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Quantitative Evaluation of THOR, World SID and Hybrid Ill under Far-Side Impacts: A Finite Element
Study
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Abstract: The occupant kinematics under far-side impact is of prime interest to researchers, as there are no
Federal Motor Vehicle Safety Standards for this impact scenario. Traditionally, post-mortem human surrogates
and anthropometric test devices (ATDs) are used in various impact scenarios, to understand the occupant
kinematics and injury mechanisms. The advantages of using ATDs are their cost-effectiveness, repeatability with
lesser setup time compared to PMHS, and calibrated internal instrumentation. Currently available ATDs are
primarily designed for frontal, near side or rear impact scenarios. This study aims to identify an ATD that exhibits
the most biofidelic response, under far-side impact scenario, due to the lack of an ATD designed for this impact
mode. The finite element models of THOR, World SID and Hybrid Il were used for the study. Each ATD was
validated under two far-side impact conditions using experimental data. The validated ATD FE models were used
to perform match pair simulations, and the responses were compared with PMHS experimental responses,
under 90 deg and 60 deg far-side impacts. The comparisons were made based on head, T1, T12 and sacrum
excursions, anatomical regional accelerations, rigid panel and seatbelt forces. The correlation between the
experimental and simulation data was quantified using correlation analysis (CORA). The biofidelity of the ATDs
was determined using average CORA value for all responses. The most biofidelic ATD can be used to develop
counter measures for far-side crashes.

Keywords Anthropometric test device, far-side impacts, finite element modeling.

I. INTRODUCTION

Automotive vehicle occupants are susceptible to higher injury severity in side impacts compared to frontal
impacts [1]. Accident database analysis of 1400 cases from National Automotive Sampling System (NASS), Crash
Injury Research and Engineering Network (CIREN) and Australian National Crash In-depth Study (ANCIS)
databases showed that far-side accidents contribute 21% to the total accidents including 38% frontal, 37.2%
near-side and 3.8% rear accidents [2]. In another study, analysis of NASS/CDS accident data from 1993 to 2002
showed that far-side accidents resulted in AIS 3+ injuries to occupants in more than 40% of the cases [3].
Despite its higher prevalence, the injury mechanics of the occupants in far-side impacts are yet not fully
understood. Efforts have been made to study occupant kinematics and injury mechanism using post mortem
human surrogates (PMHS) [1], [4], human body finite element models [5] and anthropometric test devices
(ATDs) [6][7]. From an economic and instrumentation stand point, ATDs prove to be plausible surrogates as
compared to PMHS. Pintar et al. [1] tested the World SID and THOR-NT ATDs in a series of configurations under
far-side impact, in 90 deg and 60 deg orientations and compared with PMHS responses. In the study, to evaluate
ATD biofidelity, PMHS were subjected to multiple impacts, which might risk progressive response deterioration.
The biofidelity assessments of the ATDs were performed based on a single PMHS response test. Furthermore,
the study did not provide a quantitative measure for biofidelity of the ATDs, instead, peaks were compared
However, to be used as surrogates for designing countermeasures under far-side, modifications were suggested
for both the ATDs.

In another study, a human volunteer, Hybrid lll physical ATD, Hybrid Ill ATD with a modified flexible spine and
a 50 percentile male TNO Facet Finite Element Model were used to inspect factors influencing occupant to
seatbelt interaction in far-side crashes [6]. The Hybrid Il and volunteers were tested for a very low acceleration
of 1G due to ethical reasons. Both the Hybrid Ill ATDs were inefficient to reproduce seatbelt retention as in the
human volunteer. The validation of the TNO finite element human body model indicated limited biofidelity
compared to PMHS and World SID [1]. Also, only peak shoulder belt forces were compared to validate the
kinetic response, which may be influenced by seatbelt-torso friction. As the Hybrid Il and TNO human FE model
did not correlate with PMHS responses, the engagement of the seatbelt might not have been realistic. In a study
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[8] to evaluate a suitable ATD in far-side impacts, full vehicle and MDB crash and sled tests were performed
using BioSid, EuroSid and World SID prototype under ECE test procedure at a speed of 65km/h. The study lacked
a quantitative comparison of the ATD and PMHS responses. However, for World SID and Bio SID ATDs, changes
in lumbar spine were suggested to improve biofidelity under far-side impacts. The WORLD SID biofidelity
assessment documentation [9] also suggests that WORLD SID is suitable for near side impacts as compared to
Bio SID, Euro SID 1, Euro SID 2 and USDOT-SID.

The Hybrid Il ATD is also commonly used as a pedestrian, in military and medical applications, and sport
equipment design[10][11]. Considering the wide range of applications and high frequency of usage, the Hybrid
[l ATD was used for this study. Test device for Human Occupant Restraint (THOR) is another relatively recent
ATD, and both the physical THOR ATD and THOR ATD FE model are considered to be more biofidelic as
compared to other ATDs due to the flexible spine and realistic shoulder construction [12][13]. Worldwide
harmonized Side Impact Dummy (World SID) is considered to be most biofidelic among the side impact ATDs in
near-side impact scenarios[9]. Thus, this study aims to quantify the most biofidelic ATD under far-side impact
scenario, out of these most commonly used and most biofidelic ATDs in different impact scenarios.

Till date, there are no ATDs specifically designed to be biofidelic in far-side impact scenario. Thus, the current
study aims a quantitative biofidelity evaluation of the three ATDs: Hybrid Ill, THOR and World SID, in this impact
scenario, using finite element modeling. The ATD FE models were first validated with the responses of
respective physical ATDs, to access the suitability of the FE models as a surrogate to the physical ATDs. Then the
responses of the ATD models were compared to the PMHS responses using matched pair simulations to
determine the most biofidelic ATD under far-side. The biofidelity of the FE ATDs was quantified using correlation
and analysis (CORA), and the most biofidelic ATD was determine using average correlation. Responses from the
most biofidelic ATD can be used to develop counter measures for far-side crashes.

Il. METHODS

The finite element models of THOR V1.4 (Humanetics Innovative solutions, Plymouth, Michigan, USA), World
SID V0.5 ALPHA and Hybrid Ill Version: LSTC.NCAC_130528 BETA (Livermore Software Technology Corporation,
Livermore, California USA) were used for the study. The methodology of the study consisted of, validation of
each ATD under far-side impact, and then comparing the response of each ATD with the PMHS response. The
ATD models were validated using far-side sled experiments for respective physical ATDs, to access the usability
of the models as a surrogate to physical models. The tests reported by Pintar et al. [1] were used to validate the
THOR and WORLD SID FE ATDs. Far-side sled experiments were carried out in-house to validate the Hybrid Ill FE
ATD.

The validated ATD FE models were simulated under similar conditions as of the PMHS reported by Pintar et
al. [1], and the responses were compared. The methods are presented below for validation of ATDs
(experimentation and simulation) and the comparison of ATD responses with PMHS responses.

Validation of ATDs:

Experiments for validation of THOR & WSID: The sled experiments for THOR and World SID by Pintar et al. [1]
were used for validation of the ATD models. The rigid buck sled setup shown in Fig 1, was used to simulate the
response of ATDs under pure lateral (90 deg) and oblique (60 deg) impact orientation. A far-side buck was
mounted on the sled and the buck assembly included a standard configuration - center console and a three-
point seat belt restraint system. The center console was composed of a vertical pelvis plate, vertical leg plate,
and a horizontal console plate. The pelvis and leg plates were designed to engage the respective anatomical
regions of the ATD. The ATDs were seated in the rigid sled in the driving posture with arms loosely placed on a
rigid bar in the same way as described in Pintar et al. [1]. A low elongation webbing seatbelt was used to
restrain the ATD occupants. A dynamic pretensioner and retractor mechanism was not used for the tests,
however, to reproduce the effect of a pretensioner the ATDs were tightened manually by pulling the shoulder
seatbelt 10 cm prior to the tests. The same buck was used in both the lateral, and oblique impact scenarios by
changing the orientation of the entire buck assembly. Data were collected at 20.0 kHz as per SAEJ211. A VICON
motion tracking system (1000 fps) was used to quantify the 3D kinematics of the ATD head using retro-reflective
markers. The tests were repeated two to three times for both impact scenarios.
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Fig 1. Experimental setup (THOR & WSID) Fig 2. Pr-test experimetal setup (Hybrid 1)

Experiments for Validation of Hybrid Ill: The experimental setup used to perform Hybrid Il sled tests consisted
of a rigid seat, B pillar, modular simulated door, center console, front dash secured to the sled carriage as shown
in Fig 2. The tests were carried out in oblique orientations (45 deg) with two positions of the far-side modular
door. The modular door was comprised of four vertical panels, mounted with load cells. The load cells were
connected to 1-inch aluminum plates lined with Ethafoam 220, to secure the ATD instrumentation from a rigid
impact. The 50th percentile Hybrid Il ATD was seated on a rigid seat as a far-side occupant, with hands loosely
placed on a rigid bar. A three-point seatbelt for a 2007 Toyota Yaris vehicle with a pretensioner and load limiter
was used to restrain the ATD, and load cells were attached at the shoulder and lap portions of the webbing. The
seatbelt system pretensioner fired at 10 ms. The modular simulated door was placed 425mm and 820 mm away
from occupant seat center, for the two cases. In the case with modular door 425mm away the center console
was removed from the setup, whereas in the case with modular door 820mm away the center console was
maintained with loadcells to measure pelvis load. The experimental setup and the distance of the modular door
mimicked constraints in a vehicle model. Impact direction was input from the ATD’s right side. Data were
collected at 20.0 kHz as per SAEJ211. Both the cases were repeated twice for repeatability. A VICON motion
tracking system (1000 fps) was used to quantify the 3D kinematics of the ATD head, thorax and pelvis using
retro-reflective markers. The test results were used to validate the finite element model of the Hybrid Il ATD.

Simulation setup for validation of THOR & WSID: The finite element simulation setup was developed similar to
experiments with rigid seat, B-pillar, rigid panels etc., using various element types, and appropriate materials.
The simulation setups for THOR and WORLD SID ATDs are shown in Fig 3 and Fig 4 respectively. The sled
platform and components were not explicitly modeled in the simulation, and, the constraints associated with
the sled system were mathematically implemented using constraints. The rigid seat was constructed using shell
elements and assigned steel material properties. Rigid shell elements were used to construct buckles and B-
pillar that were used to anchor the seatbelt. A generic low-elongation three-point seatbelt system was used to
restrain the occupant. To simulate the tightening a simulation was performed to pull the seatbelt 10 cm in the
negative x-direction for both the ATDs. The deformed model was exported, and the free-end of the seatbelt was
attached to the B-pillar using tie constraint. Each load plate was constructed using two parts — a rigid plate, and
paper honeycomb. The plates on the load walls were made using shell elements and the paper honeycombs
were constructed using solid elements. The honeycomb elements were assigned material properties
corresponding to 208 kPa paper honeycomb. The thickness of the paper honeycomb was assigned 25 mm as
observed in the experiments. Separate surface-to-surface contact interaction definitions were assigned between
load plates and ATD body regions. The entire buck model was given an initial velocity of 8.3 m/s using
*INITIAL_VELOCITY keyword. The deceleration pulse (Fig 5) from the experiments were directly applied to the
seat using the *BOUNDARY_PRESCRIBED_MOTION LS-DYNA keyword. Two orientations, lateral and oblique
were simulated as in the experiments. Responses such as regional accelerations and forces from leg and pelvis
plates were compared using correlation and analyses (CORA), to quantify the goodness-of-fit between
simulation and experimental responses.
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Simulation setup for validation of Hybrid IlI: Similar to THOR and WSID, the finite element simulation setup for
Hybrid 1l was developed using various element types, appropriate materials and constraints (Fig 6). A generic
low-elongation three-point seatbelt with pretensioner and retractor was used to restrain the Hybrid Il
occupant. The pretensioner and retractor limiting loads were set as 1.25kN and 3.5kN. The front dash and
center console was developed with rigid shell elements and were covered with solid honey comb padding. The
modular door was modeled as in experiments with four panels connected to a rigid modular structure. The
panels were mounted with load cells, and half inch-thick aluminum plate which was covered with solid
Ethafoam 220 material elements. The modular door was moved 425mm and 820mm away from the center of
the driver seat for the two cases. The entire buck model was given a deceleration pulse shown in Fig 7, using the
*BOUNDARY_PRESCRIBED_MOTION LS-DYNA keyword. Responses such as head accelerations and forces from
side wall or pelvis plates and seatbelt retractor forces were compared using correlation and analyses (CORA).
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Fig 6. Simulation setup (Hybrid Il1) Fig 7. Acceleration pulse used in the head and abdomen

injury cases

Comparison of ATD Responses with PMHS:

Experiments: The three validated ATDs were simulated under similar boundary conditions as the PMHS
experiments [1]. In the study, five PMHS were tested under far-side (three lateral, and two oblique loading)
using a sled system (Age: 7917 years; height: 1.8+0.1 m; weight: 7517 kg). The buck assembly was the same as
that of the THOR and WSID explained before (Fig 1), which was mounted on the sled and the buck assembly
included a standard configuration - center console and a three-point belt system. The center console was
composed of a pelvis, leg, console plates, instrumented with tri-axial load cells. The PMHS were restrained using
a standard three-point seatbelt system, without pre-tensioner and retractor. The arms of the PMHS were placed
on a rigid bar and loosely taped using a paper masking tape to maintain the driving posture. However, prior to
the experiments, the PMHS were tightened until a belt pull length of 10 cm was achieved, to simulate a pre-
tensioner. A VICON motion tracking system (1000 fps) was used to quantify the 3D kinematics of the PMHS
using retro-reflective markers. The markers were screwed into the bones at the head, T1, T12, and pelvis. The
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PMHS were instrumented with tri-axial accelerometers at T1 and T12. The head CG accelerations were derived
using a pyramid nine accelerometer package (PNAP)[14][15]. The same buck was used in both the lateral, and
oblique impact scenarios by changing the orientation of the entire buck assembly. The experimental data were
normalized using equal the stress equal velocity method to represent a 50" percentile male [16].

FE Simulations: The finite element simulation setup was developed for World SID and THOR ATD validation was
used. The experimental setup for PMHS and simulation setup for THOR, World SID and Hybrid Il ATDs are
shown in Fig 8. The sled platform and component constraints were mathematically implemented. The rigid seat,
backrest, and seatbelt buckles were constructed using rigid shell elements. A generic low-elongation three-point
seatbelt system was used to restrain the ATD occupant. To simulate the tightening as in PMHS experiments a
simulation was performed for each ATD, to pull the seatbelt 10 cm in the negative x-direction using a predefined
displacement. The deformed model was exported, and the free-end of the seatbelt was attached to the B-pillar
using tie constraint. Each load plate was constructed using two parts — a rigid plate, and paper honeycomb as
mentioned previously. Separate surface-to-surface contact interaction definitions were assigned between load
plates and ATD body regions.

The ATD models were placed very close to the top of the seat and were settled on the seat using the
acceleration due to gravity. The contact force between ATDs and the seat model was monitored to confirm the
absence of transience. The deformed geometry was then exported for restraint attachment. To incorporate pre-
tensioning, the seatbelt was pulled 10 cm in the negative x-direction using a predefined displacement. The
deformed ATD models were exported and the free-end of the seatbelt was attached to the B-pillar using tie
constraint. The friction between the seatbelt and the ATDs for every simulation was considered as 0.4 [17].

The entire buck model was given an initial velocity using *INITIAL_VELOCITY keyword and the deceleration
pulse from the experiments was applied to the seat using the *BOUNDARY_PRESCRIBED_MOTION LS-DYNA
keyword. Two orientations, lateral and oblique were simulated as in the experiments. Responses such as
regional accelerations and forces from leg and pelvis plates were compared using correlation and analyses
(CORA), to quantify the goodness-of-fit between simulation and experimental responses.

PMHS THOR World SID Hybrid 111
Fig 8. The simulations setup of ATDs developed as PMHS experiments

ll. RESULTS

The results for validation of each ATD and the comparison of responses of the ATDs with PMHS are presented
below:

Results for Validation of ATDs:

THOR: Each THOR validation simulation took approximately five hours to solve on a high-performance
computing cluster. The head excursion, regional accelerations, seatbelt forces and rigid panel forces were
obtained and compared with the physical ATD experimental data. The head excursion with respect to the rigid
seat is shown in Fig 9(a) and Fig 9(b) for the lateral and oblique impacts. The Y displacement signifies excursion
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in lateral direction, whereas, Z displacement signifies excursion in axial direction. The grey curves are for the
physical ATD from experiments and the green curves are for the FE model of the ATD. The head excursion for
the THOR FE model was comparatively less in lateral as well as axial direction than the physical ATD in both the
impact scenarios. This might be due to slight difference in the lesser seatbelt tightening, or difference in seatbelt
friction due to the cloth material, for the physical ATD. However, the excursion pattern of the ATD FE model was
in line with the physical.
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The comparison of resultant head, T1, T12 and sacrum accelerations between physical and FE THOR ATD
model is shown in Appendix 1 (a) and Appendix 1 (b) for the lateral and oblique impacts, respectively. The head
acceleration for the ATD FE Model was comparable to the physical ATD in 90 deg impact scenario however, for
oblique impact, the head acceleration was on the lower side for the FE model. The second peak in the head
acceleration for 90 deg impact was higher and resulted as the head impacted the shoulder. Correlation and
analyses (CORA) was used to quantify the goodness-of-fit between the physical and FE ATD model responses.
CORA values measured for head acceleration were 0.88 and 0.81, for lateral and oblique impact scenarios
respectively. Similarly, the CORA values for T1, T12 and sacrum acceleration were measured as 0.68,0.69,0.69
and 0.74,0.76,0.80 for lateral and oblique impacts respectively. The forces measured from seatbelt (shoulder
and lap belt), leg, pelvis and console load panels are also shown in Appendix 1 (a) and Appendix 1 (b) for lateral
and oblique impacts respectively. The force measurements for the physical ATD and the ATD FE model indicated
good correlation. The CORA values for the shoulder belt, lap belt, leg, pelvis and console panel forces were
measured as 0.76, 0.83, 0.70, 0.66, 0.53 and 0.74, 0.59, 0.62, 0.67, 0.75 for lateral and oblique impacts
respectively. The average CORA for the two orientations (90 deg and 60 deg) was calculated as 0.71 and 0.72
respectively and is plotted in Fig 9(c).

World SID: Each WSID validation simulation took approximately three hours to solve on a high-performance
computing cluster. The head excursion with respect to the rigid seat is shown in Fig 10 (a) and Fig 10 (b) for the
lateral and oblique impacts. The Y displacement signifies excursion in lateral direction, whereas, Z displacement
signifies excursion in the axial direction. The grey curves show the response of the physical ATD from
experiments and the pink curves are for the ATD FE model. The lateral head excursion for the World SID FE
model was lower for 90 deg impact scenario, whereas it was slightly higher for the 60 deg impact scenario as
compared to the physical ATD. The axial excursion of the ATD FE model was comparable for both 90 deg and 60
deg impact scenarios.
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The comparison of resultant head, T1, T12 and sacrum accelerations between physical and FE World SID ATD
is shown in Appendix 2 (a) and Appendix 2 (b) for the lateral and oblique impacts, respectively. The head
acceleration for lateral impact was comparable to the physical ATD and, for oblique impact head acceleration
was within the experimental corridor. The CORA values measured for head acceleration were 0.87 and 0.83 for
lateral and oblique orientation cases respectively. Similarly, the CORA values for T1, T12 and sacrum
acceleration were measured as 0.61, 0.60 ,0.5 and 0.61, 0.56 ,0.5 for lateral and oblique impacts respectively.
The forces measured from seatbelt (shoulder and lap belt), leg, pelvis and console load panels are also shown in
Appendix 2 (a) and Appendix 2 (b) for lateral and oblique impacts respectively. The CORA values for the shoulder
belt, lap belt, leg, pelvis and console panel forces were measured as 0.92, 0.76, 0.82, 0.70, 0.42 and 0.82, 0.82,
0.66 0.70, 0.64 for lateral and oblique impacts respectively. The average CORA for the two orientations (90 deg
and 60 deg) was calculated as 0.69 and 0.68 respectively and is plotted in Fig 10(c).

Hybrid Ill: Each simulation for Hybrid Il validation took approximately six hours to solve on a high-performance
computing cluster. The excursion of the head CG, T1, T6, and sacrum with respect to the seat is shown in Fig
11(a) and Fig 11(b) for the two modular door (MD) position cases: 425mm and 820mm from center of the driver
seat respectively. The grey curves show the response of the physical ATD and the blue curves show the response
of the ATD FE model. The Y displacement signifies excursion in lateral direction, whereas, X displacement
signifies excursion in the frontal direction. For the door 425mm away case, the head and sacrum excursions of
the ATD FE model were comparable to physical ATD response, whereas the T1 and T6 excursion were less in the
lateral direction. For the door 820mm away case, the FE ATD model showed less frontal excursion, whereas the
lateral excursion was comparable to the physical ATD.

The comparison of head accelerations, seatbelt forces and reaction forces with the modular door / pelvis
plate between physical and FE Hybrid Il ATD are shown in Appendix 3 (a) and Appendix 3 (b) for the two cases.
The head acceleration from simulations for the first case was comparable to experiments, whereas the head
acceleration for the second case was a bit delayed and oscillating. The CORA values measured for head
acceleration for the two cases were 0.75 and 0.57 respectively. Similarly, the CORA values for retractor force
and modular wall / pelvis plate were measured as 0.81, 0.76 and 0.76, 0.75 for the two cases respectively. The
average CORA for the two modular door positions cases was calculated as 0.77 and 0.69 respectively and is
plotted in Fig 11(c).
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Results for ATD comparison with PMHS:

Each simulation took approximately three to six hours to solve on a high-performance computing cluster as
per the ATD. The visual representation of the comparison of the kinematics of the three ATDs with PMHS is
show in Fig 12(a). The THOR ATD was observed to best reproduce the kinematics of the PMHS. The head, T1,
T12 and sacrum excursions of the three ATDs with respect to the rigid seat are compared with PMHS excursions
in Fig 12(b) and Fig 12(c) for the lateral and oblique impacts. The Y displacement signifies excursion in lateral
direction, whereas, Z displacement signifies excursion in the axial direction. The grey curves are for the PMHS
tests from experiments and the green, pink and blue curves are for the THOR, World SID and Hybrid Il ATD FE
models, respectively. The head lateral excursions for the THOR and World SID FE models were comparable with
the PMHS, for both 90 deg and 60 deg impact scenarios. The excursion at T1 vertebra was comparable to the
PMHS for 90 deg impact scenario, whereas was less for 60 deg impact scenarios, for all ATDs. Hybrid Ill showed
less head and T1 excursions for both 90 deg and 60 deg impact scenarios. The PMHS T1 excursion showed
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higher variation, which could be a result of anthropometric differences or age-related posture differences. The
T12 and sacrum excursions for all three ATDs were comparable to the PMHS for both impact scenarios.
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The resultant Head, T1 and T12 accelerations of the ATD FE models is compared to the PMHS in Fig 13(a) and
Fig 13(b) for the lateral and oblique impacts, respectively. The grey region represents the PMHS corridors,
whereas, the green, pink and blue curve represent respective ATD FE model responses. The head accelerations
for Hybrid Ill and World SID were comparable to the PMHS for the 90 deg impact scenario, whereas the THOR
head acceleration was greater. The head accelerations for THOR and World SID showed good correlation for 60
deg impact scenario, whereas for the Hybrid Il the head acceleration was lower. Similarly, good correlation was
observed for T1 and T12 accelerations for all three ATDs and with the PMHS. The CORA values for head, T1 and
T12 accelerations were 0.67, 0.65 and 0.73 for THOR, 0.81, 0.64 and 0.72 for World SID and 0.85, 0.63 and 0.62
for Hybrid Il for the 90 deg impact scenario. Whereas, the CORA values for head, T1 and T12 accelerations were
0.81, 0.66 and 0.74 for THOR, 0.82, 0.66 and 0.71 for World SID and 0.56, 0.54 and 0.54 for Hybrid Il for the 60
deg impact scenario.
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The forces measured from the seatbelt (shoulder and lap belt), leg, pelvis and console load panels for all the
ATDs are compared with PMHS in Fig 14(a) and Fig 14(b) for lateral and oblique impacts respectively. The lack of
enclosure for the Hybrid Ill ATD caused the seatbelt to get stuck in the shoulder cavity resulting in higher
seatbelt forces. The human like contours, rubber and foam paddings in the THOR shoulder created a human like
response, and the seatbelt engaged adequately with the ATD in both the impact scenarios. Whereas, the shape
of continuous shoulder of the World SID and only the upper arm resulted in gradual slipping of the seatbelt
resulting in lower seatbelt forces. The CORA values for the shoulder belt, lap belt, leg, pelvis and console panel
forces were measured as 0.60, 0.52, 0.55, 0.56 and 0.48 for THOR, 0.70, 0.48, 0.60, 0.62 and 0.58 for World SID,
and 0.63, 0.26, 0.52, 0.55 and 0.47 for Hybrid Ill, for the 90 deg impact scenario. Whereas, the CORA values for
the shoulder belt, lap belt, leg, pelvis and console panel forces were measured as 0.78, 0.64, 0.57, 0.73 and 0.56
for THOR, 0.72, 0.67, 0.57, 0.67 and 0.58 for World SID, and 0.68, 0.49, 0.61, 0.65 and 0.54 for Hybrid llI, for the
60 deg impact scenario.
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The overall CORA values indicating the biofidelity, for the three ATDs for 90 deg and 60 deg impact scenarios
are plotted in Fig 15(a) and average CORA of the two scenarios for the three ATDs is plotted in Fig 15(b). The
World SID ATD showed the highest correlation for 90 deg impact scenario, whereas for 60 deg impact scenario
the World SID and THOR had equally higher correlation. Overall, World SID demonstrated the highest average
correlation with the PMHS data closely followed by THOR. The Hybrid Ill ATD FE model showed least correlation
with the PMHS data. Thus, World SID and THOR can be considered to be equally biofidelic under far-side.

1.0+ ‘0.

e = :r!gbr:?sm 0.9 =3}::rﬂidsm

0.8 B THOR 0.8 —

- 0.68 0.68 1
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Fig 15(a). Average CORA the three ATDs for 90 deg and Fig 15 (b). Average CORA for the three ATDs
60 deg impact scenario

IV. DISCUSSION

The study aimed to evaluate the biofidelity and propose a suitable ATD for far-side impacts using finite
element analysis. The finite element models of THOR, World SID and Hybrid Ill were used for the study. Each
ATD was first validated, and then the responses were compared to the PMHS response under far-side impact
scenarios using matched pair simulations. Experimental response from respective physical ATDs were used for
the validation of the ATD FE models. THOR and World SID experimental data from the literature were used,
whereas for Hybrid Ill, two in-house sled test experimental data were used. The ATD head excursions, regional
accelerations, seat belt forces and rigid panel forces were compared.

The quantification of the biofidelity of the ATD FE models with the physical ATDs and the PMHS, was
performed using correlation and analysis (CORA). The CORA values indicate the goodness-of-fit between
simulation and experimental responses. The ratings in CORA range from 0 to 1, where 0 represents poor
correlation, and 1 represents perfect match. The CORA values are classified to determine the extent of
biofidelity of an ATD (ISO/TR 9790 standard): 1 to 0.86 - excellent, 0.86 to 0.65 - good, 0.65 to 0.44 - fair, 0.44 to
0.26 - marginal and 0.26 to 0 - unacceptable[18].

The average CORA values for validation of THOR, World SID and Hybrid Il were 0.72, 0.69 and 0.73
respectively. Thus, all the ATDs FE models showed good biofidelity to the respective physical ATDs and were fit
to be used as the surrogates for the study. This is the first time in the literature, that the three ATD FE models
have been validated with their respective physical counterpart under far-side impacts.

The biofidelity evaluation of the ATD FE models was performed by simulating them under far-side impact with
boundary conditions similar to PMHS experiments [1]. The response of the three ATDs was compared with
various response parameters of PMHS under 90 deg and 60 deg impact scenario. The visual kinematics of THOR
appeared to be in closest agreement with the PMHS. The lateral excursions for World SID and THOR were in
close agreement with the PMHS for the 90 deg impact, whereas, for the 60 deg impact the THOR lateral
excursions were marginally better than World SID excursion, based on head and T1 excursion patterns and
peaks. Suggesting that both World SID and THOR might be better for 90 deg impacts, and THOR might be
suitable for 60 deg impacts. Pintar et al. [1] also reported that World SID and THOR peak head excursions were
comparable to the PMHS. The Hybrid Il showed less lateral excursions for both impact scenarios. The shoulder
and forearm joint of the Hybrid Ill lacks an enclosure (Appendix 4). Thus, the seatbelt was trapped in the joint as
soon as it slipped off the shoulder. This locking of the seatbelt in the joint resulted in better retention of Hybrid
1, thus lesser excursions.
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The regional accelerations for the three ATDs were compared with the PMHS for the two impact scenarios.
The head acceleration of THOR for 90 deg impact was higher between 100 ms and 150 ms, as the head impacted
the shoulder. The head acceleration for Hybrid Il was low for 60 deg impact, which can be attributed to the
lesser excursion and stiffer neck of the Hybrid 111[11][18][19][21]. The Hybrid Ill neck is constructed with steel
plates and butyl rubber, with a steel cable running through the center. The construction restricts large rotations
of the neck [20]. Whereas, The THOR-50M neck assembly is made from a series of aluminum disks and
elliptically shaped rubber pucks which are molded together using an epoxy resin system, to provide the desired
frontal and lateral bending responses for the neck assembly [22]. The World SID neck is a molded rubber with
interface plates at the top and bottom, attached with fore-aft and lateral buffers. This assembly of neck rubber
and buffers provide realistic directional stiffness to neck in lateral direction [23]. In the 60 deg impact the head
swings over the right shoulder of the occupant. However, the restricted rotational motion in the Hybrid 1l ATD,
might have resulted in less head and T1 accelerations, combined with locking of the seatbelt in the shoulder
joint, for the 60 deg impacts. Head accelerations for World SID were comparable for both impact scenarios. T1
acceleration for 90 deg impacts and T12 acceleration for both 90 deg and 60 deg impacts agreed with the PMHS
for all three ATDs.

The force comparison shows that, Hybrid Ill ATD forces were out of phase and marginally on the higher side.
The lap-belt forces showed an increasing trend for the Hybrid Il in both the impact scenarios after 150 ms. The
locking of seatbelt in the shoulder joint caused rotation about the left shoulder away from the side panels. This
resulted in seatbelt stretch at the slipring, and thus higher lap belt forces for the Hybrid IIl ATD. Whereas, for 60-
deg impact the shoulder belt force peaked earlier for the Hybrid Ill ATD, which could be a result of a stiff
thorax[24]. The seatbelt forces for World SID were on the lower side as compared to the PMHS for both impact
scenarios. The seatbelt slipped out of the World SID shoulder, and the upper arm only construction was
inefficient to restrict the slipping, resulting in lower seatbelt forces. The world SID ATD is constructed only with
upper arms, instead of the complete limb. The complete limb construction helps for better retention, as the fore
arm swings to the principal direction of impact as observed for THOR in Fig 12 (a). The difference in seatbelt
forces can also be due to the difference in tightening of the seatbelt in the physical tests. The level of
pretensioning alters the kinematics of the occupants to a considerable extent [17]. The shoulder joint of THOR
includes realistic connections and articulation between clavicle, shoulder yoke, encapsulated in a shoulder
support and is lined with multiple layers of foam and rubber (Appendix 5). This human like shoulder of THOR
[25] engaged with the seatbelt throughout the event, resulting in good correlation with the PMHS.

The rigid panel forces were influenced by the overall kinematics of the ATDs and the interaction with the
seatbelt. The leg panel forces showed a mixed trend for all the three ATDs, whereas pelvis panel forces were
higher for Hybrid 1l and lower for World SID. The rotation of Hybrid Ill about the left shoulder due to locking of
seatbelt in the shoulder joint might have resulted in a sharp impact with the pelvis plate, thus higher pelvis
force. Whereas, gradual slipping of the World SID from the seatbelt might have resulted in lesser force
(Appendix 6). The console forces were high for World SID for 90 deg impact scenario, which was due to leaning
over the console panel after slipping from the restraint system. Whereas right hand impacting on the console
panel in 60 deg impact scenario might have resulted in higher forces for Hybrid IIl.

Based on the CORA values, for the 90 deg impact scenario the force response of World SID ATD showed good
correlation to the PMHS, and for the 60 deg impact scenario, force responses for both World SID and THOR
showed good correlation to the PMHS. Contrary to excursion comparison, the overall CORA values suggest that
WORLD SID is most biofidelic for 90 deg impact scenario with the highest CORA of 0.64, whereas for 60 deg
impact scenario both World SID and THOR were equally biofidelic with the same CORA scores of 0.68. The
average CORA of the two impact scenarios suggests that, both World SID and THOR were almost equally
biofidelic under the far-side impact scenario with the CORA scores of 0.66 and 0.64. Considering the CORA
classification for biofidelity, World SID and THOR showed good biofidelity, whereas Hybrid Ill showed average
biofidelity. Based on the overall response comparison Pintar et al. [1] concluded that World SID performed
better in 90 deg impact scenario and THOR-NT performed better in the 60 deg impact scenario, which is in line
with the observations of the current study.

In the literature, none of the available ATD FE models were evaluated under far-side impact scenarios to the
best of our knowledge. A few studies have tried to evaluate the physical ATDs under far-side. Fildes et al. [8]
studied suitability of side impact dummies in far-side. The World SID ATD was observed to offer improved
performance over other ATDs due to the thorax and abdomen construction. In the current study as well, World
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SID reproduced better thorax accelerations as compared to the other ATDs. World SID biofidelity is often
compared to other side impact ATDs, under nearside/oblique impact scenarios [26]-[30]. Sutterfileld et al. [28]
evaluated and compared biofidelity of the EuroSID-2 ATD with World SID and reported that the biofidelity of
EuroSID-2 ATD was considerably lower than that of World SID ATD. The abdominal loads for EuroSID-2 were well
below the injury reference value, whereas the World SID loads were realistic and above the injury reference
values. In a similar study, the Euros SID-2 and World SID ATDs were compared using PMHS sled impacts and,
two accident reconstruction cases [29]. Based on overall excursions, thoracic and abdominal rib deflections, the
World SID was reported to be more biofidelic compared to the EuroSID-2. In the current study, World SID
showed most comparable response to PMHS under the two far-side impact scenarios as compared to other
ATDs.

In the literature, Hybrid Ill and THOR physical ATDs were compared with the PMHS under frontal impact
scenario [25], [31]. Vezin et al.[25] compared Hybrid Il and Thor-a ATDs responses, with PMHS at 50km/h and
30km/h using frontal sled tests. The comparisons were based on seatbelt forces and regional body
accelerations. Though, the responses of both the ATDs were not identical to the PMHS, it was concluded that, in
majority, the Thor-a ATD had more similar responses to the PMHS than the Hybrid Ill. The human like behavior
of the chest and the thoracic spine of Thor-a ATD was attributed to the flexible joints in the thoracic spine.
Whereas, due to the rigid construction, Hybrid 1l did not mimic the flexibility of a human thoracic spine. Better
shoulder design of THOR-a ATD also exhibited better seatbelt force correlation to the PMHS as compared to
Hybrid IIl. Similar observations were reported for chest deflection, from the comparison of THOR and Hybrid Il
with PMHS in frontal impact at 40km/h [31]. The THOR ATD shoulder exhibited PMHS like sensitivity to seatbelt
position, thus a better response. Whereas, the Hybrid Ill motion was limited by the stiff shoulder, limiting the
range of motion and the chest deflection. In the current study as well, the human like shoulder and flexible
thoracic spine construction of THOR ATD resulted in excursions comparable to PMHS, better seatbelt
engagement and a good biofidelity correlation.

Thus, World SID, THOR and Hybrid Ill ATD FE models were used in this study to evaluate the biofidelity of the
ATDs under far-side impacts. The ATD FE model demonstrated good biofidelity with respective physical ATDs
and were used as surrogates for their physical counterpart. The responses of the three ATDs were compared
with PMHS under 90 deg and 60 deg far-side impact scenarios. World SID was able to reproduce a biofidelic
response in 90 deg impact scenarios whereas, both World SID and THOR reproduced biofidelic responses under
60 deg impact scenario. Both the ATDs will be suitable for development of countermeasures under far-side
impact scenarios.

V. CONCLUSIONS

The three most commonly used ATDs were used to evaluate their suitability under a far-side impact scenario.
The THOR, World SID and Hybrid 1l ATD models were validated using experimental response of the physical
ATDs. The CORA values for each ATD showed good correlation between the physical ATD and the ATD FE model.
The ATD FE model responses were further compared to PMHS by performing matched pair simulations. The
World SID and THOR ATD showed more biofidelic responses as compared to the Hybrid Ill. Thus, for far-side
accident reconstructions and development of counter measures, it is advisable to use World SID and/or THOR
over other ATDs.
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Appendix 1 (a). Comparison of THOR physical and FE
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Appendix 1 (b). Comparison of THOR physical and FE

model under far-side at 60 deg (oblique)
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Appendix 2 (a). Comparison of WSID physical and FE
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Appendix 2 (b). Comparison of WSID physical and FE

model under far-side at 60 deg (oblique)
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Appendix 4. The unenclosed shoulder of Hybrid Ill, results in shoulder belt getting stuck
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Appendix 5. The human like shoulder of THOR with clavicle joint, rubber and foam paddings

- 628 -



IRC-18-90 IRCOBI conference 2018

Rubber and
form paddings /

for shoulder ) )
Clavicle Joint

Appendix 6. The gradual slipping of seatbelt over the World SID shoulder
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