be added in shoulder
region (e.g. shoulder load cell);

4) Durability of various dummy parts.

Various studies have shown that the lap part of the
seat-belt can become trapped in the gap between the
legs and the pelvis in the Q-Series dummies [22].
Based on this experience the pelvis of the Q10 was
designed to have a minimal gap while maintaining
the sit-standing concept of the Q dummies. This,

even in combination with patches stitched into the
suit, did not prevent the belt entrapment. A solution
consisting of a profiled hip shields (see Figure 26)
was developed and first evaluations do indicate that
belt entrapment is reduced (see Figure 32). Sled tests
also showed that the shields may affect dummy
readings to some extent, requiring further
investigations.

The shoulder belt slippage towards the neck was not
that profound in EPOCHh testing when a soft neoprene
suit was used. To prevent reported damage to the suit
under belt loading a Cordura top layer was added for
use in the third-party testing programme. This
resulted in an improved durability (no damage was
reported). However, the reduced friction between belt
and suit might promote the belt slippage towards the
neck. Further studies are necessary on this item also
considering location of the instrumentation in the
dummy chest as well as the influence of external
items like belt geometry. Recent studies have shown
the influence of the belt position on the belt slippage
in other Q dummies [23].

A key item for future improvement concerns
performance in side impact. Although it is generally
recognised and acknowledged that the dummy design
was focused on frontal performance, updates in side
impact were recommended to support restraint design
for this configuration. To avoid any negative effects
on the frontal impact performance it is proposed to
introduce a side impact kit with modified arm and
shoulder rubber which are to be exchanged for side
impact applications. Concepts are being explored
using a finite element model of the Q10. Simulations
show that a significant improvement of the side
performance can be obtained, with shoulder impact
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loads close to the corridor, but this is to be further
evaluated by realising a design. In view of the size of
the Q10 dummy, being close to an adult, it is also
proposed to evaluate its performance in a full-body
side impact configuration. Previous PMHS tests from
Wayne State University on small females may serve
as basis for this. Results from these tests in which the
shoulder, thorax and pelvis were impacted
simultaneously in well-defined conditions served as
basis for the requirement definition of the small
female WorldSID 5" dummy. For application to the
Q10 dummy response data and requirements are to
be scaled assuming changes in material properties
and geometry and test should be repeated using the
Q10 dummy to evaluate its performance in the
distributed loading conditions. In support of these
activities a shoulder load cell is currently being
developed.

During the EPOCh and third party testing various
issues related to durability and handling of the Q10
dummy were listed. Issues on the shoulder as raised
by EPOCh were implemented before testing by third
parties and found to be effective (no further damage
was reported). Various other items like local failures
in the flesh are being addressed in the production
version of the dummy which is currently being
realised.

First proposals for frontal injury criteria were made
by the EPOCh project considering scaling of existing
adult data. Results were cross checked by scaling
available child data. As for studies in risk curves and
thresholds in general caveats had to be taken into
consideration when defining these first proposals for
the limits. Each of the scaling approaches available
from literature makes numerous approximations to
keep the formula relatively simple to calculate. As an
example geometric similitude is often cited as an
assumption, so that the smaller body is the same as
the larger in all aspects but size. Such assumptions
and approximations will affect the scaling ratios and
results. However, it is hoped that those effects are
relatively small to the other aspects being taken into
consideration.

In view of the above it can be concluded that further
work on proposed criteria and thresholds is needed.
In this work pragmatic decisions based on an
expected real world performance of CRS could be
considered.

CONCLUSION

The Q-Series dummy family is being completed with
the development of a Q10 dummy representing larger
children. Prototype dummies were developed and
evaluated in the EU FP7 EPOCh project in UN
Regulation No. 44 and NPACS conditions. Further
testing was performed by OEM'’s, suppliers and test
houses world-wide to explore the performance of the
dummy in a vehicle environment. The testing
resulted in various items for improvement which are
currently being realised in a production version of the
dummy. Further work is needed though to improve
the performance of the dummy in side impact. For
frontal impact phenomena related to belt slip on the
thorax, belt penetration in the pelvis region, neck
loadings observed when using advanced restraints
and the implementation of abdominal sensors need
further investigations. In parallel further work is
needed on injury criteria and thresholds, including
establishing means for abdominal loadings.
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ABSTRACT

Global Technical Regulation Informal Groups have
directed a WorldSID Technical Evaluation Group
to document the performance of the
WorldSID-50M (50" percentile male) and 5F (5
percentile female).

This research contributes to the evaluation of the
WorldSID-5F. It documents pendulum and sled
tests carried out to aid both the biofidelity
assessment by the WorldSID Informal Group and
injury risk development by ISO/TC22/SC12
Working Group 6 (WG6).

Issues concerning contacts between the pelvis bone
and lumbar-sacral components, and interaction
between the pelvis flesh and lowest rib, were also
investigated.

The WorldSID-5F test programme consisted of 26
sled and 51 pendulum tests, in a variety of impact

configurations, matching the biofidelity and injury
risk test requirements specified by ISO.

The WorldSID-5F generally performed as
expected. The dummy biofidelity was shown to be
outside of several ISO targets. However, this
performance has been demonstrated previously
with the Revision 1 release of the dummy and may
still represent an improvement over other, currently
available, side impact dummies.

Dummy handling was found to be good at typical
vehicle test severities. Test-to-test use of the
dummy was straightforward; however, durability is

predicted to be a problem when trying to achieve
the high test severities needed in the development
of injury risk functions.

Contacts were detected between the pubic
symphysis and anterior-inferior corner of the sacral
load cell mounting and between the iliac wing and
the lumbar spine mounting bracket. These contacts
occurred in sled and pendulum tests at severity
levels substantially below those specified for many
of the biofidelity and injury risk tests.

In the pendulum test programme contacts were also
detected between the shoulder and the neck
bracket. Such a contact provides an uninstrumented
load path.

INTRODUCTION

The WorldSID 50th percentile male crash test
dummy (WorldSID-50M) was developed by a
world-wide collaborative effort that was managed
by the ISO WorldSID Task Force under a tri-chair
representing Europe, the Americas, and Asia-
Pacific. With an overall ISO biofidelity rating of
7.6 the WorldSID-50M offers a biofidelity
improvement over other currently available side
impact dummies such as the BioSID, ES-2,
EuroSID-1 and USDOT-SID [1].

More recently, the WorldSID 5th percentile female
dummy (WorldSID-5F) was developed by the
European FP6 project APROSYS. The design of
the 5F dummy was based on the 50M with the
objective to create a family of dummies that give a
consistent direction to the design of vehicle safety
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structures and restraint systems. Eggers et al. [2]
reported that the WorldSID-5F has an overall ISO
biofidelity rating of 7.6, equal to the SOM. Other
aspects of the WorldSID-5F dummy performance,
such as repeatability and reproducibility (R&R),
were intended to be comparable with the
WorldSID-50M performance.

The objectives of the work described in this paper

were to:
e  Contribute to the assessment of WorldSID-5F
biofidelity by:

o Contributing to the ISO WG6 work to
scale side impact biofidelity test
conditions

o Contributing pendulum impactor and
sled biofidelity tests to complement
the testing carried out by other
participants in the GTR WorldSID
Informal Group

e  Contribute to the development of injury risk
functions for the WorldSID-5F by:

o Contributing to the ISO WG6 work to
define injury risk functions for the
WorldSID-5F

o Contributing pendulum impactor or
sled injury risk tests to complement
the testing carried out by other
contributors to the GTR WorldSID
Informal Group.

This paper documents the TRL test work
undertaken on behalf of the European Commission
with the WorldSID-5F (Build level = SBL C, Serial
number SN002). It was performed whilst
collaborating closely with ISO Working Groups 5
and 6 and their efforts to define the biofidelity
targets and injury risk functions for use with the
WorldSID-5F. The next section of the paper
documents the process used by ISO WG6 and the
whole body of testing that would be completed
ideally with each new side impact dummy.

ISO WORKING GROUP 6 REQUIREMENTS
As mentioned, the WorldSID-5F tests performed

by TRL were used in the construction of injury risk
curves specific to this dummy.

The method used for the development of the
WorldSID-50M dummy injury risk curves
(ISO/TC22/SC12/Technical Report TR12350:
2010E [3]) was applied to the WorldSID-5F female
dummy. Dummy responses and injuries from
paired dummy and Post-Mortem Human Subject
(PMHS) tests, performed in similar test
configurations were required. However, there were
not enough 5" percentile female PMHS tests
available in the literature. As a consequence, the
samples of PMHS used to build injury risk curves
for the WorldSID-50M were considered. The
PMHS test configurations considered in
ISO/TC22/SC12/TR12350 are presented in the
Appendix in Tables 2 and 3.

It was necessary to determine the test conditions
equivalent for a 50" percentile male and a 5"
percentile female to be able to pair the
WorldSID-5F responses and the PMHS injuries.
The anthropometry from Schneider et al. [4] was
used to calculate the scaling factors. The test
conditions were defined by the impact surface
geometry and the impact speed, plus the impactor
mass for impactor tests.

The geometry of the impact surface was scaled in
order to load the same body region for a 50"
percentile male and a 5" percentile female
occupant (some examples from the scaling of the
Wayne State University sled test force plates are
provided in Table 1). An equivalent test condition
also means that the risk of injury is the same for a
50™ percentile male and 5" percentile female
occupant. This was made possible by scaling both
the impact speed and impactor mass. The impactor
mass was scaled based on the total body mass of a
50™ percentile male and 5™ percentile female.
Based on a mass-spring-mass model, and given the
scaling of the impactor mass, the impact speed was
identical for a 50" percentile male and 5"
percentile female.

Using the example of a thoracic impactor test, the
test condition was considered to be equivalent if the
same ribs were loaded for the 50" percentile male
and the 5™ percentile female and if the thoracic
compression (deflection as a percentage of the
chest depth) was the same.
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Table 1.
Wayne State University sled test force plate

dimensions
WSU, along the axis of | Allowance | Dimensions
the seat pan for mid- for UMTRI
sized male | 5" percentile
(mm) (mm)
Pelvis plate length from 284 242
the seat back
Centre of the knee plate 542 461
relative to seatback
Knee plate width 102 87
Knee plate height 203 173

The scaled test configurations were agreed on
within the ISO/TC22/SC12/WG6 group and
volunteering biomechanical experts.

In some cases, the new scaled test configurations
for injury risk curve development deviated slightly
from those previously generated for biofidelity
assessments of small female dummies. Where
differences occurred, priority was given to the test
set-up needed for the injury risk work, as the
biofidelity of the WorldSID-5F has been assessed
previously [2].

EXPERIMENTAL WORK

To help meet the testing requirements specified by
ISO WGs 5 and 6, pendulum and sled tests were
carried out at TRL with the WorldSID-5F dummy.
The methods used and the results derived from the
ensuing tests are described in the next few sections.
It should be noted that some of the original PMHS
tests used a linearly guided impactor. Before
undertaking the test programme, it was agreed with
ISO WGG6 that it would be acceptable to replicate
these tests with a pendulum rather than have to use
a linear impactor.

Pendulum testing

As mentioned earlier, the pendulum tests to be
replicated for injury risk function development are
described in ISO TR12350 [3]. The tests carried
out at TRL with the WorldSID-5F are described
below.

INRETS shoulder tests: a series of shoulder
impactor tests. In the original testing, each PMHS

was seated upright, without back support. Where an
upright position with the WorldSID-5F is
described, the thorax tilt sensor was positioned to
read 20 degrees, approximately. This is because in
the upright position the spine is about 20 degrees
more upright than in the standard seated position.
For the PMHS tests, the impactor face was centred
on the glenohumeral joint. Each subject was
impacted in the pure lateral direction, 15° rearward
of lateral, and 15° forward of lateral. These three
impact configurations were reproduced. For the
WorldSID-5F in the lateral test, the impactor
alignment was 17 mm anterior (forward) and 4 mm
superior (above) to the centre of the three arm
mounting bolts.

The impactor speed for the oblique tests was
1.5 m/s. The pure lateral tests were conducted at
the three different speeds; 1.5, 3.5 and 6 m/s.

WSU shoulder tests: another series of impactor
tests to the shoulder. For the PMHS the impact face
was centred on the acromion of the subject and

each PMHS was impacted in the pure lateral
direction. To give a similar alignment for the
WorldSID-5F, the centre of the impactor was
aligned 43.5 mm superior to the centre of the three
arm mounting bolts. The test speed for the WSU
impacts was 4.5 m/s.

ISO TR 9790 Shoulder Test 1, as described in
the ISO Technical Report 9790 [5], this is based on
impactor tests conducted by the APR. The axis of

the impactor was aligned with the centre of the
shoulder joint (the centre of the three arm mounting
bolts). The impact velocity was 4.45 m/s.

The requirements for this test specify the use of a
14 kg pendulum impactor. However, because the
results from this test type are also useful for injury
risk function development, the dummy was tested
with a 14.7 kg pendulum. It is expected that the
force and deflection recorded in these tests were
greater than would be the case if the test had been
performed with the prescribed 14 kg impactor.

ISO TR 9790 Thorax Test 1; For ISO Thorax
Test 1 tests the dummy was seated upright with its

arm raised so that the side of its thorax was clear to
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be impacted. The face of the impactor was centred

on the lateral aspect of the thoracic rib structure

and the dummy's thorax was impacted laterally at

velocities 0f 0.9, 4.3 and 6.1 m/s.

Regarding the vertical alignment, additional tests

were carried out to investigate whether differences

could be noticed between two subtly different

alignments. The two options were:

1. Align the centre of the impactor with the
middle of the 2" thoracic rib

2. Align the lower border of the impactor with the
lower border of the 3" thoracic rib (position
about 5 mm higher than Option 1)

In either case the arm did not interfere with the

thoracic loading.

As noted in the previous section on the shoulder
test, these thorax requirements specify the use of a
14 kg pendulum impactor. However, because the
results from this test type are also useful for injury
risk function development, the dummy was tested
with a 14.7 kg pendulum. Again, it is expected that
the force and deflection recorded in these tests were
greater than would be the case if the test had been
performed with the prescribed 14 kg impactor.

WSU/GM thorax tests use a setup very similar
to that used for the ISO (HSRI-based) tests. The
key difference between these and the other thorax

tests, was the requirement to conduct these
obliquely, 30 degrees forward of lateral. This was
achieved by sitting the dummy on the bench
normally, then rotating the bench through

30 degrees relative to the line of the pendulum
action (so as to rotate the dummy about its z-axis).
The alignment then translated around the thorax so
as to still be centred horizontally to strike the most
lateral aspect of the thorax. The vertical alignment
was the same as the previous tests, taking the
approach of picking the level which would be
centred with the middle of the middle thoracic rib,

if it had been struck laterally.

The impact speed for this test configuration was

6 m/s. Additionally, the original tests also indicate
that a test at 8.7 m/s should be carried out. This
higher test speed was not possible within the
facility at TRL and without the likelihood of
causing damage to the dummy and its

instrumentation. Therefore, alternative tests were
performed at tests speeds of 2, 3,4, 5, 5.5 and

6 m/s to support the scaling up of results to predict
output at 8.7 m/s.

The peak y-displacement against test speed is
shown in Figure 1. The results show that there is a
reasonable linear correlation between test speed
and rib displacement and therefore it should be
possible to use this method for extrapolation to
higher test speeds.

UMTRI thorax tests: In the original series,

each PMHS was suspended in a seated position,
either with the arms positioned above the shoulder
and the hands above the head or with the arms
down. The metal impact face had various materials
affixed to it to produce different force-time
histories and load distributions. However, only the
bare-faced impactor tests were reproduced with the
WorldSID-5F. The test speed was 2 m/s with a pure
lateral impact direction.

35

Thorax rib 2 y displacement
m

0 2 4 6 8 10
Test speed (m/s)

Figure 1. Peak y-axis displacement against test
speed for WSU/GM thorax pendulum tests.

WSU/GM__ pelvis tests: Each PMHS was
suspended in a standing position, with the arms

positioned above the shoulder and the hands above
the head. For the pelvis impacts, the impact face
was centred on the greater trochanter. For the
WorldSID 5th this was reproduced with the
impactor aligned 9 mm forward and 29 mm inferior
(downwards) to the H-point.

This test series required a test at 10m/s, however
this speed could not be reached by the TRL
pendulum. Therefore a series of tests were
performed at lower speeds to investigate whether
the data could be extrapolated to higher speeds.

Carroll 4



The tests speeds chosen were 3, 4, 5, 6 and 7 m/s.
Figure 2 shows the lateral acceleration and pubic
force against test speed.
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-1200 ]
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Figure 2. Pubic force against test speed for
WSU/GM pelvis tests.

The results show that there is a linear correlation,
however this would not pass through the origin,
and therefore at test speeds lower than 3m/s the
extrapolation may not be accurate enough. Similar
results were obtained for the lateral acceleration,
lateral iliac force and x-axis iliac moment.

Sled testing

Currently, there are three sled test conditions
selected by ISO for use in the biofidelity
assessment of, and injury risk function
development for, side impact dummies. These
conditions are taken from test series conducted
with PMHS which have been reported in the
literature. The three conditions can be described by
the laboratory at which the work was undertaken,
and are:

e Heidelberg (University of...)
e  WSU (Wayne State University)
e  MCW (Medical College of Wisconsin)

The sled bench design used in this project is
capable of replicating the set-up conditions of all
three test types.

Heidelberg: The oldest of the three test
conditions is that reported by Marcus et al. [6]. It
was intended to recreate the rigid wall tests at both
24 km/h (6.7 m/s) and 32 km/h (8.9 m/s).

Wayne State University: According to
Cavanaugh et al. [7], the subjects from the WSU
tests were positioned on a Heidelberg-type seat

fixture. The seat was mounted to a sled and
accelerated up to velocities of 6.6 to 10.5 m/s.

The subset of the original WSU tests recreated at
TRL with the WorldSID-5F was the rigid wall
tests, specified by ISO to have speeds of either 6.3
or 8.9 m/s. As in the original tests, the subject sat
against a two-bar seat back. For those tests, the
hands were placed in the lap of the subject. To
replicate the position of the upper arms the
WorldSID-5F half-arms were positioned slightly
anteriorly to the mid-axillary line so that they did
not bridge over the thorax ribs.

Medical College, Wisconsin: The Medical
College of Wisconsin (MCW) and the NHTSA
Vehicle Research and Test Centre (VRTC)
performed a suite of side impact tests. According to

Maltese et al. [8], they were conducted at two
different speeds (6.7 and 8.9 m/s), with and without
impact surface padding, and using a variety of
impact wall geometries. At TRL only the rigid wall
tests were reproduced, as the padding material was
not readily available.

The sled apparatus was of the Heidelberg design.
Test subjects were seated on the bench of the
impact sled approximately one metre from the load
wall. Just after the sled achieved the prescribed
velocity change, the occupant contacted the load
wall. The TRL recreation of the MCW conditions
incorporated the load wall on the sled.

The load wall for the MCW tests was divided into
four sections, one each to contact the thorax,
abdomen, pelvis and legs. The change in sled
velocity was either 6.7 or 8.9 (= 0.3) m/s. Load
plates were either fixed in the same plane, or the
thoracic or pelvic plate was offset, one at a time per
test, toward the occupant. In flat wall and pelvic
offset tests, the WorldSID-5F was seated with arms
down, such that the arm was interposed between
the thorax and load wall. In thoracic and abdominal
offset tests, arms were raised to expose the thorax
and abdomen directly to impact from the load wall.
This was to match the PMHS positions in the offset
wall tests, with the hands positioned up on the
opposite shoulder.
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RESULTS

As described in the introduction, one of the
purposes for conducting these tests was to pass the
results to ISO WG6 for use in the development of
injury risk functions for the WorldSID-5F. The data
from these tests have been made available to that
group for that purpose. The tables of peak values
are too large to be shown in this paper. However,
they are available in the project report prepared for
the European Commission [9].

Pendulum test results

Further to the production of test results for use in
the development of injury risk functions, other
interesting results from the pendulum testing are
described in the following sections.

Shoulder biofidelity: the ISO (APR) shoulder
test is used to assess shoulder biofidelity, according
to ISO TR 9790.

The requirement for peak shoulder deflection is
that the resulting value lies between 28 and 33 mm.
The filtered shoulder deflections from two tests
with the WorldSID-5F gave a mean peak value of
31.1 mm. This is within the required range.
However, when the responses are normalised
according to the ISO description, the mean peak
value drops to 25.8 mm; below the lower boundary
of the requirement.

The pendulum force response also suffers through
the normalisation process with the filtered
responses prior to normalisation lying closer to the
required corridor than the normalised curves. These
pendulum force results from the same two shoulder
tests are shown in Figure 3.

Due to a conflict between the biofidelity and injury
risk test specification, these tests were performed
with a pendulum that was five percent heavier than
that specified for the biofidelity evaluation. The
force and deflection would be expected to be lower
if conducted with the correct mass of impactor.
This would help to bring the pendulum force
response and the normalised shoulder deflection
peak values closer to the corridor. However, the
magnitude of the change is unlikely to bring the
normalised results within the corridor.

On the basis of these results it seems as though the
shoulder of the dummy is slightly too stiff.

35
—TRL Test 17 - direct output
3 —TRL Test 18 - direct output
25 —TRL Test 17 - normalised
% 2 —TRL Test 18 - normalised
§ L5 —Corridor
S
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0.5
0
-0.5
0 10 20 30 40 50
Time (ms)

Figure 3. Shoulder test pendulum force response at
4.5 m/s.

Thorax biofidelity: As thorax pendulum tests
were carried out using the ISO TR 9790 Thorax
Test 1 set-up it is possible to comment on the
thorax biofidelity of the WorldSID-5F in these
tests. The biofidelity requirements from these tests

concern the impactor force and the upper thoracic
spine acceleration. Typically, an accelerometer at
the T1 position is used to give the thoracic spine
acceleration. However, with this WorldSID-5F
only the T4 position was available for analysis.
Therefore, Figure 4 shows the impactor force
response from these tests compared with the
requirement and Figure 5 shows the T4 lateral
acceleration plotted against the upper thoracic spine
acceleration corridor.

As described earlier, two different alignments of
the impactor were tried with this test set-up. Firstly
the middle of the impactor was aligned with the
middle of the mid-thoracic rib and alternatively, the
lower edge of the impactor was aligned with the
lower edge of the third thoracic rib. Results from
these two variations in set-up are shown in the
following two figures.

When considering the force it is clear that the
dummy does not meet this requirement. The
duration of the response is too short for the corridor
and depending on whether the response is
normalised or not the peak force is either just inside
the upper corridor limit or too high, respectively.
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The influence of the impactor alignment is a
reduction in peak force with the bottom edge of the
impactor aligned with the lower edge of the third
thoracic rib. The extent of this effect with the
WorldSID-5F is sufficient to bring the impactor
peak force within the limits of the biofidelity
corridor.

—Test 09 Aligned centre T2 Normalised
-~ Test 09 Aligned centre T2 Not-normalised
4 ——Test 10b Aligned centre T2 Normalised
Test 10b Aligned centre T2 Not-normalised
—Test 11 Aligned lower T3 Normalised
- - Test 11 Aligned lower T3 Not-normalised
Test 12 Aligned lower T3 Normalised
Test 12 Aligned lower T3 Not-normalised
.\ —Corridor

Pendulum force (kN)
N

0 10 20 30 40
Time (ms)

Figure 4. Thorax pendulum test impactor force
response.

When considering the spinal accelerations then
again the duration of the dummy response is too
short. Also the peak acceleration, either normalised
or not, is above the upper corridor limit. With the
thoracic acceleration there seems to be less
influence from the impactor alignment than was the
case with the pendulum forces.

\ Test 12 Aligned lower T3 Not-normalised
—Corridor
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-~ Test 09 Aligned centre T2 Not-normalised
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Figure 5. Thorax pendulum test upper thoracic
spine acceleration.

These thorax biofidelity tests were carried out with
a 14.7 kg pendulum rather than the 14 kg impactor
specified in the requirements. The effect of testing
with a heavier pendulum would be expected to give
higher peak forces and accelerations than testing
with a lighter impactor. This may help bring the
pendulum force responses closer to the corridor.

However, the 0.7 kg difference in this test set-up
would be unlikely to account for the deviation in
spine acceleration response from the required
corridor.

Sled test results

It was expected that sled tests at 6.7 or 8.9 m/s
would be conducted. However, due to concerns
over the dummy’s robustness under these
conditions and the ability to provide meaningful
measurements without damaging the
instrumentation (i.e. reaching mechanical limits of
measurement with the 2D IR-TRACCs), no tests
were carried out above 6.3 m/s. To provide data for
impacts above 6.3 m/s extrapolation has been used,
where possible.

For the shoulder deflection it appeared that a
mechanical limit of about 41 mm of deflection was
reached in the Wayne State University (WSU) test
at 6.3 m/s.

The consequence of reaching a mechanical limit is
that whilst the impact speed shoulder deflection
relationship may be linear up to this point, a plateau
would be expected in deflection values at higher
speeds. This is shown in Figure 6 where a linear
line of best fit can be imagined for test speeds
between 0 and 6 m/s. Above this speed the
mechanical limit, as demonstrated at 6.3 m/s,
would be expected to prevent further increases in
shoulder deflection values. However, it is still
possible to extrapolate beyond the point even
though in practice the dummy cannot measure
further deflection. This extrapolation can be
considered as the best estimate of what would
happen if the shoulder contact preventing further
deflection was avoided. It is with this idea in mind,
and using the linear relationship of the best fit
trendline, that extrapolated shoulder deflection
values for the higher severity WSU tests were
derived.

When looking for potential sources of the
mechanical contact preventing more than about
40 mm of shoulder deflection it became clear that
contact could occur between the shoulder load cell
and the lower edge of the neck bracket (Figure 7).
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The bottom of the neck bracket in the
WorldSID-5F increases in width from the top of the
spine box upwards. This means that when there is
no vertical displacement of the shoulder rib, it
could be compressed until the shoulder load cell
went all the way to the spine box. However, the
more vertical displacement there is of the rib, the
less y-axis deformation is possible. The extreme
situation is that which occurred in the WSU tests
where only 40 mm of lateral deformation is
possible. In this case the shoulder load cell seems
to have contacted the widest part of the neck
bracket.

y =7.89x
R?2=0.93

0 2 4 6 8 10
Impact test speed (m/s)

Figure 6. Peak shoulder deflection values from
WSU sled tests at various impact speeds.

Figure 7. Neck and upper thorax of WorldSID-5F.

In the Heidelberg tests, higher shoulder deflection
values were recorded than in the WSU tests. It may
be that differences in the force plate configurations
between the WSU and Heidelberg setups allow the
hard limit for shoulder deflection to be avoided
during the Heidelberg tests. It is assumed that some
feature of the Heidelberg tests produces less
vertical displacement of the shoulder rib than was
the case in the WSU tests. Hence more lateral
displacement is possible before a hard contact is
made with the neck bracket.

With the variety of impact speeds for the rigid, flat
wall Medical College of Wisconsin (MCW) tests
similar extrapolation can be set-up as for the WSU
tests. A similar approach has also been used for the
other configurations. However, it should be noted
that not all conditions were tested at more than one
impact speed. This means that the extrapolation is
reliant on one real data point and forcing the line of
regression to go through the origin. This is not a
robust method for determining expected values at
higher severities.

With the y-axis rib deflection measurements, the
line of best fit through the peak values from the
sled tests supported a negative deflection intercept
value at 0 m/s. Assuming that the physical meaning
of this negative intercept is not plausible, this
suggests that at low speeds the relationship
between peak value and impact speed changes from
that observed for the range of speeds tested. This
serves to illustrate the danger of assuming constant
behavioural relationships beyond the spread of test
conditions evaluated. In terms of the test results,
this behaviour means extrapolated values cannot be
provided for test conditions without more than one
impact speed.

The relationship between impact speed and x-axis
Viscous Criterion (V*C) did not give a high r*
correlation coefficient (0.42). Hence, extrapolation
from these data was not appropriate. However, the
MCW tests provided a much higher correlation
value, 1 = 0.93, though again the intercept was
negative. In contrast, the left (struck) side sacro-
iliac moment about the x-axis from the MCW flat
wall tests did not provide a high correlation with
impact speed (r* = 0.05), whereas the WSU tests
provided a good correlation for this measure (1 =
0.96).

Thorax biofidelity: Heidelberg testing is used
within ISO TR 9790 to assess both thorax and
pelvis biofidelity. A 6.8 m/s test is required for

Thorax Test 5. In the sled test programme carried
out at TRL, impacts above 6.3 m/s were not carried
out because of concerns over dummy breakages.
Instead, 5 m/s was used as a reference speed which
could be performed safely (without substantial risk
of dummy breakages) with each of the three setups.
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Heidelberg tests were only performed at 5 m/s.
With regard to biofidelity, it is expected that the
test at 5 m/s can provide some useful information.
The thorax plate force response, with and without
normalisation, is shown in Figure 8.
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Figure 8. Heidelberg thorax plate response (5 m/s
rigid plate tests, corridor for 6.8 m/s response).

It is clear from Figure 8 that at the reduced impact
speed of 5 m/s, the WorldSID-5F meets the thorax
plate force response corridor. It is expected that the
response at the correct biofidelity test speed of

6.8 m/s could also remain within the corridor
limits. However, it would be much closer to the
upper corridor boundary.

Within the thorax biofidelity assessment there are
also specifications for the subject accelerations.
Accelerations are intended to be matched with
requirements for the upper and lower spine. With
the WorldSID-5F, accelerations from T4 and T12
have been used for this purpose. There is also a
target for the peak lateral acceleration from the
impacted rib. In this case the peak lateral
acceleration values from Thorax ribs two and three
are reported. A 100 Hz Finite Impulse Response
filter was used to process the dummy acceleration
signals prior to the peak value being taken. They
have also been normalised using the ratio derived
from the effective and standard mass estimates (R,
=1.02to 1.11).

The acceleration results showed that the peak spine
acceleration is too low for the ISO target
boundaries; whereas, the rib acceleration is just on
the limit, though only if the higher acceleration
value from Thorax rib 3 is dismissed. Again, it
should be remembered that this test was conducted
at 5 m/s and not the 6.8 m/s expected for use with

these requirements. It should be expected that the
acceleration values would increase when tested at a
higher speed. This would move the spine
accelerations closer to the targets whilst probably
not achieving the required shift to produce values
within the limits. Any increase in the rib
acceleration would take it beyond the upper
boundary limit. In essence it seems as though the
rib acceleration is too high, whereas the spine
acceleration of the WorldSID-5F is too low. This
behaviour may be a consequence of the large spine
box in the small female WorldSID which,
apparently, had to be kept at the same size as the
spine box in the 50th percentile dummy to house
the data acquisition modules. The consequence of
this is that proportionally more mass is located in
the spine of the WorldSID-5F than in the larger
50M or would be expected in a human.

Abdomen biofidelity: The only abdomen
biofidelity requirements set for the tests carried out
at TRL were for the Wayne State University sled
tests. Requirements are available for both 6.8 and
8.9 m/s rigid wall tests. However, the WorldSID-5F
was only tested at speeds up to 6.3 m/s.

To give some indication of how the dummy
response scales with impact speed a variety of test
speeds up to the peak of 6.3 m/s were used. The
abdomen results from these tests are plotted against
the 6.8 m/s corridor in Figure 9.
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Figure 9. Wayne State University abdomen plate
response (6.8 m/s rigid plate test requirement).

The force measured at the abdomen load plate
increases with increasing impact speed. When
tested at 6.3 m/s it had already exceeded the upper
boundary of the biofidelity corridor. This indicates
that the abdomen of the dummy is too stiff for the
required response.
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Pelvis biofidelity: The Heidelberg sled tests are
also used in the evaluation of the pelvis biofidelity

of side impact test dummies. Again, it must be
noted that the target impact speed for the flat, rigid
wall Heidelberg tests is either 6.8 or 8.9 m/s. As
such, the test severity used to produce these results
is substantially lower than expected for comparison
with the biofidelity requirements. For this reason
only the 6.8 m/s requirements are considered here.

From these results the pelvis acceleration is slightly
too low when tested at a lower severity. This would
improve as the impact speed is increased towards
the necessary level. However, the pelvis plate force
is already above the upper limit. This will move
further from the requirements at a higher severity.

It was noted that at 5 m/s there was contact
between the lower pelvis iliac wing and the sacro-
iliac load cell and cable cover. However, there was
no contact recorded between the upper central
pelvis iliac wing and the lumbar spine mounting
plate. The positions of the contact switches used to
determine this are described later.

For the Wayne State University (WSU) tests, pelvis
response requirements are also given for both

6.8 m/s and 8.9 m/s rigid wall impacts. As tests
with the WorldSID-5F were not carried out above
6.3 m/s only the lower severity requirements are
considered.

The peak lateral pelvis acceleration result is within
the boundaries of the desired response. It is also
likely that this could still be met even when the
impact speed is increased by nine per cent.

The other part of the WSU pelvis biofidelity
requirement concerns the pelvis plate force. The
dummy responses from the range of impact speeds
tested are shown against the biofidelity corridor in
Figure 10. Unfortunately, for the test at 3.63 m/s
the dummy had leaned substantially towards the
impact wall by the time it made contact; hence the
pelvis response is quite different to the other tests.

It can be seen that when an impact speed of 6.3 m/s
is reached, the pelvis response has a peak already

above the upper limit of the corridor. In agreement
with the Heidelberg pelvis evaluation this suggests

that the WorldSID-5F behaviour transfers more
force through the pelvis than is expected based on
the biofidelity requirements.
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Figure 10. Wayne State University pelvis plate
response (6.8 m/s rigid plate test requirement).

Pelvis interaction

Concerns had been raised in the WorldSID-5F
Technical Evaluation Group over a non-
instrumented load path in the pelvis. Contact
reportedly occurred between the pelvis bone and
the metal pelvis insert (which provides the
mounting for the pelvis instrumentation and spine
attachment). To detect contact, and the duration of
that contact, a solution has been demonstrated
where self-adhesive conductive foil is wrapped
around the appropriate part of the pelvic bone to
make a contact switch with the pelvis insert. A
similar approach was taken at TRL to detect such a
contact, in the following areas:

e The lower pelvis iliac wing with the sacro-iliac
load cell and lumbar load cell cable cover

e The upper central pelvis iliac wing with the
lumbar spine mounting plate

These areas and the corresponding area of the
lumbar and sacro-iliac structure were fitted with the
contact switches.

To provide input for possible future redesigns of
the dummy pelvis components, a series of
pendulum tests to impact the pelvis was used to
evaluate the severity of test at which the contact
occurs. The dummy was seated on a metal bench
and impacted with a 14.7 kg 145 mm circular faced
pendulum. The test speed was increased in
increments of 1 m/s from 3 m/s to 7 m/s.
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Humanetics provided modified parts with smaller
volumes in critical areas to evaluate whether this
improved the situation. The modified parts were
fitted to the dummy and the testing series was
repeated. The results from the contact switches are
shown in Table 1.

Table 1.

Results of testing with original and modified
pelvis-iliac and lumbar spine components

Original parts
Test . .
speed Upper | Duration | Lower | Duration
(m/s) contact (ms) contact (ms)
3 No - - -
4 No - Yes 8
5 Yes 7 Yes 10
6 Yes 10 Yes 13
7 Yes 10 Yes 14
Modified parts
Test . .
speed Upper | Duration | Lower | Duration
(m/s) contact (ms) contact (ms)
3 No - No -
4 No - No -
5 No - Yes 5
6 Yes 3 Yes 2
7 - - - -

The results show that there is contact at the lower
part of the pelvis bone with the sacro-iliac load cell
from 4 m/s and upwards. There is contact with the
upper part of the pelvis bone and lumbar spine
mounting plate from 5 m/s and upwards. These
results were improved with the modified parts to

5 m/s and 6 m/s respectively.

Pelvis-rib interaction

In previous tests with the WorldSID-50M it had

been noted that it may be possible to accidently

seat the dummy with either:

e The lower abdomen rib on the flat upper face
of the anterior pelvis flesh

e The anterior pelvis flesh pushed behind or
“tucked under” the lower abdomen rib

In order to investigate the effect of this and a
possible solution to the problem, additional tests
were performed with the WorldSID-5F dummy.
The tests performed were sled tests at 5 m/s with
just the MCW abdomen plate and load cells on the
impact face. Each test was repeated.

To push the anterior pelvis flesh under the lower
abdomen rib, the dummy had to be leaned forward
on the seat, the pelvis flesh tucked under the rib,
and then the dummy leaned back into position. The
dummy pelvis when tucked under the lowest ribs
and the sternum is shown in Figure 11. The
required steps to obtain this position were
considered to be relatively extreme in the context
of usual dummy positioning in a vehicle seat.

Figure 11. Dummy setup with pelvis-rib
interaction.

The lower abdomen rib rotation and change in
length in IR-TRACC are shown in Figures 12 and
13. In the test with forced pelvis-rib interaction
(with the pelvis flesh deliberately pushed under the
abdominal rib) there is less rotation, but greater
change in IR-TRACC length than in the standard
test.

—_
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—Standard setup 5m/s repeat

—Pelvis-rib interaction S5m/s

Pelvis-rib interaction Sm/s repeat

Rotation (deg)
S = N W R NN 0 O
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Figure 12. Lower abdomen IR-TRACC rotation for
standard dummy setup and setup with pelvis-rib
interaction.
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Figure 13. Change in length of lower abdomen
IR-TRACC for standard dummy setup and setup
with pelvis-rib interaction.

In order to reduce the possibility of accidently
seating the dummy with the pelvis flesh interacting
with the lower abdomen rib, modifications were
made by TRL to the anterior pelvis flesh. Parts of
the flesh were cut away to reduce the volume of the
flesh in this region. The profile of the anterior
surface was not affected by the removal of the
foam behind it, although the stiffness of this part of
the pelvis flesh would be reduced. Figures 14 and
15 show the flesh before and after the modification.

Figure 14. Anterior pelvis flesh before
modification.

Figure 15. Anterior pelvis flesh after modification.

After making the modifications to the pelvis flesh
the dummy was re-tested. With the modified flesh,
the lower abdomen rib rotation and change in
length of the IR-TRACC were greater than with the
standard dummy, there was also a greater resultant
displacement. This indicates the standard dummy
pelvis constrains the motion of the lower
abdominal rib in this sled test condition. If it is
possible for the rib to become caught up on top of
the flesh, as in the simulated pelvis-rib interaction
tests, then the motion is further constrained and
there can be an increase in the plate force measured
by the load cell wall.

DISCUSSION

Results from this test work have already been
presented to the WorldSID Informal Group (IG).
Test data have also been offered to ISO WG6.

Based on the discussions held within the Informal
Group, the manufacturer of the WorldSID-5F has
proposed to revise the shoulder and pelvis of the
dummy. Depending on the exact modifications an
opportunity may come about to evaluate
experimentally the dummy at higher severities.
Therefore more of the severe injury risk tests could
be performed perhaps leading to the development
of improved risk functions.

All tests were made with one WorldSID-5F
dummy, so there has been no evaluation of the
dummy reproducibility in this work. It is hoped that
these results will be compared with results from
other dummies. Until that point there remains the
risk that the dummy used by TRL is not
representative of other WorldSID-5Fs.

Handling

As a result of the robustness issues and wanting to
investigate the benefit of new pelvis designs, much
time was spent working on the dummy and
assembly/disassembly. Based on these experiences
it has become clear that some comments are
warranted regarding the ease of using the
WorldSID-5F.
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1. The pelvis was disassembled and reassembled
four times during the testing programme. This
is an extremely time-consuming task. There
appears to be no easy way of sliding the pelvic
bone back into the pelvis flesh. As a result it is
very easy to put a lot of strain onto the cables
running between the upper body of the dummy
and the pelvis. Consideration should be given
to making this task easier for the sake of
protecting instrumentation and easing the
process for the technician.

2. Itis not clear why the cabling running from the
data acquisition modules in the upper body of
the dummy to the pelvis and legs cannot be
split where the dummy is split. This seems as
though it would be an extremely useful design
feature to mitigate the risk of instrumentation
damage when working on the dummy, whilst
being separated top to bottom. At the very least
sufficient cable lengths should be supplied to
allow a reasonable distance between the two
dummy portions.

3. [Itis very difficult to attach the bolts that hold
the femoral heads into the acetabula of the
pelvic bone with the full complement of
instrumentation in the dummy pelvis.

CONCLUSIONS

A large programme of side impact sled and
impactor tests has been conducted. The data will be
used in the assessment of the WorldSID-5F
biofidelity and also in specifying injury risk
functions to be used with this dummy.

The dummy was used in 26 sled tests and 51
pendulum impacts. Throughout this test programme
the dummy functioned well.

e  The dummy biofidelity was shown to be
outside of the ISO requirements in a number of
areas. However, this performance has been
demonstrated previously with the Revision 1
release of the dummy and may still represent a
‘good’ rating compared with other side impact
dummies.

e  Test-to-test use of the dummy is straight
forward and no significant issues occurred with
the data acquisition system, etc.

Durability is a problem when trying to achieve test
severities needed for the development of injury risk
functions.

e Sled tests were limited to impact speeds less
than required for the higher severity biofidelity
tests

e Whilst the highest severity injury risk tests
may be outside the range of normal reasonable
use of the dummy, there is still the need to
provide dummy measurements in equivalent
tests in order to generate robust injury risk
functions

e Without dummy measurements from high
severity tests it may be difficult to generate
robust injury risk functions for this dummy

Dummy design changes which seem to be

necessary to be able to perform these tests are:

e Improved displacement and angle range of
motion for the 2D IR-TRACCs

e Removal of the contact potential between the
shoulder load cell and the neck bracket

e  Greater space for iliac wing bending without
contact occurring with the sacro-iliac load cell
or lumbar spine mounting in the pelvis

Results from this test work have already been
presented to the WorldSID Informal Group (IG).
Humanetics has already proposed to revise the
dummy. The revisions will be based on this test
work and similar findings from other groups
participating in the TEG.
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Original Test Series Of PMHS Impactor Tests

Test Series Direction Impact surface Impactor face Range of
geometry impact speed
(m/s)
Shoulder impactor tests
APR [10] Lateral Rigid circular 4.2-4.6
INRETS [11] Lateral, forward and rearward Rigid rectangular 1.3-6.1
from lateral
OSU series 1 [12] Lateral Padded rectangular 3.7-6.8
OSU series 2 [13] Lateral and forward from lateral Padded rectangular 4-7.6
WSU [14] Lateral Rigid circular 4.3-7.0
Thoracic impactor tests
HSRI [15] Lateral Rigid circular 0.9-6.1
WSU [16] Forward from lateral Rigid circular 6.0-8.7
OSU [17] Lateral and forward from lateral Rigid circular 2.5
UMTRI [18] Lateral and forward from lateral ~ Rigid or padded circular 1.9-8.5
Abdomen impactor tests
WSU [16] Forward from lateral Rigid circular 9.8
OSU [19] Lateral Padded rectangular 6.0-12.3
Pelvis impactor tests
WSU [16] Lateral Rigid circular 4.0-10.3
ONSER [20] Lateral Rigid circular 5.8-14.0
UMTRI [21] Lateral Rigid or padded circular 5.1-26
INRETS [22] Lateral Rigid rectangular 3.2-13.7
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Table 3.

Original Test Series Of PMHS Sled Tests

Test Series

Heidelberg [6]

WSU [23], [24]

MCW & OSU [25]

Description of Sled Tests

8.2 m/s impacts into a flat impact surface with separate instrumented plates for
the thorax and pelvis. The impact surface was rigid.

6.7 to 8.9 m/s impacts into rigid or padded plates for the shoulder, thorax,
abdomen, pelvis and knee.

6.7 to 8.9 m/s impacts into rigid or padded plates for the thorax, abdomen, pelvis
and lower extremity. The plates were either flat, one plate offset by 110-mm, or
the thorax and abdomen plates were angled.
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ABSTRACT

A set of analysis tools and a procedure are
presented for generating objective biofidelity
targets derived from post-mortem human subject
(PMHS) test response data and quantitatively
assessing the biofidelity of crash test dummies.
Using response time history data from PMHS tests
(Maltese et al., 2002), this paper presents a
methodology for creating PMHS response targets
that have a statistical basis and then using those
targets for quantitative evaluation of crash dummy
biofidelity. The first step in the methodology is to
normalize the response data to remove variation
associated with anthropometric differences and
match the size of the dummy to be assessed (e.g.,
50" percentile male). After the data is normalized
the phase differences are minimized for all
responses using the cross-correlation functions and
the Lagrange Multiplier technique. The resulting
phase-adjusted set of time histories can be
averaged, point by point, to obtain a “typical”
response. The average phase shift is utilized to
locate the mean PMHS response in time. The
typical response, or mean curve, can then be
bracketed with plus and minus one standard
deviation curves resulting in a biofidelity target
specification for a dummy response. A single
average standard deviation value is used to
encompass the mean curve rather than using the
point by point standard deviation values, which
eliminates ‘“necking” at crossing points. To
quantitatively determine the quality of the dummy
biofidelity, each dummy response is evaluated for
biofidelity in terms of shape and magnitude (SM)
and phase (P). First, phase differences between the
dummy and mean PMHS response are minimized
by using the cross-correlation function to find the
phase shift, or lag, that minimizes the squared
difference between the two curves. Then the
difference between the phase-minimized dummy
response and the target mean is measured using a
cumulative variance ratio (DCV/CCV) to describe

the response shape and magnitude biofidelity. In
addition, the dummy phase response biofidelity is
assessed utilizing a ratio of the minimizing lag
(dummy phase shift) divided by a standard
acceptable lag. The acceptable lag is found by
shifting the PMHS mean curve in time with respect
to itself and determining the lag between the
shifted and unshifted PMHS mean curves that
results in a DCV/CCV equal to 1.0. The values for
shape and magnitude biofidelity (SM) and phase
biofidelity (P) are combined using a root mean square
(RMS) methodology (the resultant or orthogonal
vector addition) to provide a sense of the total
biofidelity quality of each channel time history. The
RMS values for each response measurement are
averaged for each test condition to obtain the test
condition rank; the test condition ranks are averaged
to obtain the body region rank; and the body region
ranks are averaged to obtain the External or Internal
Biofidelity Rank; the External and Internal
Biofidelity Ranks are then averaged to obtain the
Overall Biofidelity Rank. Results consist of
example PMHS biofidelity targets for lateral sled
impact tests and two side impact dummies are
ranked using this revised BioRank system.

INTRODUCTION

In 2002 Rhule et al. presented a new Biofidelity
Ranking System (BRS) which quantifies 1) the
ability of a dummy to load a vehicle as a cadaver
does - External Biofidelity and 2) the ability of a
dummy to replicate those cadaver responses that
best predict injury potential - Internal Biofidelity.
External Biofidelity is calculated using measures
of the environment that the dummy and human
subject are loading (i.e., thorax load wall force);
Internal Biofidelity is calculated using measures
from the dummy or human subject response. The
essence of the biofidelity rank lies in the
comparison of each selected dummy response to its
corresponding mean human subject response.
Equation 1 shows the calculation presented in 2002
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for generating biofidelity ranks, where R (also
known as DCV/CCV) is the ratio of the cumulative
variance between the dummy response and mean
human response (DCV) over the cumulative
variance between the mean human response and
the mean plus one standard deviation (CCV)
(Morgan et al., 1986, Rhule et al., 2002).

Zvj kA=t

n

B =1 (1)
2V,
J=1
where
B = Biofidelity Rank, either External or Internal
R = Response Measurement Comparison Value

(DCV/CCV)

V = Test Condition Weight

J = test condition

k = response measurement

m = number of test conditions

n = number of response measurements per test
condition

For any given response measurement in a biofidelity
test the R value is calculated and its square root is
taken to provide a biofidelity score for that response
measurement. The +R value represents the
difference between the dummy response and the
PMHS mean response in multiples of standard
deviation, and thus a lower value represents better
biofidelity.

In 2009 Rhule et al. presented updates to the BRS,
including removal of all Test Condition Weights
and inclusion of all available internal PMHS or
dummy measures, not just those used for injury
criteria. Internal dummy measures for which there
are matching human subject response targets are
useful for biofidelity evaluation. The Test
Condition Weights were justifiably criticized for
being subjective and were removed from the
algorithm. A rigorous assessment of the relevance
of the tests selected for biofidelity evaluation and
the robustness of their corresponding human
subject response targets should occur prior to using
the objective Biofidelity Ranking System.
Equation 2 shows the calculation presented in 2009
for generating biofidelity ranks.

()

where

B = Biofidelity Rank, either External or Internal
R = Response Measurement Comparison Value
(DCV/CCV)

i = body region

J = test condition

k = response measurement

| = number of body regions

m = number of test conditions

n = number of response measurements per test
condition

Since the 2009 presentation of the BRS, updates
have been made to include an approach for
minimizing phase differences among PMHS
responses prior to generating human subject
response targets as well as an independent measure
of dummy phase biofidelity. This paper provides a
set of tools and a procedure for generating
objective biofidelity targets derived from post-
mortem human subject test response data and
quantitatively assessing the biofidelity of crash test
dummies using an improved BRS.

METHODS

Biofidelity target generation and dummy ranking
involves normalizing the PMHS data to a standard
size, minimizing phase differences among
multiple PMHS time histories, building human
subject response targets, and scoring crash test
dummy biofidelity using the BRS. The Results
section of the paper presents an exemplar set of
data after performing each step in the
methodology, ending with example biofidelity
ranks for two side impact crash test dummies.

Normalization

The first step in the methodology is to normalize
the response data to remove variation associated
with anthropometric differences and match the size
of the dummy to be assessed (e.g., 50" percentile
male). Moorhouse (2013) quantified the
effectiveness of several methods of normalization
by applying them to various sets of data. The
methods evaluated include mass-based
normalization as described by Eppinger et al. (1984)
and impulse momentum-based normalization as
described for single mass systems (e.g., sled & drop
tests) by Mertz (1984) and for two-mass systems
(e.g., pendulum tests) by Viano (1989).

Moorhouse developed a potential improvement to the
impulse-momentum based normalization technique
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by using an estimate of the effective stiffness
calculated from the response data. The calculation
for effective stiffness is shown in Equation (3):

jmzx:lk.x2 —~ k :M
2 eff ”*max eff )C2

max

3)

where keﬂ is the effective stiffness, I is the force

during impact, and Xmax is the maximum
displacement during the impact. The value of
standard effective stiffness is estimated by first
calculating the ratio of each subject’s effective
stiffness to its characteristic length (e.g., chest
breadth for a thoracic side impact). Then the average
ratio is determined and multiplied by the
characteristic length of the population to which the
data is to be normalized.

Example results of the normalization effectiveness
evaluation are shown in Figure 1, where the effective
mass-effective stiffness technique for normalizing
PMHS response data resulted in the greatest
improvement of signal groupings as indicated by the
%CV gjiipse  value (see  Moorhouse 2013). The
effective  mass-effective stiffness method for
normalizing PMHS response data yielded the
smallest %CV,jjpse value in 21 out of 26 signal
groups examined, and is selected as the technique of
choice for normalizing data prior to building mean
response curves in this study.

Phase Optimization

After the data is normalized, the phase differences
among all responses are simultaneously minimized
using an optimization technique (Donnelly and
Moorhouse 2012) based on the cross-correlation
function and the Lagrange Multiplier method. The
phase shifts, or lags, of each PMHS curve are also
averaged to locate the mean curve with respect to
time zero so that appropriate timing of the
response is not lost.

Kang et al. (2012) utilized the technique to
perform phase optimization on rear impact PMHS
data and present examples of mean response
curves constructed prior to and after phase
optimization (Figures 2 and 3, respectively). The
mean response curve after phase optimization,
shown in Figure 3, is much more like each
individual PMHS response than is the non-phase
optimized mean response curve of Figure 2.
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Figure 1. Results from Moorhouse (2013) evaluation of
normalization methods as compared to the non-
normalized PMHS data
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Figure 2. PMHS and mean (solid black line) responses
before phase optimization

70

60

50

40

30

Acceleration [g]

20

10

T T T T T T 1
60 80 100 120 140 160 180 200 220 240
Time [ms]

Figure 3. PMHS and mean (solid black line) responses
after phase optimization

It should be noted that the timing of the responses
can be affected by the normalization process since
time is normalized as well as force, acceleration and
deflection. Therefore normalization is performed
prior to phase optimization. Performing phase
optimization prior to normalization would be moot
since the normalization would alter the timing of the
signals, possibly causing the need for phase
optimization to be performed again. Further, the
optimization technique provides the time shifts that
are averaged to locate the mean curve in time, and
normalizing after this is accomplished would
invalidate the location in time of the mean curve.

Target Building

Mean Response Curve The resulting phase-
adjusted set of time histories can be averaged,
point by point, to obtain a “typical” response.

The Mean Response and Standard Deviation
Tolerance Curves The typical response, or mean
curve, can then be bracketed with plus and minus
one standard deviation curves resulting in a
biofidelity target specification for a dummy
response. Standard deviation curves obtained by
using the point by point standard deviation values
often result in “necking” at points where the
original curves happen to be similar in value:
usually where PMHS curves cross. To eliminate
this issue, a single standard deviation value is
obtained by averaging the point by point standard
deviation values, and the single average standard
deviation value is used to encompass the mean
curve. Also, to focus on the most relevant portion
of the target, the standard deviation curves are only
calculated for the upper 80% of the mean response
(i.e., for values of the mean response that are
greater than 20% of the peak magnitude of the
mean curve).

Figures 4 and 5 show examples of one standard
deviation curves calculated at each point and
averaged across all points, respectively. It should
be noted that these mean and standard deviation
curves will ultimately be used to calculate the
CCV portion of the DCV/CCV value used to
obtain VR (Rhule et al., 2002, 2009) for the
assessment of dummy biofidelity (see next
section), and that for this calculation it does not
matter whether the standard deviation is calculated
at each point or the average standard deviation is
used because the resulting CCV values will be the
same. Although the resulting VR values are not
affected, using the average standard deviation
makes the targets look more uniform.

Biofidelity Assessment

In the previously published versions of the BRS
(Rhule et al. 2002; 2009), a dummy’s biofidelity
was assessed by calculating the v/R for the dummy
response, regardless of the relative timing between
the dummy response and the PMHS biomechanical
response target. However, Moorhouse et al (2012)
recently identified some cases where the
calculation of the v/R value in this manner does not
produce an outcome that accurately reflects the
relative  biofidelity of the dummies being
evaluated. In particular this can occur when the
PMHS and dummies exhibit short duration high
peak responses, and the timing of the dummy
response differs from the PMHS target.

Consider a PMHS response target with a large
magnitude force peak such as seen in Figure 6, and
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Figure 4. Thorax load wall PMHS mean response curve

(thick blue) and plus- and minus-one standard deviation

(thin black) targets (calculated at each point in time) for

padded high speed flat wall (PHF) tests (Maltese et al.,

2002)
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Figure 5. Thorax load wall PMHS mean response curve
(thick blue) and plus- and minus-one standard deviation
(thin black) targets (averaged across all points) for
padded high speed flat wall (PHF) tests (Maltese et al.,
2002)

three different dummies that are being compared to
that PMHS target. Dummy 2 has a force peak
similar in magnitude but out of phase and the other
two dummies have essentially no force peak.
Clearly a dummy that exhibits the proper force
response, even if out of phase, is superior to one
that generates no comparable force response, but
the VR values as calculated using the methods
from Rhule et al. (2002, 2009) indicate only
slightly better biofidelity for Dummy 2 (Figure 6).
However, if the phase differences between each
dummy and the mean PMHS response curve are
first minimized prior to calculating the VR value,
the score of Dummy 2 improves and more clearly
demonstrates the best biofidelity (Figure 7).

PMHS Target and Unshifted Dummy Data

1400 ‘ ‘ ‘ ‘
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Figure 6. PMHS response target and three different
dummy responses (unshifted), of which only one
contains a peak response similar to that of the target,

but out of phase. VR values are shown.
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Figure 7. PMHS response target and three different

dummy responses (unshifted and shifted shown).

\/E values for shifted curves are shown.

Note that minimizing phase differences prior to
calculation of VR effectively assesses a dummy’s
biofidelity with respect to shape and magnitude
only, and does not account for differences in the
timing of the dummy response. However, with
advanced restraints and countermeasures of
modern vehicles the timing of a dummy response
is also important and should be accounted for in a
dummy’s biofidelity assessment.

The example provided in Figures 6 and 7, along
with the need to account for the timing of the
dummy response, identifies the need for an
improved method for assessing dummy biofidelity.
An improvement to the BRS which accomplishes
this is presented below.
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Shape and Magnitude (SM value) In order to
assess a dummy’s biofidelity with respect to
response shape and magnitude, the VR calculation
(Rhule et al., 2002, 2009) is performed after the
dummy response is phase-minimized with respect
to the mean PMHS response curve. The phase
minimization is accomplished using the cross-
correlation function to find the phase shift, or lag,
that minimizes the squared difference between the
two curves, and then the dummy response is
shifted toward the PMHS mean response by that
amount. The resulting VR value between the
shifted dummy response and the PMHS mean
response is referred to as the Shape and Magnitude
Response Comparison Value (SM). The SM value
represents the difference between the dummy
response and the PMHS mean response in
multiples of standard deviation similar to the VR
value in previous versions of the BRS (Rhule et
al., 2002; 2009), although the SM value only
considers differences in shape and magnitude.
Note that this calculation is only performed for the
upper 80% of the mean PMHS response, which is
the portion of the response for which the standard
deviation curves were generated.

Phase (P value) In order to quantitatively
assess the biofidelity of the phasing of a dummy
response, a ratio metric is developed in which the
minimizing lag (dummy phase shift) is divided by
a standard acceptable lag such that large ratios
represent poor phasing and small ratios represent
good phasing. The acceptable lag is found by
shifting the PMHS mean curve in time with respect
to itself and determining the lag between the
shifted and unshifted PMHS mean curves that
results in a VR value equal to 1.0. The absolute
value of the minimizing dummy lag is divided by
this standard acceptable lag to obtain a measure of
phase quality. If the value of this ratio, the Phase
Response Comparison Value (P), is less than 1.0,
the dummy phasing is within a tolerance of one
standard deviation of the PMHS mean response
curve. If P is larger than 1.0, the value relates to
multiple standard deviations in the same sense that
multiples of the VR value relate to a standard
deviation.

Channel Biofidelity For each response
measurement, or channel, selected for biofidelity
assessment there will be a Phase Response
Comparison Value (P) and a Shape and Magnitude

Response Comparison Value (SM). The values for
phase biofidelity, P, and shape and magnitude
biofidelity, SM, are combined using a root mean
square (RMS) methodology (the resultant or
orthogonal vector addition) to provide a sense of the
total biofidelity quality of each channel time history.
The root mean square methodology is appropriate
because each part, the P and the SM, measures
biofidelity independently and without any interaction
between the two. This is analogous to vector
components in space where the resultant of the X and
Y components is the magnitude of the vector. Note
that both the P and the SM values are based on
multiples of one cumulative standard deviation of the
mean PMHS time history and thus have the same
units and can be combined.

Biofidelity Rank Calculation For illustration
purposes, Figures 8 and 9 show a schematic of how

the Internal and External Biofidelity Ranks are
calculated. For instance, if two test conditions
(TC1 and TC2 in Figures 8 and 9) are selected to
assess a dummy’s biofidelity, and each test
condition includes three internal thorax
measurements (CH1, CH2, and CH3 in Figure 8),
and one internal measurement for each of the
abdomen and pelvis body regions (CH4 and CHS5
in Figure 8), the internal biofidelity ranking
schematic would look like Figure 8. Similarly, if
one external measurement was recorded for each
of two test conditions, the external biofidelity
ranking schematic would look like Figure 9. For
each response measurement there is a Phase
Response Comparison Value (P) and a Shape and
Magnitude Response Comparison Value (SM),
which are combined using the RMS method for
each response measurement (RMS in Figures 8 and
9). For each test condition the RMS values are
averaged. For example, the RMS values for
response measurements CH1, CH2 and CH3 are
averaged to get the biofidelity rank for test
condition 1 (TC 1) in Figure 8. Moving up Figures
8 and 9 to the body region level (orange, blue, and
purple shading for thorax, abdomen, and pelvis
body regions, respectively), each body region rank
consists of the average of the test condition ranks.
To obtain the Overall Internal (or External)
Biofidelity Rank, the body region ranks are
averaged. To obtain the Overall Biofidelity ranks,
the Overall Internal and External Biofidelity Ranks
are averaged.
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Overall Internal Biofidelity Rank

|
| | Abdomen Rank | |

Body Region | Thorax Rank Pelvis Rank |
] ] ]
Test Condition | TC 1 |1 TC2 || Tc1 || Tc2 || Tc1 || Tc2 |
] ] ] ] ] ] ] ] ]
Response Measurement CH1 CH2 CH3 CH1 CH2 CH3 CH4 CH4 CH5 CH5
SM and P foreach Response [sM| P [ [sm| B | [sm| p | [sm| p | [sm] o | [sm] & | [sm] B | [sm] o] [sm| o] [sm| P
RMS of SM and P RMS1 RMS2 RMS3 RMS4 RMS5 RMS6 RMS7 RMSS8 RMS9 RMS10
Figure 8. Schematic of how Internal Biofidelity Ranks are calculated
| Overall External Biofidelity Rank
] |
Body Region | Thorax Rank | | Abdomen Rank | | Pelvis Rank
TestCondition | TC1 || T2 || Ta1 || 12 || T || T2
] | ] | ] ]
Response Measurement CH1 CH1 CH2 CH2 CH3 CH3
SM and P for each Response [SM| P | [sM| P | [sM[ P | |[sm]| P | [smM[ P ||sm]| P
RMS of SM and P RMS1 RMS2 RMS3 RMS4 RMSS5 RMS6

Figure 9. Schematic of how External Biofidelity ranks are calculated

RESULTS

The padded high speed flat wall (PHF) and rigid
low speed flat wall (RLF) test conditions from
Maltese et al. (2002) were selected to illustrate the
usage of the tools for generating PMHS response
targets and the procedure for assessing dummy

biofidelity. Each step of the new tool box is
illustrated using the RLF thorax deflection
responses.

Normalization

Figures 10 and 11 show the non-normalized and
normalized responses, respectively, of the three
PMHS for the thorax deflection measurement in
the RLF test condition.

Phase Optimization

Figure 12 shows the normalized PMHS thorax
deflection responses after optimizing the phase
responses.

Target Building

After the PMHS responses are normalized and the
phase differences are minimized, the PMHS mean
curve is calculated at each point in time (black
curve in Figure 13) and the point-by-point standard
deviations are averaged for the upper 80% of the
mean PMHS response (black dotted curves in
Figure 13) and plotted along with the mean PMHS

RLF Thorax Deflection - Non-normalized, Unshifted
80 -

i
—3122 |

70H

60

50

40

30

Deflection (mm)

20

30 40
Time (ms)
Figure 10. Non-normalized thorax deflection responses
for three PMHS in RLF test condition.
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RLF Thorax Deflection - Normalized, Unshifted
80 -

i i
-_— 3122 !
70H bt
|
|

— 3664

60 3700 F 1 ANG o N T

Deflection (mm)

30 40
Time (ms)

Figure 11. Normalized thorax deflection responses for
three PMHS in RLF test condition.
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RLF Thorax Deflection - Normalized, Shifted

80 i i i i i i
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I |
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Time (ms)

Figure 12. Normalized thorax deflection responses for

three PMHS in RLF test condition after minimizing

phase differences

RLF Thorax Deflection - Normalized, Shifted with Target
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Deflection (mm)
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**=** Average Std Dev Upper |- — — — —
=== Average Std Dev Lower | |
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Time (ms)
Figure 13. Mean and average standard deviation PMHS
response target for RLF thorax deflection with three

normalized and shifted PMHS curves

curve. The mean and average standard deviation
curves represent the PMHS response and dummy
biofidelity target.

Biofidelity Assessment

To assess dummy biofidelity, the dummy response
is first phase-minimized with the mean PMHS
response. Figure 14 shows the PMHS response
target with the dummy curve unshifted (dashed
pink) and shifted by 6 ms (solid pink) to minimize
the phase difference. Also shown in Figure 14 is
the VR value for the unshifted curve (as calculated
in previous versions of the BRS), the VR value for
the shifted dummy curve (SM value), the ratio of
the dummy lag and the mean curve lag (P), and the
RMS value. Note that the quantitative assessment
of dummy biofidelity for this response would yield
a value of 1.1 (VR) using the previous BRS and a
value of 0.9 (RMS) using the new methodology.

The entire set of PHF and RLF targets with shifted
dummy responses and P and SM values are shown
in the appendix.

RLF Thorax Deflection - Dummy Unshifted and Shifted
80 —=------------—---—-——————~——~—__

701 e S

6of P07 TN
50
40 i R .

30

= PMHS Mean
""" Upper Target

""" Lower Target
===Dummy unshifted
— Dummy shifted

20

Deflection (mm)

_ i i
0 10 20 30 40 50 60 70
Time (msec)

Figure 14. PMHS response target with a dummy curve
unshifted and shifted with BRS values for RLF thorax
deflection

Biofidelity Rank Calculation Figures 15-18
show the SM, P, and RMS values for each

response  measurement  included in  the
demonstration of the updated BRS for Dummies A
and B. The External Biofidelity response
measurements include thorax, abdomen and pelvis
load wall forces. The Internal Biofidelity
responses include T1 and T12 lateral accelerations,
the average of the upper and lower thorax half
chest deflections, mid abdomen half deflection and
pelvis lateral acceleration. Any P or SM value
over 2.0 is highlighted in red, indicating a response
that varies from the mean PMHS by more than two
cumulative standard deviations.

Both dummies exhibit better Internal Biofidelity
than External Biofidelity, probably because they
were designed to be biofidelic in measurements
related to injury criteria — typically those internal
to the dummy. It appears that the thorax of both
dummies could be improved in  the
shape/magnitude component of their external
biofidelity responses, indicated by the SM values
over 2.0; however, the phase biofidelity is good.
The abdomen and pelvis of both dummies
performed well (under 2.0) in both
shape/magnitude and phase for one test condition
and poorly in both shape/magnitude and phase for
the other test condition. The RMS values for each
response measurement appropriately reflect the
combined biofidelity of the shape/magnitude and
phase components.
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Dummy A External Biofidelity Rank
253
| ] ]
Body Region Thorax Abdomen Pelvis
3.07 2.07 2.44
| | | | | |
Test Condition PHF RLF PHF RLF PHF RLF
3.89 2.26 322 091 3.21 1.66
| | | | | |
Thorax Thorax Abdomen| | Abdomen Pelvis Pelvis
Response Measurement
Plate Plate Plate Plate Plate Plate
SM| P SM| P SM| P SM| P SM| P SM| P
1.14 0.55 0.88 [ 0.24 1.33 ] 1.00
RMS of SM and P 3.89 2.26 3.22 0.91 3.21 1.66

'Figure 15. SM, P, and RMS values for Dummy A for each external biofidelity response
measurement, and biofidelity ranks for test condition, body region and external biofidelity

levels.
Dummy A Internal Biofidelity Rank
1.42
| | |
Body Region Thorax Abdomen Pelvis
1.19 1.97 1.08
I I I I I I
Test Condition PHF RLF PHF RLF PHF RLF
1.05 1.33 1.53 2.41 1.21 0.96
1 1 1 1 1 1 1 1 1 1
Response Measurement T1 Lat T12 Lat Thx Defl T1 Lat T12 Lat ThxDefl | | Abd Defl| | Abd Defl| | Pelvis Lat] | Pelvis Lat
SM| P SM| P SM| P SM| P SM| P SM| P SM| P SM| P SM| P SM| P
0.69]10.00] ]0.60]| 1.46] | 0.86]0.21] | 0.59] 1.93| | 1.08]0.11] ] 0.60]| 0.67] | 1.48 | 0.40 0.56] | 1.16]0.35] ] 0.85]0.44
RMS of SM and P 0.69 1.58 0.89 2.02 1.09 0.90 1.53 2.41 1.21 0.96

Figure 16. SM, P, and RMS values for Dummy A for each internal biofidelity response measurement, and biofidelity
ranks for test condition, body region and internal biofidelity levels.

Dummy B External Biofidelity Rank
295
] | ]
Body Region Thorax Abdomen Pelvis
3.34 2.20 3.30

| | ] ] ] ]
Test Condition PHF RLF PHF RLF PHF RLF
4.26 242 3.51 0.89 4.51 2.09

| | ] ] | ]
Response Thorax Thorax | | Abdomen| | Abdomen Pelvis Pelvis
Measurement Plate Plate Plate Plate Plate Plate

SM| P SM| P SM| P SM| P SM| P SM| P
1.57 0.11 0.85]10.28| [EXEAPATN | 1.84] 1.00

RMS of SM and P 4.26 242 3.51 0.89 4.51 2.09

Figure 17. SM, P, and RMS values for Dummy B for each external biofidelity response
measurement, and biofidelity ranks for test condition, body region and external biofidelity
levels.
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Dummy B Internal Biofidelity Rank
1.53
| | |
Body Region Thorax Abdomen Pelvis
1.37 224 0.97
] ] ] ] ]
Test Condition PHF RLF PHF RLF PHF RLF
1.24 1.49 1.47 3.01 1.05 0.89
| | | | | | | | |
SM| P SM| P SM| P SM| P SM| P SM| P SM| P SM| P SM| P SM| P
0.56]0.15] ]10.55( 1.46] | 1.59(0.12] |0.62|0.93] |0.92]|1.50] | 1.56]0.32| | 1.45|0.26 1.00] 10.99{0.35| | 0.88 [0.11
RMS of SM and P 0.58 1.56 1.59 1.12 1.76 1.59 1.47 3.01 1.05 0.89

Figure 18. SM, P, and RMS values for Dummy B for each internal biofidelity response measurement, and biofidelity
ranks for test condition, body region and internal biofidelity levels.

Table 1 shows that the External Biofidelity Rank
of Dummy A is better than that of Dummy B and
their Internal Biofidelity Ranks are comparable
since they do not differ by more than 0.2 (Rhule et
al, 2009). Overall, the Biofidelity Rank of Dummy
A is better than that of Dummy B.

Table 1.
Biofidelity Ranks for Dummies A and B
Dummy A Dummy B
External 2.53 2.95
Internal 1.42 1.53
Overall 1.98 2.24

DISCUSSION
Normalization

The example of force-deflection curves presented
in Figure 1 of the Methods section provides an
excellent representation of the benefit of effective
stiffness normalization.

Phase Optimization

If we assume that time zero in an impact test event
is established by initial contact with the PMHS, it
is likely that subjects with excessive body fat will
have response data that occurs later in time than
will the response data from slender subjects with
minimal body fat, and vice versa. If these
response curves are not phase-optimized the
resulting point by point mean curve will have a
broad time duration and possibly a lower
magnitude. Phase optimizing allows for the mean
curve to be more typical of the basic structural

response characteristic of the musculoskeletal
system. The Phase Optimization method
(Donnelly and Moorhouse, 2012) retains all of the
phase lag information among all of the PMHS and
it is used to establish the average time zero for the
mean curve.

Target Building

The development of a statistically-based PMHS
target using a point by point mean and standard
deviation has been suggested in the past (Maltese
et al, 2002; Rhule et al, 2002, 2009). When the
magnitude of the response data is very nearly the
same at a point in the time history, perhaps at a
point where multiple response curves cross, the
standard deviation can be very small. This can
result in “necking” where the target created by the
plus and minus standard deviation is very small.
This feature in a plot of the PMHS target does not
affect the mathematical calculation of the VR value
(or SM); however, this disconcerting feature can
be eliminated by plotting the average standard
deviation. The average standard deviation is found
by summing all the point by point standard
deviations for the upper 80% of the mean PMHS
response and dividing by the total number of data
points included. Again, this does not affect the
calculation of the v/R value but does provide a
better feel for the quality of an overplotted dummy
curve.

Biofidelity Assessment

Figure 19 provides another illustration of why
minimizing the phase differences between the
dummy response and the mean PMHS response is
necessary to obtain an accurate assessment of the
biofidelity of a dummy response. Because the SM
is calculated relative to the upper 80% of the mean
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PMHS curve (note the start and end points of the
standard deviation curves), the portion of the
unshifted dummy curve (dotted blue line) that is
assessed occurs after the main dummy response
and is not very meaningful. When the phase
difference between the dummy response and the
mean PMHS response is minimized, the portion of
the shifted dummy response (solid blue line) that is
assessed is much more appropriate and
meaningful. The SM value for the shifted curve
(0.59) compared to that of the unshifted curve
(1.17) reflects the better fit of the dummy response
after minimizing the phase difference, while the P
value (1.93) quantifies the biofidelity of the phase
response of the dummy.

RLF T1 Lateral Acceleration

60— ——— -~ - -~ -~ -~ - - ————
SM unshifted = 1.17 }— | T v—
50-Shift = 9.1ms  ___}_ _ Nl _|==="Upper Target
S hifted = 0.59 K [N ====Lower Target
l\il shifted =0.5 4 ! ‘,‘ --=-Dummy
4O*P =193 kY Dummy shifted
) = Y I
&0 RMS ‘ 2.02/\/ \ ‘
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Figure 19. Unshifted and shifted response curves for
Dummy A with biofidelity target for RLF T1 Lateral

Acceleration
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The RMS value for the RLF T1 lateral acceleration
for Dummy A is 2.02, which is much different

from the 1.17 SM value for the unshifted curve
(which represents the VR that would have been
calculated in previous versions of the BRS). When
the dummy phase response is poor, as it is in this
case, the quantitative biofidelity assessment value
for the response measurement (RMS) will show a
larger difference from its predecessor, VR, as
compared to when the dummy phase response is
good. By individually assessing the biofidelity of
dummy phase and shape/magnitude responses, the
biofidelity assessment is more meaningful since
the SM values (and thus RMS values) are now
more appropriately calculated. Furthermore, the
additional phase biofidelity information helps to
indicate more specifically where improvement to
the dummy response is needed.

Figure 20 shows the External Biofidelity
assessment schematic for Dummy A using VR
values, as would have been done using the 2009
version of the BRS. Notice that the External
Biofidelity Rank of 2.83 unshifted is not very
different compared to that of the 2.53 for Dummy
A using the shifted data of the new methodology
(Figure 15). This is because the two methods will
produce similar results for well-conditioned
responses (i.e, not highly out of phase or very short
duration high peak responses), while the new
method is able to much more accurately quantify
the biofidelity for those dummy responses that
exhibit some of these issues. Since this occurrence
is relatively rare it is unlikely that previously
published biofidelity ranks need to be re-
calculated.

Dummy A External Biofidelity Rank
2.83
] ] ]
Body Region Thorax Abdomen Pelvis
3.18 2.57 2.76

| | | | | |
Test Condition PHF RLF PHF RLF PHF RLF
4.07 2.28 3.77 1.36 3.83 1.68

] | ] ] ] ]
Thorax Thorax Abdomen| | Abdomen Pelvis Pelvis

Response Measurement

Plate Plate Plate Plate Plate Plate
unshifted SM 4.07 2.28 3.77 1.36 3.83 1.68

'Figure 20. VR values for external biofidelity response measurements of Dummy A (2009
version of BRS), and biofidelity ranks for test condition, body region and external biofidelity

levels.
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SUMMARY

A set of tools are presented that can be applied to a
set of PMHS responses, in sequence, to obtain a
biofidelity target. The updated Biofidelity
Ranking System is also presented for
quantitatively assessing the biofidelity of a dummy
as compared to the PMHS targets for phase and for
shape and magnitude.

The tools are:

e Normalization for modifying PMHS
response data to better represent a 50"
percentile male human (or other target
population).

e Phase Optimization based on all
permutations of the cross-correlation
functions and the Lagrange Multiplier
method to find the best phase fit
simultaneously for all PMHS response
curves as well as determine the average
PMHS phase shift to locate the mean
curve in time.

e Target Building creates a PMHS response
target that is statistically based and can be
used to quantitatively assess the quality
of a dummy response, or multiple
dummies’ responses.

e The Biofidelity Ranking System (BRS)
has been updated to include the Shape
and Magnitude Response Comparison
Value, SM, the Phase Response
Comparison Value, P, and the Channel
Biofidelity Value, RMS. These features
improve the quantitative assessment of
internal and external dummy biofidelity
quality.
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Figure A1. PMHS mean and average standard deviation targets with two side impact dummy responses for Padded High

Speed Flat Wall sled tests (Maltese, 2002)
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ABSTRACT

In order to determine the biofidelity responses of
anthropomorphic test devices, also called dummies,
used in crashworthiness studies and develop injury
criteria for trauma assessment devices, studies using
post mortem human subjects (PMHS) are often
necessary. From the perspective of side impacts,
many studies are available on these issues when the
applied load vector is pure lateral. Injuries, injury
metrics, and injury criteria have been advanced for
the current ES-2re device using matched-pair tests.
Similar studies are needed for oblique loading as this
mode is recognized in modern vehicle environments
as an important vector for inducing trauma. Thus, the
present study was designed to compare differences in
the design of load-walls between different types of
pure lateral tests, review literatures to determine the
need to conduct oblique side impact sled tests and
present a detailed methodology to gather region-
specific data (such as force-time curves) which can
be used to accurately evaluate the local responses of
PMHS and dummies, ES-2re and WorldSID. The
consolidated graphs overlaying PMHS and the two
dummy responses serve as a first step in the
assessment of dummy biofidelity.

INTRODUCTION

Matched-pair sled tests with PMHS and dummies
have been used to evaluate the responses of different
surrogates under predetermined initial and boundary
conditions in a laboratory environment [1-9]. Such
tests have also been used to develop dummy-specific
injury criteria and advance motor vehicle safety
standards around the world. For example, the current
United States side impact standards FMVSS No. 214
are based on PMHS tests and matched ES-2re
experiments [10, 11].

With regard to the application of the dynamic loading
in side impacts, pure lateral loading (corresponding

to the clock positions of nine for the driver and three,
for the passenger in the United States) has been
commonly used as the direction of the loading vector
for the evaluation of biomechanics and motor vehicle
crashworthiness [2, 5, 8, 12, 13]. Previous studies
aimed at determining the biomechanics of nearside
impacts consisted of a flat one-unit rigid load-wall
attached to the platform of a deceleration sled [13].
These PMHS sled experiments were done in
Heidelberg, Germany.

In a series of later studies conducted in the United
States, a similar load-wall design (Figure 1) was used
by researchers at the Medical College of Wisconsin
and elsewhere wherein the dimensions approximated
a mid-size sedan [2, 5, 14, 15]. Figure 2 shows the
schematic of the PMHS used in these tests with the
targeted impact locations in relation to the load-wall,
based on the mid-size male anthropometry. A similar
segmented load-wall was used by other researchers to
determine  region-specific  responses including
dynamic forces applied to the PMHS occupant [12,
16].

linear dimensions cm

head and ! PPt
back rest -7
=

Figure 1: Schematic of the load-wall used to
subject human surrogates to pure lateral nearside
impact. T, A, P and L respectively represent the
load-wall plates for the thorax, abdomen, pelvis
and lower leg. The experimental bench seat is also
shown.
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Figure 2: Targeted impact locations from three
plates on the PMHS specimen corresponding to
the mid-size male anthropometry

Database analyses using the United States National
Automotive Sampling System and Crash Injury
Research and Engineering Network (NASS and
CIREN) have identified the oblique loading as an
important vector associated with trauma in real-world
side impacts [17]. Because the impact vector is
oblique, deflection patterns, occupant kinematics,
injuries and injury mechanisms differ from those
induced by the pure Ilateral vector, and the
heterogeneous complex three-dimensional anatomy
of the human torso also contributes to this effect.
Recognition of this oblique vector and quantification
of biomechanical data require sled tests with PMHS
in simulated environments. The present study is
designed to develop a methodology to apply dynamic
forces along an oblique vector to both biological and
physical models using an anthropometry-specific
custom load-wall design and the results are presented
from PMHS, ES-2re and WorldSID surrogates to
show the feasibility of the experimental design.

METHODS

PMHS specimen preparation: Medical records of
an unembalmed PMHS were obtained. The PMHS
was screened for HIV, and Hepatitis A, B and C.
The surrogate was prepared as follows for conducting
sled tests. Anthropomorphic data and pretest x-rays
were obtained according to established procedures
[5]. All specimens were dressed in tight-fitting
leotards and a mask covered the head/face. The
prepared surrogates were placed on a custom Teflon-
coated bench seat, fixed to the platform of an
acceleration sled (Seattle Safety, Seattle, WA, USA).
The sled was configured with an impacting load-wall

to simulate nearside impacts. The impacting load-
wall is described later. The experimental bench seat
(not a production one) was 1.3 meter in length. It
was reinforced below the seat pan at mid-length. The
dimensions of the bench seat used for all sled tests
are given (Table 1) and schematically shown in
figure 1.

Table 1: Details of the experimental bench seat
used in the present study

Description Value
Width (mm) 1220
Length (mm) 410
Height in the front (mm) 290
Height in the back (mm) 195
Seat back height (mm) 930
Seat bottom angle (deg) 13
Seat back angle (deg) 22

Impacting load-wall: The load-wall used in these
studies was scalable and modular. In other words,
the design allowed for positioning different
surrogates based on individual anthropometry. The
load-wall had six plates. Plates were made a priori
with different height dimensions (used 12.5 mm
increments) to accommodate varying region-specific
specimen anthropometry. The first five metal plates
consisted of the shoulder, thorax, abdomen, and
superior and inferior pelvis (corresponding to the
location of the ipsilateral iliac crest and greater
trochanter) plates. A schematic of the load-wall
showing the five plates is depicted in figure 3.

The positions of the five plates were adjustable in the
frontal plane, that is, adjustments could be made
along the vertical, superior-inferior and lateral, left-
to-right directions to ensure contact of each plate
with the intended specific body region. All these five
plates were rigidly attached to a vertical fixture and
the fixture was securely connected to the platform of
the acceleration sled equipment (Figure 3). A gap
was allowed between each of the plates to extract
region-specific forces during impact.

A separate sixth plate was used to contact/load the
lower limb during side impact (Figure 3). It was
mounted to a second vertical fixture, also secured
rigidly to the platform of the acceleration sled
equipment. The two vertical fixtures allowed for
independent positioning of the torso-pelvis and lower
limb regions of the surrogate. The vertical height and
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lateral positioning of the fixtures were adjusted based
on the anthropometry of each surrogate.

Shoulder plate

\|  Thorax plate
|\ Abdomen plate

Superior pelvis plate
—

Inferior pelvis plate Lower limb plate

Figure 3: Schematic of the five metal plates
(corresponding to the shoulder, thorax, abdomen,
superior pelvis and inferior pelvis) attached to the
vertical fixture. The lower limb, i.e., sixth plate
attached to another vertical fixture is also shown.
The reinforced experimental bench seat is shown.

In order to simulate oblique side impact loading, the
shoulder, thorax and abdomen plates of the load-wall
were oriented at thirty degrees antero-medially with
respect to the ipsilateral side of the specimen. Figure
4 shows a schematic of the orientation as viewed
from the top.

To ensure simultaneous contact of all torso regions,
the individual shoulder, thorax, abdomen and pelvis
plates were positioned based on the PMHS specimen
anthropometry using the modular and adjustable
features of the load-wall design. The shoulder plate
was positioned first by moving the upper arm
horizontally and rotating antero-medially to the same
obliquity as the plate. This ensured contact with the
shoulder plate. The resulting position of the shoulder
plate was secured to its vertical fixture. The
positioning of the shoulder plate is illustrated in
figure 5.

Subsequently, the thoracic plate was positioned by
moving the plate laterally to contact the thorax at the
fourth rib level on the lateral-most aspect of the
PMHS specimen and the resulting position of the
plate was secured to its vertical fixture. The
positioning of the thoracic plate is illustrated in figure
6.

Figure 4: Overhead view showing the alignment
of the plates for oblique left side impact.

Figure 5: Alignment and positioning of the
shoulder load plate with the shoulder.

A similar process was used for the abdomen plate
with alignment focusing on the tenth rib of the PMHS
specimen. The positioning of the abdomen plate is
illustrated in figure 7.

The two pelvic plates were then brought into contact
with the lateral protuberances of the iliac crest and
greater trochanter regions of the PMHS specimen.
The positioning of the pelvis plates is illustrated in
figure 8.
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Figure 6: Alignment and positioning of the thorax
load plate with the thorax.

Figure 7: Alignment and positioning of the
abdomen load plate with the abdomen

To simulate normal driving position, the left arm was
held parallel to the shoulder plate and rotated
inferiorly by 45 degrees in the sagittal plane before
the start of the experiment.

Anthropomorphic tests device preparation: Two
dummies were used in the study to demonstrate the
feasibility of the modular scalable load-wall to
conduct oblique nearside impact tests with the
acceleration sled. The ES-2re dummy was clothed
and positioned according to or procedures used in the
New Car Assessment Program (NCAP) in the United
States.

Figure 8: Alignment and positioning of the pelvis
load plates with the pelvis regions.

The shoulder plate of the load-wall was positioned by
moving the upper arm of the ES-2re dummy
horizontally and rotating medially by an angle of 30
degrees to contact the dummy shoulder. The
resulting position of the shoulder plate was secured to
the vertical fixture. This process was similar to those
used in the positioning of the biological surrogate.

The thoracic plate was positioned by moving the
thoracic plate laterally to contact the second thoracic
rib region of the ES-2re dummy and the resulting
position of the plate was fixed as before, again
corresponding to methods used for positioning the
PMHS. The abdomen plate was also similarly
positioned.

Similar to the positioning of the biological surrogate,
pelvic plates in the ES2-re dummy were brought into
contact with the pelvic region and in addition, the left
lower extremity contacted the lower limb plate. The
arm was positioned parallel to the plate in the driving
posture similar to the PMHS tests and before
applying the side impact pulse.

For the positioning of the WorldSID, while all
procedures were identical, because of the smaller
dimensions of the dummy, only one pelvic plate was
used instead of two used in the PMHS and ES-2re
tests.

Side impact loading and instrumentation: The
following methods are common to all three
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surrogates. An acceleration sled was used conduct
the tests at a change in velocity of 24 km/h. The sled
equipment was instrumented with a uniaxial
accelerometer to record the input side impact
acceleration pulse from which the change in velocity
was computed in the time domain.

The segmented load-wall with the six plates was
instrumented with tri-axial load cells. All load cells
were located approximately at the mid-height of each
plate and one-third distances from the fore and aft
edges to obtain generalized force histories
corresponding to different body segments.

Biomechanical data: Data were gathered according
to the Society of Automotive Engineers
specifications [18]. To obtain body region-specific
impact force histories, the individual force-time
signals from respective load cells were summated for
the specific load-wall plate. The biomechanical force
data from the biological surrogate were scaled based
on the equal velocity, equal mass approach [19].
This methodology has been used in earlier side
impact studies [1, 2, 8, 12, 20]. The times of
attainment of five percent of the peak force on the
pelvis were used as the origin to align force signals
from all load-wall plates to ensure consistent
extraction of the peak loads on various body regions
from all the three surrogates. The maximum forces
and the times of attainments of the respective peak
amplitudes were obtained for each body region. Plots
of the sled acceleration, forces from the shoulder,
thorax, abdomen, pelvis and lower limb plates are
presented in the results section below for the PMHS,
ES-2re and WorldSID surrogates.

RESULTS

Figure 9 shows the sled acceleration applied to the
PMHS and the two surrogates. The pulse was uni-
modal and was such that the change in velocity was
24 km/h. For the shoulder, the peak forces and times
of occurrence for the PMHS and ES-2re were: 0.7
kN occurred at approximately 80.0 ms, and 1.4 kN
occurred at approximately 91.7 ms. Forces were low
(less than 100 N) for the WorldSID device. These
data are shown (Figure 10).

Figure 11 comapres the force-time histories for the
thorax for all surrogates. Forces were considerably
greater than those encountered by the shoulder. The
peak force of 5.8 kN occurred at approximately 76.7
ms for the PMHS, 7.9 kN occurred at approximately
87.5 ms for the ES-2re, and 7.9 kN occurred at
approximately 79.3 ms for the WorldSID.

——PMHS

N
o
1

—— WorldSID
—— ES2-re

10

Acceleration (g)

20 0 200 40 60 80 100
Time (ms)

Figure 9: Sled pulse used for all surrogates
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Figure 10: Shoulder force histories.
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Figure 11: Thorax force histories.

Figure 12 compares the force-time histories for the
abdomen for all surrogates. The peak force of 4.4 kN
occurred at approximately 75.7 ms for the PMHS, 7.8
kN occurred at approximately 86.9 ms for the ES-2re,
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and 3.3 kN occurred at approximately 79.69 ms for
the WorldSID.

12000 4

—PMHS

8000 WorldSID

—ES-2re
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Figure 12: Abdomen force histories.

Figure 13 compares the force-time histories for the
pelvis for all surrogates. The peak force of 12.5 kN
occurred at approximately 75.1 ms for the PMHS,
18.9 kN occurred at approximately 85.6 ms for the
ES-2re, and 12.4 kN occurred at approximately 76.2
ms for the WorldSID.
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Figure 13: Pelvis force histories.

DISCUSSION

As indicated in the introduction, the objective of the
present study was to compare differences in the
design of load-walls between different types of pure
lateral tests, review literatures to determine the need
to conduct oblique side impact sled tests and present
a detailed methodology to gather region-specific data
(such as force-time curves) which can be used to
accurately evaluate the local responses of PMHS and
dummies, ES-2re and WorldSID. The consolidated
graphs overlaying PMHS and the two dummy
responses serve as a first step in the assessment of
dummy biofidelity.

This was accomplished by using a scalable modular
load-wall capable of isolating forces on the shoulder,

thorax, abdomen, superior and inferior pelvis regions,
and the ipsilateral lower limb of all surrogates. The
load-wall was configured such that it was angled to
induce oblique loading antero-medially to the PMHS,
WorldSID and ES2-re surrogates, simulating nearside
dynamic contact loading to the driver or passenger.

The chosen velocity of 24 km/h has been used in
previous studies with pure lateral loading [2, 5, 10,
20]. Thus, it is possible to evaluate the present
oblique loading data with the data from the other
vector.  Extending the present methodology to
include additional PMHS tests and repeat dummy
tests would render such evaluations possible, and this
is considered as future research. As forces are
extracted from different body region, with additional
tests it should also be possible to evaluate regional
biofidelity responses of the two dummies, and to
accomplish these goals, methods are available in the
literature [21, 22].

The load-wall configuration used in these oblique
loading tests included multiple segmented plates to
individually contact the shoulder, thorax, abdomen,
pelvis and lower limb on the ipsilateral side of each
surrogate. Allowing gaps between the torso plates
facilitated the isolation of forces in the respective
body regions. However, this was not the sole
determinant to extract region-specific forces from the
three surrogates. This is because the same
dimension/geometry, non-anthropometry specific
load-wall cannot be used for all surrogates. It is well
known that the seating heights of the mid-size male
50™ percentile side impact dummies are not identical
[6, 23]. Further, the overall seating and region-
specific heights of biological surrogates vary. From
this perspective, it is imperative to accommodate a
scalable and modular load-wall in the experimental
design so that the individual body regions can be
positioned such that the plate contacts only those
respective regions to extract forces. This feature was
also included in the present study. Thus, the
biomechanical metrics from this study represent the
true region-specific information.

The surrogates were placed at a distance from the
load-wall such that impact occurred at the end of the
acceleration pulse during the region of constant
velocity. Due to the nature of the servo sled control
mechanism, this zone is relatively large. Thus,
timing of the initial impact with the load-wall with
the specimen was not critical. Therefore, surrogates
may have contacted the load-wall at different times
during the region of constant velocity. To accurately
compare signals between surrogates, it was necessary
to determine the timing of initial impact with the
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load-wall. The pelvis plate was chosen for this
process because it was parallel to the mid-sagittal
plane of the surrogate and consistently demonstrated
unimodal response. The close agreement in the times
of attainments of peak forces (within 5, 9 and 7 ms
for the PMHS, WorldSID and ES-2re) shows that the
modular load-wall is effective in delivering region-
specific impact loads uniformly in all surrogates.

The alignment of the signals using this method with
respect to the close times of attainments of the peak
forces in all surrogates show that the modular load-
wall is capable of delivering the impact forces within
the same time domain, thereby assisting in a better
evaluation of dummy biofidelity.

Energy absorbing materials exist in real-world motor
vehicle environments. However, no such materials
were used in the present study, i.e., the load-wall
plates were not covered with padding components.
While rigid load-wall tests have been used in sled
tests in previous studies, it should be noted to cover
the full spectrum of research paralleling those
conducted for pure lateral tests, it would be necessary
to extend the present series of tests to other
initial/boundary conditions.  This includes offset
(abdomen and pelvis) conditions and probably other
angulations to determine the most practically feasible
detriment obliquity condition to understand the
mechanism of injuries, injury tolerance and injury
criteria. It should be possible to conduct such studies
based on earlier research used for the development of
ES-2re pure lateral injury criteria [1, 10]. Another
area of potential application is postero-lateral loading
which has been recognized as another oblique
loading vector for injuries to organs such as the
spleen and kidneys [24]. It should be possible to
reorient the angulations of the different plates to
induce postero-lateral oblique loading and conduct
similar tests with different surrogates to determine
injuries, injury mechanisms, regional biomechanical
metrics, injury criteria and dummy biofidelity. These
are considered as future research and dissemination
topics.

CONCLUSIONS

a) The present study compared differences in
the design of load-walls between different
types of pure lateral tests, reviewed
literatures to determine the need to conduct
oblique side impact sled tests and presented
a detailed methodology to gather region-
specific data (such as force-time curves)
which can be used to accurately evaluate the

local responses of PMHS and dummies, ES-
2re and WorldSID.

b) A scalable modular load-wall was developed
for conducting oblique side impact studies.

c) The load-wall design included segmentation
of forces to the shoulder, thorax, abdomen,
superior and inferior pelvis, and ipsilateral
lower limb.

d) To demonstrate the feasibility of using the
developed methodologies, tests were
conducted using the PMHS, a biological
surrogate; the ES-2re, the currently
federalized dummy for side impact
crashworthiness in the United States
according to FMVSS No. 214 and NCAP
protocols; and the WorldSID, a dummy
under development which has different
designs for the shoulder, thorax, abdomen
and pelvic regions.

e) Force-time histories were compared for each
of the various body regions on surrogate-by-
surrogate bases by conducting sled tests at a
velocity of 24 km/h.

f) Peak forces and the time of occurrences of
these metrics for all surrogates and body
regions were also presented.

g) It should be possible to extend these studies
with additional samples, boundary/initial
conditions and velocities similar to those
used in pure lateral side impact studies for
the derivation of injury criteria/probability-
based risk functions and assessment of
dummy biofidelity responses on a regional
basis.

h) The provided consolidated  graphs
overlaying PMHS and dummy response
serve as a first step in the overall biofidelity
goals.
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ABSTRACT

The ES-2re has limited abilities to output measures
such as abdominal deflections which may be used to
predict region-specific injuries. The WorldSID is
being increasingly used in full-scale crash tests and
sled experiments because of its ability to extract
biomechanical metrics such as abdominal deflections
in lateral impacts. Concerns have been raised by
researchers around the world regarding the issue of
the pelvis flesh interference in allowing the
abdominal rib to deflect in side impacts and
underestimate the local deflection/injury.  The
present study was conducted using a WorldSID 50™
percentile male dummy to determine the influence of
the flesh in constraining the abdomen rib kinetics.

A standard and modified pelvis was tested on a side
impact buck with a 50 mm abdomen offset at 3, 4,
and 5 m/s. The jacket, struck side arm, and rib
padding were removed. Of specific study focus,
deflections from the second abdomen rib are
discussed. Increasing velocities produced increasing
forces and deflections. Force and deflection
responses were uni-modal and repeatable under both
seating conditions and both types of pelvises. Peak
deflections were not significantly different between
the standard and modified dummies in the reclined
seat configuration. This was independent of velocity.
In the wupright configuration, peak abdomen
deflections were slightly greater at 3 and 4 m/s, and
the trend was reversed at 5 m/s. Only two extreme
seat configurations were chosen as a range of dummy
pelvis angles in motor vehicles. A comparison with
earlier tests was difficult due to numerous differences
in test methodologies. These findings indicate that
the standard WorldSID pelvis may be used without
pelvic flesh-rib interaction inhibiting abdomen
kinetics and that modification of the pelvis flesh is
not necessary at this time.

INTRODUCTION

Recent changes to the U.S. FMVSS No. 214
regulatory side impact safety standards have
incorporated the EuroSID 2re (ES-2re) dummy to
assess crashworthiness in motor vehicles [1]. In 2007,
the National Highway Traffic Safety Administration
(NHTSA) commented that the WorldSID dummy
was not ready for regulation and it would continue its
evaluation of the WorldSID for future incorporation
into Part 572. Future updates to FMVSS No. 214
may consider the WorldSID dummy which was
designed to be the next generation side impact
dummy for harmonization of worldwide safety
standards.

The WorldSID has a shoulder rib, three thorax ribs
and two abdominal ribs, all of which can measure
individual rib acceleration and deflection [2].
Measurement of abdomen deflection extends the
ability of the WorldSID to provide additional
biomechanical metrics and injury criteria. The rib
design is a double hoop structure made up of an outer
plastic band to define the torso geometry and an inner
ring which is tuned to produce the region specific
response. The outer band is connected posteriorly to
the spine box and anteriorly to a flexible plastic
sternum. The inner band is connected to the outer
band at the most lateral point of the rib. The pelvis
consists of a two-piece hard plastic skeleton
surrounded by a single molded flesh. The skeleton
design was based on the Reynolds’ pelvis anatomy
data while the exterior dimensions used the
Anthropometry for Motor Vehicle Occupants
(AMVO) shape.

Depending on the seating condition, part of the
anterior portion of the 2" abdominal rib (lowest rib)
rests behind the posterior wall of the anterior pelvis
skin. As the angle between the spine and pelvis
decreases (flexion), the contact between the rib and
pelvis increases. In tests conducted by Transport
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Research Labs (TRL) it was discovered that certain
seating positions placed the 2™ abdominal rib on top
of or in front of the anterior pelvis flesh [3]. The pre-
test misalignment of the rib was difficult to detect as
the jacket covered the pelvis and torso. One way to
minimize rib contact with the pelvis is to remove
material from the posterior side of the anterior pelvis
to allow more clearance. It is not known how
removal of material may change the WorldSID’s
response and raises the issue of the anterior pelvis’s
effect on abdomen deflection. The present study was
conducted to determine the influence of the flesh in
constraining the abdomen rib kinetics.

METHODS

A WorldSID 50™ percentile male dummy was placed
on Teflon coated bench seat fixed to the top of an
acceleration sled (Seattle Safety Systems, Seattle,
WA). A uni-axial accelerometer measured sled
acceleration. All data were sampled at 20 kHz
according to SAE J211 [4]. The seat was positioned
so that the occupant slid along the bench and
impacted a pure lateral modular load-wall (Figure 1)
at the time of maximum sled velocity [2, 5, 6]. The
load-wall consisted of four rigid plates that were
aligned to isolate loading to the thorax, abdomen,
pelvis, and lower extremities. The abdomen plate
was offset laterally from the thorax, pelvis, and lower
limb plates by 50 mm to induce focal loads to the
abdomen ribs. Tri-axial load cells mounted to the
back of the rigid plates recorded the force time
histories of the thorax, abdomen, and pelvis, while
uni-axial load cells were used for the lower extremity
plate.

———————T
N

M Pelvis plate

Lower limb plate

Figure 1: Schematic of the sled test setup showing
the segmented load-wall. The bench seat and the
lower limb plate are also shown.

The seat and seat back angle were independently
adjusted and set to achieve two different
pelvis/abdomen rib alignments. The upright seat
position had a seat back and seat pan angle of 18 and
13 degrees, respectively (Figure 2) while the reclined
seat configuration was 23 and 0 degrees (Figure 3).

The jacket, left shoulder, and left rib pad were
removed to better isolate and visualize the abdomen
ribs and the interaction with the anterior pelvis. Rib
displacement was measured using WorldSID’s
internal deflection sensor, the InfraRed Telescoping
Rod for Assessment of Chest Compression
(IRTRACC) [7]. A standard pelvis was used for the
first test series. The second series used a modified
pelvis in which material was removed from the
posterior section of the anterior pelvis skin extending
from the left to the right anterior superior iliac spine.
The anterior most surface of the pelvis was not
altered (Figure 4). The upright configuration placed
the 2™ abdominal rib directly in contact with the
anterior portion of the standard pelvis while the
reclined position had approximately 15 mm of
clearance between the rib and posterior surface of the
anterior standard pelvis.

Figure 2: Photograph showing the WorldSID
50th device in the upright seated condition.
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Figure 3: Photograph showing the WorldSID
50th device in the reclined seated position.

Figure 4: Photograph of the modification to the
posterior portion of anterior pelvis flesh

Three repeat tests were run at 3, 4, and 5 m/s in the
upright and reclined seating positions with the
standard and modified pelvis for a total of 36 tests.
Four high speed video cameras recorded the event at
1000 frames/sec from the front and overhead.

RESULTS

Sled accelerations for 3, 4, and 5 m/s are shown
(Figure 5). Mean and standard deviations for the
three pulses were 2.96 + 0.07 m/s, 3.99 £ 0.05, and
5.01 + 0.05. Peak abdominal rib 2 deflections and
peak abdomen load-wall forces for all tests are shown
(Table 1-Table 4). Average peak deflections and
standard deviations for the standard pelvis in the
upright position at 3, 4, and 5 m/s were 25.6 + 0.7
mm, 37.1 £ 0.5 mm, and 53.9 £ 1.2 mm, respectively.

20—

—3mfs
—4mfs
—5mfs

15}

-20 0 20 40 60 80 100 120 140
Time (ms)

Figure 5: Sled acceleration pulses for the three
velocities.

Deflections for the modified pelvis in upright
position were 28.4 £ 0.6 mm, 40.1 + 0.6 mm, and
51.8 £0.4 mm; standard pelvis in reclined position
31.8 £ 0.4 mm, 44.4 + 0.9 mm, and 56.6 £ 0.8 mm;
and modified pelvis in reclined position 32.1 £+ 0.3
mm, 44.8 + 0.4 mm, and 56.3 + 0.7 mm, respectively.
Average peak deflections and standard deviations are
compared (Figures 6-9).

Table 1: Peak rib 2 deflection and peak abdomen
force — Standard Upright Tests

Test | Velocity Pelvis Seat Condition fakinetiectof] lsakiorce
mm N
1 3 Standard Upright 26.0 2394.0
2 3 Standard Upright 24.9 2312.9
3 3 Standard Upright 26.0 2268.5
4 4 Standard Upright 37.5 2848.9
5 4 Standard Upright 36.5 2717.8
6 4 Standard Upright 37.4 2778.3
7 5 Standard Upright 52.5 3394.6
8 5 Standard Upright 54.2 3280.9
9 5 Standard Upright 54.9 3292.2

Table 2: Peak rib 2 deflection and peak abdomen
force - Modified Upright Tests

Test | Velocity Pelvis Seat Condition ReakDefection] [Reakforce
mm N
10 3 Modified Upright 27.7 2211.1
11 3 Modified Upright 28.7 2187.4
12 3 Modified Upright 28.6 2191.5
13 4 Modified Upright 40.7 2743.6
14 4 Modified Upright 40.2 2799.5
15 4 Modified Upright 39.4 2848.6
16 5 Modified Upright 51.8 3336.7
17 5 Modified Upright 52.2 3461.7
18 5 Modified Upright 51.4 3169.1
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Table 3: Peak rib 2 deflection and peak abdomen
force - Standard Reclined Tests

TestID | Velocity Pelvis Seat Condition Re=KDefecion Rsakiene
mm N
19 3 Standard Reclined 314 2192.6
20 3 Standard Reclined 322 2152.2
21 3 Standard Reclined 31.8 2119.1
22 4 Standard Reclined 44.5 2713.4
23 4 Standard Reclined 43.4 2716.9
24 4 Standard Reclined 45.3 2711.9
25 5 Standard Reclined 56.5 3287.6
26 5 Standard Reclined 55.8 3303.7
27 5 Standard Reclined 57.4 3258.5

Table 4: Peak rib 2 deflection and peak abdomen

force - Modified Reclined Tests

TestID | Velocity Pelvis Seat Condition EeaKDEiEtion ({EE S ioIce
mm N

28 3 Modified Reclined 32.4 2163.4
29 3 Modified Reclined 31.9 2169.2
30 3 Modified Reclined 32.0 2165.5
31 4 Modified Reclined 45.1 2663.2
32 4 Modified Reclined 45.0 2687.4
33 4 Modified Reclined 44.4 2655.5
34 5 Modified Reclined 55.6 3339.1
35 5 Modified Reclined 56.3 3343.9
36 5 Modified Reclined 57.0 3386.6

Force-deflection curves are shown (Figures 10-15).

Briefly, average peak deflection increased for all

configurations with increasing velocity. The reclined
seated position had similar values and curve
morphologies for average peak displacements and
force deflection functions at all velocities for the
standard and modified pelvis. In the upright seated
condition comparing the standard and modified
pelvises, average peak deflections were lower at 3
and 4 m/s and slightly higher at 5 m/s. Force
deflection responses were slightly stiffer at the lower

velocities and similar at 5 m/s.
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Figure 7: Average peak deflections and standard
deviations for the reclined seat.
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Figure 8: Average peak deflections and standard
deviations for the modified pelvis.
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Figure 9: Average peak deflections and standard
deviations for the standard pelvis.

Humm, 4



4500 -

— Standard
4000 | — Modified |
3500~
3000

~ 2500+

Z

3 2000~

1500

For

1000~
500+
0

%o 0

Figure 10: Force-deflection curves at 3 m/s for the

upright seat.
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Figure 11: Force-deflection curves at 4 m/s for the

upright seat.
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Figure 12: Force-deflection curves at S m/s for the

upright seat.
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Figure 13: Force-deflection curves at 3 m/s for the

reclined seat.
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Figure 14: Force-deflection curves at 4 m/s for the

reclined seat.
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Figure 15: Force-deflection curves at S m/s for the
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DISCUSSION

A report by TRL discussed tests with the WorldSID
50™ device in which it was possible to accidentally
position the dummy such that (a) abdomen rib 2
rested on top of the flat upper face of the anterior
pelvis flesh or (b) the anterior pelvis flesh was
pushed behind/tucked under the lower abdomen rib
[3]. The authors of the report further examined this
problem using a WorldSID 5" device equipped with
a 2d IRTRACC and ran a series of sled tests at 5 m/s
with an impacting abdomen plate. The dummy was
tested in three conditions:

1. Normal seating position with standard pelvis.
Anterior pelvis flesh pushed behind Abdomen
rib 2 with standard pelvis.

3.  Normal seating position with modified pelvis
flesh.

The pelvis was modified using a procedure similar to
the current study. Slightly higher rib deflections and
less rib rotation were seen with the misaligned rib
position compared to the normal seating position.
The modified pelvis had a similar trend with more rib
rotation and higher deflections than the normally
seated standard pelvis. TRL concluded that it is very
difficult to force the abdomen rib on top of the pelvis
during normal use and proper orientation and position
of the rib is easy to verify with a quick visual check.
While pelvis modification was probably not needed
to prevent rib misalignment, they concluded that the
standard pelvis flesh did limit abdomen rib 2
deflections.

Results from the TRL tests are difficult to compare to
the current study as the WorldSID 5™ device has been
shown to have a stiffer rib response than the
WorldSID 50" device. For similar force inputs, the
overall rib contour shape and deflection may be
different between the two dummies. The relative
shape of the rib may affect the contact area and
location with the posterior wall of the anterior pelvis
and the extent to which it influences rib deflection.

TRL also tested the dummy with the arm, rib pad,
and jacket, whereas these components were removed
in the current study. The rib pad and jacket may have
modulated some of the initial deflection of the rib,
which could have changed the timing of the
interaction with the pelvis flesh.

In addition, TRL used a 2d IRTRACC which
incorporates rib rotation to calculate rib deflection.
The 1d IRTRACC does not measure rib rotation and
tests have shown it to be insensitive to certain loading

conditions [8, 9]. Also, the TRL tests used a single
plate positioned to impact the abdomen on the load-
wall. It is not known how this single plate
configuration compares with the offset modular load-
wall. In the current study, the thorax and pelvis plates
eventually accept the load of the dummy after initial
abdomen compression. This load sharing with the
other plates limited the overall abdomen rib
compression.

Finally, TRL used a single, slightly different, seat
configuration where the relative angle between the
seat back and seat bottom was 90 degrees. In the
current study, the reclined seat configuration relative
angle was 113 degrees and the upright was 95
degrees which corresponded to a difference of about
18 degrees between the two seat positions. The seat
back and seat bottom angles for the current study
were selected as a range of likely seating positions in
motor vehicles and probably had more clearance in
the reclined position and more interference in the
upright position than what are seen in most full scale
vehicle crash tests. The TRL tests had 5 more degrees
of relative forward lean than the upright seated
condition. As shown in Figures 8 and 9, the current
study demonstrated significant differences in rib
deflections for the standard and modified pelvis
based on seating position. Based on this result, there
may be enough of a difference in occupant position
between the two studies to produce differences in rib
deflections.

The reclined seat position showed no statistical
difference (p<0.05) in peak deflections between the
standard and modified pelvis and the force deflection
functions were very similar for the two pelvises at all
velocities. As the lateral most point of the rib gets
pushed inward the plastic sternum rib mount and the
anterior portion of the rib gets pushed outward
(Figure 16). With the modified pelvis, there is very
little or no contact of the rib with the pelvis as it
bulges outward. The standard pelvis shows some
contact with sternum, but little with the rib. Results
of the reclined test suggest that the pelvis does not
contain the anterior portion of the rib and has little
influence on the rib deflection.

The upright seat position demonstrated statistically
(p<0.05) greater deflections for the modified pelvis at
3 and 4 m/s and no statistical difference (p>0.05) at 5
m/s. The force deflections functions at 3 and 4 m/s
showed a stiffer response with the standard pelvis.
With the standard pelvis, the entire anterior portion of
the rib is placed in contact with the pelvis, while the
modified pelvis has slight gap anterio-laterally
increasing up to about 10 mm at the sternum. The
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standard pelvis may have restricted the outward
bulging of the sternum rib mount more than the
modified pelvis yielding different rib contour
profiles. The 1d IRTRACC single axis of deflection
measurement may have been insensitive to the
different rib shapes at 5 m/s.

Figure 16: Overhead photograph of WorldSID
50th during impact showing the anterior bulging
of the abdomen ribs.

Results of the current investigation suggest that
modification to the anterior pelvis flesh may not be
the best solution to prevent misalignment of the 2™
abdomen rib. While the pelvis flesh influenced the
average peak deflection of the rib at lower velocities
in the wupright configuration, this effect was
insignificant at the highest velocity. Because higher
velocities are more representative of real world
scenarios wherein the intruding door and side airbag
interact with the occupant’s torso, the modification of
the pelvis may not be necessary. This is further
reinforced by the observation that the force deflection
curves derived at 5 m/s were very similar for the
modified and standard pelvis. Thinning out the pelvis
wall may have consequences to regional biofidelity
of the pelvis and the overall biofidelity of the
dummy. If the pelvis is modified to allow more
abdomen deflection, it may reduce deflections in the
superior ribs. A more practical solution would be to
add a visual/physical check of the abdomen ribs prior
to testing. From these perspectives modification of
the pelvis should be considered only if rib
misalignment becomes an issue in full-scale vehicle
crash tests.
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