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ABSTRACT

Powered Two and Three-Wheelers (PTWs) are a popular means of transport. Fully electric PTWs can be operated
locally emission-free and, therefore, may support sustainable transport options. However, in terms of the safety offered
to PTW riders there is still a long way to go compared with other means of transportation. As such, PTW riders are a
vulnerable road user group that stands to benefit from improved protection. Primarily, this paper provides a detailed
description of the work-in-progress regarding a new crash test dummy, an ATD (Anthropometric Test Device),
intended principally for use in testing PTWSs. The question posed was if a new dummy can facilitate evaluations of
PTW protective systems. The end goal being to promote more widespread evaluation of protective systems for PTW
riders. Importantly, the development of the PTW riding dummy has paired physical and finite element models together,
from the start, to support both physical and virtual testing in the future.

The ATD development is based on collision (and injury) statistics of PTWs worldwide, a brief summary of previous
research is presented. As with the development of the Motorcyclist Anthropometric Test Device (MATD- ISO 13232-
3) an updated modification of the Hybrid III pedestrian is proposed as the principal solution. To this base dummy a
small set of modifications are made to allow simple and yet adequate representation of a PTW rider. Demonstration
of the dummy in use as a PTW rider is provided by performing full-scale crash tests. Finite element crash simulations
are compared with the physical tests, demonstrating the suitability of using the finite element dummy model in virtual
PTW tests.

Details of the PTW dummy anthropometry are provided as well as the rationale for design updates in comparison with
the MATD.

An overview of testing with the dummy is provided and the results from two full-scale reference tests (without
protective system) are given. Injury predictions based on dummy measurements are compared with an injury statistics
summary.

Differences between the outputs from the physical and finite element models are discussed in the context of the injury
statistics and additional validation of the tools is suggested. The paper also indicates potential areas where the dummy
could be improved in the future, depending on injury prediction needs and application, such as to include additional
instrumentation in the abdomen region, for example.

Worldwide road traffic statistics suggest that the number of deaths of PTW riders form an equally large group as
deaths among drivers and passenger of four-wheeled vehicles. In contrast, the former group has not benefitted from
the advancement of protection systems as implemented in the latter. The availability of new tools in the form of a
hardware ATD and its finite element model representing the PTW rider, will support development and evaluation of
protective systems for PTW riders.
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INTRODUCTION

Increasing numbers of people in both developed and low- and middle-income countries are choosing to use Powered
Two-Wheelers (PTWs) [1]. Correspondingly, nearly 30% of all crash fatalities reported to WHO (World Health
Organization) in 2016 involve PTWs, such as motorcycles, mopeds, scooters, and electrical bikes (e-bikes) [2] and
this percentage has been increasing [3].

To combat this trend of increasing casualties, certain road safety interventions specific to PTW safety are accepted
as being effective, such as: segregated lanes [4], motorcycle antilock braking systems [5] and the introduction of
compulsory training and a skills test to obtain a motorcycle permit or licence [6]. However, without universal
implementation and application of these and other known and future preventative solutions, crashes will still occur,
and protective countermeasures remain crucial, such as the wearing of a motorcycle helmet [7].

It is more than 40 years since conclusions called for radical design changes to the motorcycle and the clothing of the
rider as the only ways of increasing the chances of survival for the rider in high-speed impacts [8]. It is also more
than 40 years since energy absorbers on the front of motorcycles, restraining chest pads, airbags and leg protectors
have been proposed for motorcycle applications [9]. However, despite the potential benefits shown in research, only
an airbag system survived, in a recognisable form, to a modern motorcycle [10].

To facilitate the common evaluation of secondary safety devices on PTWs, ISO 13232 was developed [11]. This
standard makes use of the Motorcycle Anthropometric Test Device (MATD) [12]. ISO 13232 is not a safety
standard or explicit legal requirement, but provides a methodology by which assertions regarding safety efficacy of
proposed devices needs to be evaluated to be accepted by the scientific community [13]. After release of the
standard in 1996, the cost of specific motorcycle dummies was already cited as a barrier to testing by 1998 [14]. As
a result, Berg et al. and other authors after them choose to use the baseline Hybrid III crash dummy instead of the
MATD negating the potential advantages of a bespoke dummy for PTW testing.

To return to, and to accelerate the evaluation of protective systems for PTW riders, a new initiative sought to
develop a small set of modifications to the Hybrid III 50™ percentile male crash test dummy. These were intended to
capture useful features for PTW crash test applications and help proliferate availability of a dummy suitable for use
beyond the research domain (i.e., entering system development and potentially even third-party evaluations).

This paper provides details of the resulting PTW riding dummy (PTW dummy). This includes its anthropometry as
well as the rationale for design updates in comparison with the MATD. Results from two full-scale reference tests

(without protective system) are given. The discussion compares injury predictions based on dummy measurements
with expectations from the injury statistics summary. Differences between the outputs from the physical and finite

element models are discussed, qualitatively, and additional validation of the tools is suggested.

Collision data direction

In 1981 a benchmark was set for motorcycle accident investigation in Southern California [15]. Data from 900
on-scene, in-depth cases were analysed with regard to injury causes. This evidence later formed a substantial part of
the basis for the ISO Standard (13232) and the collision configurations most commonly encountered were
encapsulated in the recommended test conditions. There were contemporary, in-depth studies in European countries
too, some of which have continued. Five samples, from France, Germany, Netherlands, Spain, and Italy were
brought together for the MAIDS research project (In-depth investigations of accidents involving powered two
wheelers) [16]. This European PTW collision data of 921 investigations again indicated that the object most
frequently struck was a passenger car. However, the frequency with which different configurations occurred varied
between the U.S., German (ISO data) and the aggregated European (MAIDS) data [17]. Nevertheless, it was
maintained that development and testing of protective devices should use a set of impact conditions including: the
PTW impacting the side of the car, head-on impacts, the car impacting the side of the PTW and rear-end impacts.

Across all crash configurations, the three most frequently injured body regions are the same for ISO13232 and
MAIDS (Table 1), though the order changes.
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Table 1.
Three most frequently injured body regions in PTW crashes [17].

Body region injuries ISO 13232 MAIDS
(as a percentage)

Head 6.6 5.0
Lower legs 5.1 8.0
Upper extremities and 3.9 9.4
shoulders

The European Horizon 2020 project PIONEERS subsequently identified key accident scenarios in Europe [18]. In
the Pioneers dataset neck, upper extremities, chest, spine, and pelvis all showed a higher injury frequency than those
in the ISO 13232.

Country-to-country crash configuration differences were again highlighted with respect to in-depth collision data for
Germany, China, and India [19]. In that study the German data indicated a priority with respect to the front of the
PTW colliding with the side of the car. Here it can be noted that the impact angle was not always 90 degrees, and the
impact position was often in front of the passenger compartment; though an image depicting a 90 degree PTW to
passenger compartment of a car is shown in that paper alongside this most frequent configuration (which could be
slightly misleading to the variability of angles and positions).

The distribution of injuries by AIS (Abbreviated Injury Scale) [20] body region points towards the extremities and
the head being priorities at the AIS2+ (at least moderate) severity and the thorax replacing the upper extremities for
AIS3+ (at least serious) injuries [21]. Particularly, for all PTW crashes, the most frequent AIS3+ injuries are femur
fracture, rib cage fracture, lung injury, tibia fracture and cerebrum injury.

A difference in injury priorities has been shown depending on the type of PTW [22]. Although, quite similarly to the
complete sample, for all PTW crashes where the PTW was a motorcycle (not a scooter), the most frequent AIS3+
injuries are femur fracture, rib cage fracture, tibia fracture, lung injury and fracture to the base of the skull. At the
AIS2+ level the equivalent priorities in motorcycle crashes are cerebral concussion, tibia fracture, radius fracture,
femur fracture and a vertebral injury.

Throughout all these studies, head and extremity injuries still represent a prime focus for prevention, along with the
ribs and lungs for severe cases.

RATIONALE FOR THE PTW RIDER DUMMY

General description

The development of the PTW started with a short-list of requirements and reviewing the MATD features. Candidate
dummies that could be used as a platform for the PTW needed to be robust and demonstrate well know performance.
Further key features are the availability of spare parts and support, a well-validated CAE (computer-aided
engineering) model and known and accepted injury measurements and reference scales. Various candidate dummies
were considered (primarily frontal impact dummies for frontal PTW crash applications) such as: the Hybrid I11, the
THOR, and the Hybrid 11 pedestrian dummy with standing pelvis. The standard Hybrid Il and THOR 50"
percentile male dummies were not considered adequate because of their limitations to adapt to PTW sitting postures
in the pelvis area, although the Hybrid III was scoring well on all other requirements. The THOR was not further
considered because of its complexity and costs, having many features not relevant to PTW loading cases, and was
also considered to be less robust.

Anthropometry

The PTW rider anthropometry is based on the RAMSIS Motorbike Posture Models ‘All-rounder’ and ‘Scooter’ [23].
RAMSIS is an ergonomics software tool used for vehicle cabin and workspace design. The motorbike posture
models were based on previous experiments involving female and male volunteers sitting on scooters and allrounder
motorcycles. Therefore the 50" percentile male rider postures were derived from volunteer data, using a human
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anthropometry database and ergonomic posture prediction algorithms implemented in the RAMSIS software. The
outputs of the RAMSIS models are both the external surface geometry, as well as the ‘stickman’ coordinates of joint
positions in 3D space. The rider posture models were compared with the UMTRI (University of Michigan
Transportation Research Institute) Anthropometry of Motor Vehicle Occupants (AMVO) data set [24] [25]. It was
found that, after coordinate system transformation, the RAMSIS and AMVO stickmen correlated well for spinal
curvature and length between the hip joint up to the occipital condyle joint for the allrounder (Figure 1), although
the spine coordinates do not match exactly in between (e.g. from the AMVO point 60 to 57). The scooter posture
matched well up until the 4™ thoracic vertebra and shoulder height, with more deviations higher up. This study
revealed that the spinal curvatures of scooter, allrounder and automotive seated postures are close up to the 4%
thoracic vertebra. It seems likely that riders (and drivers) adapt their spinal postures based on the arm length and
distance to the handlebars (steering wheel). Likely the spine and neck curvatures above the shoulder joints are
adapting to keep the head in the desired angle for good vision and neck curvature adapts for least muscle effort to
keep the helmeted head in the desired orientation.

AMVO Spine rotated

—e—RAMSIS Scooter spine rotated

—e—RAMSIS Allrounder spine
rotated

200—

Figure 1. Overlay of AMVO, RAMSIS Scooter and Allrounder stickmen (with AMVO joint numbers:
66 = Hip [h-point]; 60 = L5/S1; 57 = T8/T9; 56 = T4/T5,; 54 = Head/Neck [occipital condyle]).

TEST METHOD

Crash-Testing

To evaluate overall dummy behaviour, two crash tests were performed. In agreement with the most common
scenario in Germany, these crashes involved the front of the PTW striking the side of a car. The two variations
investigated were either a moving PTW to moving car or a moving PTW to stationary car. In both cases the speed of
the PTW was nominally 50 km/h [19]. Just a little faster than the 48 km/h used in the ISO standard test
requirements. Although, in the stationary car test a speed of only 48.7 km/h was achieved. When moving, the speed
of the car was 20 km/h.

The loading to the body of the PTW rider could be different depending on where the PTW contacts the car. For the
tests reported here, it was selected to strike the side of the car’s passenger compartment. The intention was that by
having an initial point of contact on the B-pillar of the car, then the rider could interact with this stiff structure and,
potentially, have head contact with the roof-rail of the car.
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For the car, a Honda Accord from 2011 was selected. As a 4-door midsize sedan, it has the body of a typical family
car and a closely related finite element model available for use in corresponding simulation efforts [26]. A
simplified version of this model was used for initial correlation work to reduce runtimes. Globally, bikes like the
Honda CB 125 (and older CG 125) and Yamaha YS or YZ 125 have been market leaders. For this reason, previous
research at Autoliv established a finite element model of a Yamaha YS125. Given the relevance of this bike size and
type to the global markets, this was selected for the tests. A simulation model of this motorcycle was created at
Autoliv prior to this study.

Launch mechanism The motorcycle was not linked directly to the test facility propulsion system, but indirectly
accelerated up to speed via a supporting frame. The frame had two supporting tubes in line with the axle through the
front wheel. It also provided stability for the rider under the arms and against the sides of the chest (Figure 2). The
front wheel supporting tubes rotated and released the bike prior to the crash point so that the bike was clear of the
frame and free-running momentarily before hitting the side of the car.

2 =3 R A
Figure 2. Rider and motorcycle within the frame used to accelerate and launch them to the crash point.

PTW RIDER DUMMY DESCRIPTION

Like the MATD, the PTW dummy is based on the Hybrid III 50" percentile male dummy with the pedestrian
standing pelvis design. The pedestrian pelvis assembly is not restricting the legs in an automotive seating position,
like the standard Hybrid III sitting pelvis does. It allows for a larger range of motion in the hip joints and enables the
dummy to adapt to a range of rider postures seen on various PTW types. The pedestrian pelvis enables the legs to
spread around a typical motorcycle tank. Moreover, the larger flexion and extension range of the hip joints allows
the dummy to sit in more upright ‘custom bike’ and ‘scooter’ rider postures, as well as with more forward leaning
and more flexed legs seen on sports bikes. Modifications to the Hybrid III dummy were implemented in the head &
neck, the shoulder, the spinal column, and the pelvis.

PTW dummy features

For development of the dummy postures the RAMSIS models and anthropometry comparison provided good
direction. It was concluded that the spine of the dummy could be kept the same for the scooter and allrounder
models (Figure 3). The neck needs to be adjustable at its base and the OC-joint (occipital condyle) needs adaptation
for head angles. The posture is also adjustable by the rocking of the pelvis which the standing pelvis allows. The
shoulder joint position of the PTW rider is somewhat further forward, as compared to an automotive driver posture.
A small adaptation in the Hybrid III shoulder components was found to be desirable (Figure 4). The Hybrid 111
thorax and spine were oriented to match the RAMSIS external surface and stickman, by implementing the pedestrian
straight lumbar spine, a new interface bracket between the top of the lumbar and the thoracic spine, and a new
adjustable neck bracket. A new sacrum block was also designed which incorporated a standard lumbar load cell.

The WorldSID head was chosen because of its human-like representation of the chin area for improved interaction
with a helmet strap. The WorldSID neck was selected, as it is a good compromise demonstrating biofidelic
performance in multiple directions: frontal flexion, oblique and lateral [27]. To adapt the head to a PTW rider vision
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angle, the neck was modified with a set of bespoke buffers in the upper segment. The buffer set puts the top of the
neck into 12 degrees more extension. The adjustable neck bracket is interfacing between the bottom of the
WorldSID neck and the Hybrid III spine. The neck bracket provides fine adjustment of the head angle for the
various rider postures between forward leaning sports posture (more extension) and relaxed custom rider posture
(more flexion). A small modification was needed to fit the thoracic bib between the neck and the new bracket due to
the neck moving rearward to match the RAMSIS stickman. The PTW dummy is using rigid knees (without knee
sliders) for robustness. An exploded view of the bespoke PTW components is shown in Figure 5. Standard

Hybrid 11T 50" percentile male parts are used to complete the PTW dummy assembly.

Figure 4. The PTW rider dummy CAD within
RAMSIS allrounder external surface (note: only the
left shoulder joint is modified to meet the PTW posture
in this image to show the effect).

Figure 3. Overlays of the PTW dummy in two rider
posture models allrounder (left image) and scooter
(right image)

Figure 5. PTW rider dummy bespoke components (Use standard Hybrid I1I 50 parts to complete the assembly).
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Instrumentation The PTW dummy adopted the Hybrid IIT 50" percentile arms and legs and so features standard
options to add load cells in the humerus, the femur, and the tibia. In contrast to the MATD using frangible
extremities, the load cells provide time histories of the loading, and data that can be reviewed to established injury
criteria and human tolerances with adequate reproducibility. The dummy can be equipped with accelerometers and
angular rate sensors in the major body segments, as well as tilt sensors to measure the dummy posture. Further load
cells can be implemented in the head -to-neck -, the neck-to-upper spine - and lumbar-to-pelvis interfaces. The
dummy is also equipped with the standard Hybrid III chest displacement sensor. Also, there is an option to equip the
dummy with an on-board data acquisition system, to avoid cable damage in the, sometimes unpredictable, post-crash
landing trajectory. For this testing, the PTW dummy was also equipped with the sensors described in Table 2.

Table 2.
Rider instrumentation

Region Instruments
Head 3 axis linear accelerometer

3 x angular rate sensors
Helmet 3 axis linear accelerometer

3 x angular rate sensors
Upper neck Load cell (measuring: 3 x forces and 3 x moments)
Chest 3 axis linear accelerometer

Potentiometer (to give chest deflection)
Lumbear spine Load cell (measuring: 2 x forces and 1 moment)
Pelvis 3 axis linear accelerometer
Femurs Load cell (measuring axial force, 1 each side)

CAE model of the PTW dummy

Simultaneously with the physical dummy hardware engineering, a finite element dummy model (in LS-Dyna code)
was developed (Figure 6) in two stages. Initially the first stage model was based on existing Hybrid IIT 50
percentile male dummy model finite element components. All the new PTW parts were meshed from CAD
(computer-aided design) geometry, and relevant material models were adopted from the existing Hybrid I1I model
material database. In the second stage the PTW dummy model was used in simulated test environments and
conditions and validated against experimental data in the same test conditions. Material models and meshes were
further fine-tuned and updated, until a satisfactory correlation was achieved between the experiment data and the
CAE model response.

Figure 6. PTW dummy LS-Dyna model on the motorcycle model.
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TEST RESULTS

Visual comparison
Visual comparisons of the motion are useful to appreciate the behaviour of the PTW dummy in these tests quickly.
Still images from similar video views are provided in Figure 7 for the two physical tests.

For the first 20 milliseconds, there is little difference between the two tests. Distortion of motorcycle components is
confined to the front wheel and mudguard. The rider maintains an upright sitting posture with head above the level
of the car’s roof rail. Then by 40 milliseconds, we see that the test with a stationary car keeps the front wheel of the
motorcycle straight, whilst the moving car test begins to turn the front wheel to the right (away from the camera).
The front fork is either deforming or turning and deforming. At 60 milliseconds, the rear wheel of the motorcycle
lifts a little from the ground. This is more pronounced in the stationary car test and becomes even more obvious as
the test progresses. At 80 milliseconds the handlebars of the motorcycle in the moving car test have turned and the
change in motorcycle loading has already meant that the head of the rider is slightly closer to the car than in the
stationary car test. Although in both tests the trajectory of the head towards the roof rail is now inevitable. At 100
milliseconds we are reaching the point of head contact in both tests. The lower legs of the PTW dummy in the
stationary car test have swung forwards under their inertia. At 120 milliseconds it looks as though the body of the
dummy is involved with neck loading, and the pelvis is higher in the stationary car test than in the moving car test.
At 140 milliseconds the moving car test has produced more rotation of the helmet (and head within it) as it is pulled
by the moving roof-rail. This sequence of still images concludes at 160 milliseconds, where the extent of the
motorcycle yaw in the moving car test compared with pitch of the motorcycle in the stationary car test is most
evident. The rear wheel of the motorcycle in the moving car test is back on the ground by this time.

Equivalent images comparing the physical with simulation stationary car test are available in Figure 9 in the
Appendix. Comments on the moving car test are available already [28], although images from the moving car test
and updated simulation are included in Figure 10. In both tests the simulations are in general agreement with the
kinematics from physical tests. Although, the motorcycle showed more rebound after the initial contact with the car
in the simulations compared with the physical tests. This resulted in the motorcycle leaping up off the ground. The
deformation of the front wheel appears to be different, particularly in the stationary car setup and the compression
and damping of the suspension in the front fork also appears to be different between physical and simulated crashes.
The result for the rider is that the impulse coming through the motorcycle body and fuel tank will be different.
Indeed, the virtual representation of the dummy lags behind the physical test kinematics. This is observable as the
head contact time in the simulations which was, for example, 24 milliseconds later in the stationary car simulation
than in the physical test.
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Figure 7. Still images from the video footage of two full-scale motorcycle to car crash tests. The left-hand column
of images comes from the stationary car test and the right-hand column of images from the moving car test.

Dummy instrumentation

The instrumentation within the dummy is there to provide an assessment of the severity of loading to the rider. The
peak values from some of the sensors are shown in Table 3. For priority metrics (relatable to injury predictions in
the head, neck, thorax, and legs), these are matched with the equivalent peak from the virtual dummy in each case.
Note that tensile femur forces are presented, rather than compressive as would often be referred to in car occupant
protection scenarios, as the values for tension were higher than for compression.
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Data were collected from the dummy without issue. Only one channel of data showed a fault, and that was the left
femur load cell in the moving car test. Otherwise, the dummy and instrumentation were suitably robust, based on
these two tests.

Table 3.
Peak values and selected injury criteria from the PTW dummy, resulting from two full-scale crash tests

Region Stationary car Moving car
Physical Simulation Physical Simulation

Head — resultant linear acceleration (g) 567 490 209 291
Head — 3 ms exceedance (g) 123 196 161 83
HIC;s 6794 5827 2079 1471
Head — rotational velocity, y-axis (radian/s) -33 -26 -42 -26
Head — rotational velocity, z-axis (radian/s) 6.5 2.9 39.8 10.9
Helmet — linear acceleration, x-axis (g) -266 -166

. . . . +28.9 +18.6
Helmet — rotational velocity, y-axis (radian/s) 226 _40.8
Upper neck - shear (N) 2937 4294 3365 4062
Upper neck — compression (N) -5515 -9478 -1594 -1769

. . 156 124 214 241

Upper neck — Moc-y (+flexion, -extension, Nm) 48 69 58 4
Chest - resultant linear acceleration (g) 40 58 66 37
Chest — deflection (mm) 4.6 3.0 6.2 3.6

. . . +4185 +6132 +4292 +2904
Lumbar — z-axis (+tension, -compression, N) 9005 3747 2697 1973
Lumbar — y-axis moment (Nm) -180 -166 -179 -136
Pelvis — resultant linear acceleration (g) 57 48 33 24

B . 3514 (right) | 2122 (right) | 1521 (right) 978 (right)

Femur —force (tensile, N) 2856 (Ieft) | 1677 (left) + 600 (left)

1 Left femur load cell failure

Alongside the dummy results, the motorcycle was examined after the test leading to certain qualitative observations,
such as the deformation of the fuel tank (example in Figure 8). Work continues to create similar deformation
patterns in the virtual fuel tank.

[ .
Figure 8. Images after the moving car test, showing the deformation of the fuel tank caused by the rider’s pelvis.
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DISCUSSION

Injury assessment

It is thought to be important to have a PTW contact with a moving collision partner as that relative motion will
create yaw in the PTW and a twisting of the handlebars. These features will influence the PTW and rider motions
and likely influence the design requirements for protective systems. The rider will not move straight forwards over
the centre of the handlebars and engagement of the rider’s legs with the handlebars and PTW structures will be
biased towards one side. This behaviour was confirmed in these experiments.

In both moving and stationary car cases the dummy experienced a head contact (via the helmet) with the roof rail of
the car. The helmet stayed on the head of the rider and the instrumentation within the head was useful to discern the
difference between the moving car test and the stationary car test. It was observed that the moving car increased the
head rotational metrics (particularly axial rotation) but decreased the linear, including the Head Injury Criterion. A
HIC value of 2000 would give a 77% risk of a skull fracture [29] and confidently predict such an injury at 6000.
Therefore, these tests provide useful load cases for assessing PTW head injury prevention countermeasures. The
rotational velocities would also assess countermeasures intended to prevent concussions; the highest priority injury
for PTW riders at the AIS2+ severity level. In that case, the moving car test would be a better representation of the
challenges presented by the collision data, as the rotational velocities are higher than in the stationary car test.

The contact to the visor of the helmet is interesting and suggests a need to evaluate head protection in the face
region. Full-scale tests are not expected to be ideal for controlled repetitive loading to a particular point on a helmet,
but the helmet contact points in these two tests are remarkably similar. Helmet visor deformation was not observed
in the simulations pointing towards a need for a more accurate representation of the helmet in future simulations.

The WorldSID neck was able to represent a realistic position of the rider’s head with respect to viewing angle ahead
of this motorcycle. Upper neck shear, compression, flexion, and extension were all close to levels where injuries to
the neck (or base of the skull) could be expected with low but non-zero risk [30]. Neck injuries were not identified
in the collision data as being a priority for PTW injury prevention. Therefore, we surmise that, the PTW dummy can
position the head in an appropriate place, but it may need further work to understand how the neck loads relate to
risk of injury for helmeted PTW riders.

Only limited loading of the chest and shoulders of the PTW dummy against the car was observed in this testing. The
chest deflection measurements did not go above 6.2 mm. That corresponds with a negligible risk of serious injury
[31]. This conflicts with rib cage fractures being a priority injury type for PTW riders, and with thoracic injuries
being increasingly important as the severity of injury increases. Either the crash type is not representing the real-
world conditions that create thoracic injuries (i.e., we have missed something in this experimental representation of
typical events), or the PTW dummy kinematics created do not represent typical rider interactions, or the dummy
chest design is not sensitive to the relevant deformation. It is suggested that, to some extent, all aspects are true
though the balance of each is not known from this testing. Furthermore, some thoracic injuries are typically
attributed to the ground contact in collision data and there remains the confounding factor that anterior to posterior
chest deflection measurements may not be the most appropriate metric for predicting thoracic PTW rider injuries.

As of now, the PTW dummy possesses no possibility to measure abdominal loading. Whilst no clear abdomen
penetration was observed in these two tests, the torso of the rider passes over the handlebars and there is potential
for the rider’s own PTW to cause loading to the abdomen in a slightly different collision or with a different PTW
(e.g. a scooter, without prominent fuel tank). It is proposed that some abdomen instrumentation will be necessary in
the development of protective countermeasures, and it is proposed that any such a modification to the dummy could
also make a continuous frontal surface to the dummy without discontinuities between thorax and abdomen (i.e. to
close the gap between the ribs and the abdomen insert — created when the Hybrid III adopts an upright posture).

In setting up equivalent simulation runs, it was evident that the dummy kinematics are influenced by the arm
posture, interaction between pelvis and tank and even between foot and footrest. However, these parts in the PTW
dummy are carried over directly from the base Hybrid III dummy. They have not been tuned for a PTW rider.
Except for the frangible lower extremity bones and gripping hands, the same was true for the MATD, but perhaps
those parts could have made a difference. Therefore, there remains an unanswered question as to whether it is
important to model leg bone failure in order to represent accurately the behaviour of a PTW rider in a frontal crash.
Certainly, the stationary car test generated tensile loading to the femurs; even if not compressive as could be the case
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with direct loading to the knee, and at levels likely to be within tolerance limits so that fracture of the femur would
not be expected on this input alone. It can be noted that there was little interaction between the PTW dummy and the
handlebar in these tests. At the end of the moving car test sequence (Figure 10) the handlebar is over the femur of
the rider furthest from the car and this shows how such an interaction could be important in a slightly different
configuration with, for instance, earlier rotation of the handlebar or less pelvis restraint from the fuel tank.

The pelvis representation is a crucial factor in relation to three important aspects. The loading to the pelvis is enough
to deform the fuel tank in these tests and quite probably create pelvis injury. This loading controls the subsequent
kinematics of the rider and is, thus, important in the correct prediction of rider to opponent vehicle contacts. Also,
that the force from the pelvis onto the fuel tank influences the motorcycle kinematics so that crash reconstructions
looking at vehicle deformations and trajectories could be sensitive to the surrogate pelvis used. A pelvis angular rate
sensor would at least help provide information about the interaction with the fuel tank and is recommended for an
instrumentation update.

Physical and finite element model outputs

Unlike the physical crash, there was no relative movement in front fork components in these simulations. This
absence of spring damper modelling is likely to be one of the reasons for generating a higher pitching angle in
simulation than in the physical tests.

The front tyre also seemed to have a high stiffness, since the front wheel rebounded in the simulations once the
initial contact with the car happens. Unlike the physical tests, there was no obvious deformation and compression in
the base model of the motorcycle, so some alterations were made in generating the results presented here. However,
this primary contact defines the main load path between the car and motorcycle, so there is a strong need to check
the modified components and the accuracy of their representation in crash conditions.

The timing of helmet impact to the roof rail was delayed by 24 ms in the stationary car simulation compared with the
physical test. Also, the timing of the contact between the front plastic components and the door was delayed by

10 ms in the simulation, when compared with the physical test. Both observations are also explainable given the
potential lack of fidelity in the primary load path from the car side through the front wheel (and tyre) to the
motorcycle frame and engine.

Observations on experimental setup

The experimental setup used for this testing was intended to replicate a typical path conflict, where a car turns across
the path of a motorcycle, as seen around road junctions (intersections). It was not intended to recreate any specific
rider reaction to the impending threat, though in many cases it seems possible that the rider could notice the conflict
and may have time to brake before contact. Therefore, a limitation exists as the setup does not account for the
braking response and muscle tensing of the rider. It also does not account, intentionally, for any pre-crash pitching
of the motorcycle under emergency braking. However, whilst not planned, the physical representation of the
intended setup does create some pre-crash pitching of the motorcycle. As the motorcycle front wheel is carried down
the test track it is not rotating, but once released it touches the ground. The rotational inertia of the wheel gives a
similar effect to braking and the motorcycle dives (pitches forward) during this free-running period prior to contact
with the car. At present, this is a negative aspect of the testing, as it is difficult to recreate accurately in the
simulations. In the future, this side effect could be useful if carefully designed to replicate a defined pre-crash
braking behaviour. Otherwise, it may have to be removed with a setup modification if a truly non-braking response
is desired.

CONCLUSIONS

Details of a PTW riding dummy are provided describing the tools and the rationale for necessary design updates
over the base Hybrid IIT dummy. These include: the WorldSID head and neck, a new adjustable lower neck
bracket, a rigid bracket at the top of the lumbar, the straight pedestrian lumbar spine plus the standing pelvis and
thigh flesh components. The new PTW dummy exists physically as a prototype and as a finite element simulation
model for CAE.
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Both the physical and simulation versions of the PTW dummy have been tested in full-scale setups crashing a
motorcycle into the side of a stationary or moving car. In both environments the testing concluded satisfactorily
with data collected from the in-dummy instrumentation.

The motion of the simulated dummy differs from that observed in the physical test. However, this is not a criticism
of the PTW dummy and dummy model as those differences appear to arise from the motorcycle model and from
the motorcycle to car interaction. Nevertheless, the physical and simulation versions of the PTW dummy created
head loading sufficiently high to generate reasonable risks of a head injury in the crashes. High femur loading was
also present corresponding to the highest priority injuries based on the collision data for PTW crashes, albeit femur
tension rather than compression.

The chest of the PTW dummy was not loaded severely in these tests, which raises a concern over the ability to
investigate thoracic injury risk with this representation of a motorcycle front to car side crash. Both the chest and
the pelvis of the dummy could be reviewed for biofidelity and injury prediction capabilities; though it is not yet
clear what are the PTW rider-specific targets for these regions.
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Figure 9. Still images from the videos of a full-scale motorcycle to stationary car crash test. The left-hand column
of images comes from the physical test and the right-hand column of images from the finite-element simulation.
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Figure 10. Still images from the videos of a full-scale motorcycle to moving car crash test. The left-hand column
of images comes from the physical test and the right-hand column of images from the finite-element simulation.
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ABSTRACT

The standard THOR-50M dummy is equipped with sensors to measure the abdomen deflection and assess the risk
of abdominal injuries. Since 2016, the “ABdominal Injury and SUbmarining Prediction” (ABISUP) consortium
has developed a pressure-measuring abdomen for the THOR-50M to predict abdominal injuries and submarining
as a potential alternative to the current THOR-50M abdomen design. A new lower abdomen including Abdominal
Pressure Twin Sensor (APTS) was designed and four identical prototypes were built and shipped to consortium
member test houses. Numerous abdominal belt loadings replicating tests from the literature were carried-out to
check the prototype biofidelity, sensitivity and define a pressure-based AIS3+ injury risk functions (IRFs). Two
compression-based IRFs were defined using porcine test results from the literature. Compressions were defined
as the ratios between the abdomen deflection and the full abdominal depth, or between the abdomen deflection
and the abdominal depth in front of the spine. The abdominal depth in front of the spine was used in an attempt
to minimize possible differences between species. It was estimated using simple assumptions and led to
compressions exceeding 100% in a few cases. Then transfer functions between THOR abdominal compressions
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and pressures were applied to obtain the pressure-based IRFs. Twenty-five sled tests were performed to assess the
new abdomen under various restraint conditions and to evaluate the relevance of the IRFs.

The THOR-50M new abdomen showed similar or better biofidelity than the standard abdomen without modifying
the dummy kinematics. The abdomen was sensitive to loading height and no damage to the APTS was encountered
during tests. Relationships between THOR-50M mean APTS pressure and abdominal compressions were
modelled using a 3™ degree polynomial with 0.98 R2. The IRF with a log-logistic distribution obtained the lowest
Akaike Information Criterion. For the compression based on the full abdomen depth, the AIS3+ injury risks of
25%., 50% and 75% corresponded to APTS pressures of 133, 201 and 304 kPa, respectively. For the compression
based on the abdomen in front the spine, the AIS3+ injury risks of 25%, 50% and 75% corresponded to APTS
pressures of 108, 197 and 361 kPa, respectively.

The new abdomen discriminated between the restraint conditions: lower pressures (between 90 and 190 kPa) were
obtained when the lap belt remained below or on the ASIS and higher pressures (170 to 450 kPa) were obtained
when the lap belt loaded the abdomen. Using the IRF, a risk up to 50% could be obtained without submarining,
i.e. with the lap belt still engaging the ASIS. This is not consistent with a risk expected to be low for a proper
restraint. Possible adjustments are discussed in the paper to decrease APTS sensitivity when the lap belt is
positioned below or on the ASIS.

INTRODUCTION

Abdominal injuries represent a significant proportion of the serious injuries sustained by car passengers in frontal
crashes and become even more significant as the AIS severity increases [1]. In France, the accident data combining
all crash configurations from the Rhone Registry from 2016 to 2020 reveal that 16% of seriously injured car
occupants suffered from abdominal injuries [2]. In frontal crash, it is known that the rear seat occupants are
generally more at risk to sustain an abdominal injuries ([3], [4]) and that the lap belt is the major source of
abdominal injuries [5]. Indeed, the abdominal injuries could be due to a poor routing of the lap belt lying directly
on the abdomen before the crash or to the submarining phenomenon resulting from the kinematics of the occupant
during the crash which makes the lap belt slip over the pelvis bones into the abdomen. The crash test dummies
should also be able to assess these interactions between the occupant and the lap belt.

Today the THOR-50M lower abdomen is instrumented with two IR-TRACCs. A THOR-50M Injury Risk
Function has been developed from Kent’s porcine tests [7]. It is based on the normalized abdominal deflection
calculated by dividing the peak of the left and right abdominal x-axis deflections by the abdominal depth at the
location of the IR-TRACCs [8]. The IRF predicts an AIS3+ abdominal injury risk of 25%, 50%, 75% for 80, 98
and 115 mm of abdominal deflection respectively. Moreover, the THOR-50M lower torso design can trap the lap
belt between the lower abdomen and the upper abdomen in reclined seat back configuration [9] which does not
represent realistic loading conditions. Finally, due to its geometrical characteristics and available space for the IR-
TRACC compression, the maximum deflection that can be achieved when subjected to belt compression is unclear.
For example, the peak abdomen deflections reported in [8] for frontal rigid barrier and oblique moving deformable
barrier tests did not reach 70 mm, or a risk lower than 20%. The Euro NCAP assessment protocol for adult
occupant specifies an 88 mm (36% risk) lower limit for the deflection [10].

The ABISUP consortium has developed a new lower abdomen prototype for THOR-50M, named the ABISUP
abdomen, which includes Abdominal Pressure Twin Sensor. The APTS has been first introduced in child Q-
dummies [11] and more recently NHTSA has also included them in the Large Omni-Directional Child (LODC)
dummy [12] and in the THOR-05F [13]. Additionally, the ABISUP consortium has worked on defining a pressure-
based Injury Risk Function for the ABISUP abdomen and a submarining predictor [14] to both assess abdominal
injury and submarining risk.

METHOD AND DATA SOURCES

The ABISUP abdomen was designed according to the consortium agreed specifications [15], [16] and four
identical prototypes were built and shipped to the US, Japan and France. An extensive test campaign was
organized among the laboratories of the members. The ABISUP abdomen biofidelity and sensitivity was evaluated
through impactor tests and seatbelt loadings. The pressure-based Injury Risk Functions were developed by
replicating Kent’s porcine belt tests and finally, their response was assessed in sled tests.

ABISUP Abdomen

The ABISUP abdomen can replace the standard THOR-50M lower abdomen without modifying the other dummy
parts and its mass is equivalent to the standard lower abdomen assembly. In particular, the upper abdomen was
kept in place to avoid changing the thorax response. The ABISUP abdomen was designed for the dummy slouched
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position but could also be used for the super slouched position. It is made of a 940g piece of foam going around
the lumbar spine and down inside the pelvis bones. The geometry of the ABISUP abdomen was designed to
provide a continuous surface with the pelvis flesh in the frontal and lateral aspects of the dummy. The ABISUP
abdomen top surface comes into contact with the upper abdomen without interfering with the thoracic lower IR-
TRACCs. The front bib between the upper and the lower abdomens used in THOR-50M was kept to prevent the
belt being trapped between the two abdomens (Figure 1.c). Abdominal Pressure Twin Sensor of 50 mm diameter
and 122.5 mm length was inserted in the abdomen foam into 53 mm diameter holes and fitted into low friction
material socks for repeatable contact with the abdomen skin. In the dummy sagittal plane, the APTS was aligned
with the dummy spine with their caps pointing downwards inside the pelvis cavity, slightly below the neutral axis
of the pelvic ASIS sensors. The upper end of the APTS was aligned with the lower abdomen foam top surface
and covered by two Velcro caps to prevent the APTS going out their cavity (Figure 1.a). The back of the lower
abdomen was supported on its right and left side by two welded steel brackets (Figure 1.b) attached to the existing
IR-TRACC rear attachment plate. The APTS was located with the aim to provide the highest pressure for a loading
between the ASIS sensors and the lower thoracic ribs. An exploded view of the prototype is shown in Figure 2.

aABISUP abdomen assembly b) Rear bracket ¢) ABISUP abdomen fitted to
THOR-50M
Figure 1. ABISUP abdomen assembly.

2% Velcro cap

— Zx Pressure senor to be
fitred with 2x sacks

Ay Existing MG x 16 long -~ ABISUP

Socket cap screws

Existing IRTRACC rear LH rear support brackst

attachment plate

RH rear support bracket

Figure 2. Exploded view of the lower abdomen ABISUP prototype and THOR-50M.

Test Setups

The biofidelity and the repeatability of the ABISUP abdomen was assessed by reproducing Post Mortem Human
Surrogates (PMHS) tests of Lamielle [17], Ramachandra [18] and Foster [19]. The sensitivity of the ABISUP
abdomen was evaluated by varying the seatbelt belt loading height in Foster [19] and Kent’s [7] test setups. The
reproducibility of the abdomen was checked under the qualification rigid bar tests of the THOR-50M [20]. The
test results from the Kent setup were also used to define the relationship between the ABISUP abdomen pressure
and its deflection during the development of the IRF. Sled tests were performed to check the ability of the ABISUP
abdomen to discriminate between restraint conditions and evaluate the relevance of the risk predicted by the IRF.
It has to be noted that for all the tests performed in Europe (at CEESAR-LAB, Université Gustave Eiffel, Forvia)
the ABISUP abdomen was mounted on the same THOR Mod Kit 50*. The ASIS load cell new cover design
implemented on the THOR Standard Build Level A and B was not updated but no lap belt being latched into the
gap between the ASIS cover and the iliac crest bone were reported during tests. In the US and Japan, the ABISUP
abdomen was mounted on a THOR-50M. Considering that the focus of this study is the response of the ABISUP
abdomen and its associated IRF, it is assumed that the dummy version had little influence.

Beillas 3



Seatbelt pull tests under Lamielle’s setup [17] were performed at CEESAR and the setup consisted of a rigid
seat and back support against which the dummy was seated upright. A standard seatbelt was initially positioned
horizontally on the abdomen above the anterior superior iliac spines of the pelvis and below the ribs (Figure 3.a).
The belt was routed backward through pulleys to the loading device. Both belt strands were attached to the loading
system. A hydraulic piston was used to pull the belt through rotating rigid arms in order to multiply the belt
displacement and speed. Two belt sensors (Figure 3.b), placed at the vicinity of the back plate on the right and
left sides, were used to calculate the force applied onto the abdomen. The belt displacement was measured at the
mid-point of the abdomen using a custom device with two rotary potentiometers allowing the computation of the
x and z belt displacement (Figure 3.c), and at the belt side using an optical sensor or by double integration of the
belt accelerations. The force applied on the abdomen was computed by adding the left and right belt forces. The
abdomen deflection was calculated as the distance between the processed belt locations at each time step and at
time zero. The ABISUP abdomen response was compared with the PMHS corridors defined by Lebarbé et al. [24]
from the MHA test series of Lamielle.

¢) Belt displacement sensor at abdomen mid-
point
Figure 3. THOR Mod Kit 50" equipped with the ABISUP abdomen under Lamielle’s test setup. Dummy on
the rigid seat with the lap belt in position

Y }
a) Overview ' b) Belt left force sensor

Seatbelt pull tests with free back under Ramachandra’s setup [18] were carried out at Transportation Research
Center (TRC). The dummy was seated on a table with its back free to move (Figure 4). A seatbelt was wrapped
around the dummy abdomen at the mid-abdomen level. The belt sides were tangent to the lateral aspects of the
dummy and parallel to each other. The belt was attached on a T-bar connected to a pneumatic piston and was
pulled at loading speeds of approximately 4 m/s. Two belt sensors measured the force in each strand and the belt
displacement was measured in the mid-sagittal section of the belt using a string potentiometer. A string
potentiometer was attached to the T-bar to measure the dummy back motion relative to the ram. The force applied
to the abdomen was computed by adding the left and right belt forces. The displacement of the dummy spine was
subtracted from the belt displacement. The ABISUP abdomen response was compared with the PMHS responses
from Ramachandra et al. [18].

Figure 4. THOR-50M equipped with the ABISUP abdomen under Ramachandra’s test setup.
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Seatbelt pull tests under Foster’s setup [19] were performed at CEESAR. The setup consisted of a rigid seat
and back support against which the dummy was seated upright with its legs set horizontally (Figure 5.a). A seatbelt,
initially positioned horizontally on the abdomen above the anterior superior iliac spines of the pelvis and below
the ribs, was pulled rearwards by one or two pretensioner systems as used by Foster et al. The belt was guided in
the lateral direction using two rollers. The position of the rollers was adjusted such that the distance between their
most lateral points was equal to the dummy abdomen width. The pretensioners at the end of the belt were fixed
onto a rigid support and their mounting axes were aligned horizontally with the centers of the rollers. The belt
slack was minimized by adding a 10N pre-load on each belt strand. The dummy sitting height was adjusted to
position the belt at three different heights and evaluate the sensitivity of the ABISUP abdomen to belt positioning:
(1) the middle height position was where the belt lower border was aligned with the upper edge of the pelvic skin.
This corresponded to the belt position in Foster’s tests (Figure 5.b), (2) the lower height position was where the
belt lower border touched the thigh flesh (Figure 5.¢), (3) the upper height position was where the belt center line
was aligned with the lower thoracic IR-TRACC attachment points (Figure 5.d). The belt displacement was
measured at the mid-point of the abdomen using two rotary potentiometers allowing the computation of the x and
z belt displacements. Two belt sensors, placed at the vicinity of the back plate on the right and left sides, were
used to calculate the force applied onto the abdomen by summing their measurement. The abdomen deflection
was calculated by subtracting the distance of the belt at each time step and the one calculated at time zero. The
ABISUP abdomen response was compared with the PMHS responses from Foster et al. [19].

: /o

¢) Seatbelt at lower d) Seatbelt at upper

a) Foster’s setup and b) Seatbelt at middle
instrumentation position: center line of  position: center line of ~ Pposition: center line of
the belt along the laser  the belt along the laser  the belt along the laser
horizontal line horizontal line horizontal line
Figure 5. THOR Mod Kit 50" equipped with the ABISUP abdomen under Foster’s test setup and seatbelt
height variations.

Rigid bar impacts under Qualification setup [20] were performed at CEESAR. The THOR equipped with the
ABISUP abdomen was seated on a flat horizontal surface on a thin Teflon sheet, its lower limbs in a horizontal
position and its back free to move. The dummy was equipped with a target attached rigidly to the spine at the T12
location. The impactor face was rectangular with dimensions of 178 by 51 mm and rounded edges. The dummy
sitting height was adjusted in order to align the IR-TRACC attachment points of the standard abdomen with the
center of the impactor face (Figure 6.a, Figure 6). The 32 kg impactor was propelled at a target initial speed of 3.3
m/s. The impact force was calculated by multiplying the impactor mass by the impactor acceleration. The impactor
displacement was measured from a target placed on its side. The abdominal deflection was calculated by
subtracting the displacement of the target at T12 on the dummy from the target displacement on the impactor
(Figure 6.c). The abdomen repeatability and reproducibility were evaluated by calculating the Coefficients of
Variation (CV) of the APTS pressure, abdominal deflection and impactor force. CV scores were categorized
according to NHTSA [6] as shown in Table 1.

a) Impactor in front of THOR b) ABISUP abdomen impact c‘) Targets placed on dummy and
Mod Kit 50" abdomen location impactor

Figure 6. THOR Mod Kit 50" equipped with the ABISUP abdomen under the qualification test setup.
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Table 1. Coefficient of Variation (CV) categories

CV (%) Category

0-5 Excellent

> 5-8 Good

> 8-10 Marginal (Acceptable)
>10 Poor (Unacceptable)

Seatbelt pull tests under Kent’s setup [7] were carried out at the University Gustave Eiffel. The trunk of the
THOR was fixed on a rigid structure in a seated upright position. It was attached on the rigid structure in several
locations using (1) screws and a bracket to hold the pelvis posteriorly, (2) straps around its thoracic spine to pull
it against the structure in two locations and (3) screws to hold the femurs in place. The dummy and the test fixture
were then tilted with the dummy facing the ground and placed below a hydraulic orientable piston (Figure 7.a).
Wedges were positioned behind the thoracic and lumbar spine to remove any gap with the rigid structure and all
attachments were tightened. A seatbelt was wrapped around the mid abdomen. For Kent’s setup, it was routed
against rollers placed on each side on the dummy at the abdomen level as in Kent. Each belt strand end was
attached to a transverse bar attached to the piston. The piston displacement was limited depending on the
configuration to prevent any dummy damages. The belt strands and piston were parallel and oriented
perpendicularly to the rigid structure. Seatbelt sensors measured the force in the belt strands and a target was
placed on the seatbelt at the mid sagittal plane of the dummy to measure the belt displacement. The belt was pulled
by the piston at various speeds ranging from 1 to 8 m/s.

The relationship between the abdomen deflection and the APTS pressures was defined from these tests.
Additionally, the sensitivity of the abdomen was studied by varying belt position height (Figure 7.b) and
orientation (Figure 7.c) at a belt pull speed of 2 m/s. These tests were performed without the rollers.

b) Seatbelt height variations. From top left to bottom right:
+69 mm, +39 mm, +15 mm, Kent’s seatbelt height (0 mm),
-15 mm, -43 mm. Dummy shown upright for legibility.

M i ,

— "= mremer—— - e - —

¢) Seatbelt angle and position variations. Dummy shown upright for legibility.
Figure 7. THOR-50M equipped with the ABISUP abdomen in Kent’s (with rollers) and sensitivity (without
rollers) setups.
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Sled tests under Uriot’s setup [21] were performed at Forvia. The front and rear seat configuration tests of Uriot
et al. were replicated using the semi-rigid seat and a separated rigid backrest covered by foam pads (Figure 8.a).
The THOR was restrained by a separated thoracic and lap belt equipped with Uriot’s load limiters at the thoracic
belt retractor and both lap belt anchorages. The seat pan orientation and stiffness, and the belt anchorage locations
replicated the two configurations used by Uriot. The front seat configuration replicated the geometry and the seat
behavior of a front seat (Figure 8.c). The rear seat configuration (Figure 8.d) replicated the geometry of a rear
bench and the seat behavior was adjusted to obtain submarining in simulations with a Hybrid 11 50" dummy. The
dummy feet were positioned on a rigid footrest angled by 55° with respect to the horizontal and maintained in
position during the crash. The sled was submitted to Uriot’s 14 m/s deceleration pulse (Figure 8.b).

- , 10 79 0
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e C
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-40 b . 60
Time (ms)

b) Uriot’s pulse

¢) Front seat configuration d) Rear seat configuration

Figure 8. THOR Mod Kit 50" percentile in Uriot’s sled test setup.

Sled tests using vehicle seats. Sled tests using vehicle seats were performed at Forvia, Virginia Tech-NHTSA
and TMC. Four tests were performed at Forvia using a driver seat and a 3-point belt equipped with a 6 kN load
limiter and a pretensioner in the retractor (Figure 9.a). Two tests were performed in a standard configuration for
a front passenger seat (Figure 9.c) and two in a slouched configuration (Figure 9.d) where all anchorage points
were moved 50 mm rearwards with respect to the seat, the dummy was positioned with its pelvis moved forward
by 60 mm and the shoulder pretensioner was not activated. The sled was subjected to a 14 m/s pulse (Figure 9.b).
These tests replicated Uriot et al. tests [22].

Ten sled tests were performed at Virginia Tech. using a rear seat and a 3-point belt (Figure 10.a). Five tests were
performed at 36 km/h and five at 56 km/h. Figure 10.b shows the 56 km/h scaled pulse resulting in a 32 km/h
pulse. Finally, a generic 36 km/h pulse (Figure 10.c) was used for the tests [23].

Seven tests were performed at TMC using a production driver seat with a seat-mounted 3-point belt equipped with
a 4 kN load limiter and pretensioner in the shoulder retractor (Figure 11.a). A pulse corresponding to a 40 km/h
crash between a family car and the Full-width Rigid Barrier (FWRB) was applied to the sled (Figure 11.b). The
restraint system was varied by adding to the 3-point belt either a lap belt pretensioner or a knee bolster.
Furthermore, the seatback angle was adjusted to obtain either a 21° or a 49° torso angle (Figure 11.c to f).

For this paper, the analysis of the sled tests was limited to the analysis of the ABISUP abdomen pressure and the
kinematics including the occurrence of submarining. These results were used to check the applicability of the
developed abdominal IRFs.
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Figure 11. THOR-50M in TMC sled test setup (the dummy forearms were removed for the tests to prevent
them hiding the dummy and seatbelt targets).

Summary: Test matrices

The belt and impactor tests performed on the ABISUP abdomen are summarized in Table 2. Table 3 shows the
twenty-five sled tests performed on THOR dummy equipped with the ABISUP abdomen. Some of the tests were
also replicated with the standard THOR.

Table 2.Seatbelt pull tests and rigid bar impacts performed on ABISUP abdomen

Reference Loading type Number | Comments
of tests
Lamielle et al. | 4 m/s seatbelt pull test, mid abdomen 21 Biofidelity
[17] 3.5 m/s seatbelt pull test, mid abdomen 5 Repeatability
Ramachandra et | 4 m/s free back pull test 3 Biofidelity and repeatability
al. [18] Mid abdomen

Foster et al. [19] Single pretensioner, Mid abdomen 3 Biofidelity and repeatability
Dual pretensioner, Mid abdomen 3 Biofidelity and repeatability
Single pretensioner, Upper abdomen 2 Sensitivity
2
8

Single pretensioner, Lower abdomen Sensitivity
Qualification [20] | 32 kg, 3.4 m/s Rigid bar impact Two tests per abdomen

Kent et al. [7] Seatbelt pull test at various speed 43 Relationship between APTS
pressure and belt deflection
Seatbelt pull test at various heights on 6 Sensitivity
the abdomen
Seatbelt pull test for various belt angles 8 Sensitivity

! One test replicated with the standard THOR
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Table 3. Sled tests performed on THOR equipped with ABISUP abdomen

Reference Test conditions Number of tests
50 km/h pulse, Vehicle seat, Standard sitting posture 5
Forvia sled tests 3-point belt
(Uriotetal. [21]) | 50 km/h pulse, Vehicle seat, Slouched sitting posture )
3-point belt
50 km/h pulse, Semi-rigid seat, Front seat configuration 71
Forvia sled tests Separated shoulder and lap belt
(Uriot et al. [22]) | 50 km/h pulse, Semi-rigid seat, Rear seat configuration 51
Separated shoulder and lap belt
Virginia Tech, 36 km/h pulse, Rear seat, 3-point belt 5
NHTSA sled tests | 56 km/h pulse, Rear seat, 3-point belt 5
40 km/h FWRB pulse, Standard sitting posture
3-point belt (repeated), 3-point belt, & lap belt pretensioner, 4?
3-point belt & knee bolster
TMC sled tests 40 km/h FWRB pulse, 49° torso angle sitting posture
3-point belt (repeated), 3-point belt, & lap belt pretensioner, 32
3-point belt & knee bolster

' Two tests replicated with the standard THOR
2 Test with the three-point belt only replicated with the standard THOR

Injury Risk Function Definition

The IRFs were developed from Kent et al. [ 7] porcine tests in which abdominal injuries were observed and various
injury metrics including abdominal compression were tested. The tests performed on the ABISUP abdomen under
similar conditions were used to define the relationship between the ABISUP compression and the mean of the
maximum pressure from the right and left side of the APTS. The mean pressure was used because the setup should
have been symmetrical and averaging could therefore partially correct symmetry errors. However, the peak
pressure is used when applying the curve as vehicle environments are not symmetrical. Two compressions were
calculated. The first one uses the same definition as Kent, i.e. the ratio between the abdominal deflection and
abdominal depth. It will be called ABISUP abdomen compression. This definition does not account for possible
differences in spine depth between species. The second one was calculated as the ratio between the abdominal
deflection and the abdomen compressible depth in front of the dummy lumbar spine. It will be called ABISUP
soft abdomen compression. The abdomen depths were measured in the dummy mid sagittal plane of the Finite
Element Model (FEM) published by the University of Virginia. The compressible depth was equal to 157 mm
whereas the total abdominal depth of the dummy with the ABISUP abdomen was equal to 266 mm. The depths
were also checked against the physical dimension of the dummy used in the test. Kent’s porcine soft abdominal
compression was calculated as well considering the compressible depth in front of the porcine spine. This was
done by assuming a constant ratio between the compressible abdomen depth and the total depth across specimen.
Details are provided in Appendix 2. Then, assuming an equivalence between the dummy and porcine
compressions, the compressions were transformed in pressures using ABISUP abdomen relationships between
the compressions and the APTS maximum pressure. IRFs were created for the two compressions following
partially an ISO Technical Specification [25]. Survival analysis and different distributions (Weibull, Lognormal,
Log-logistic) were used to compute the risk curves with the R software. The distribution with the lowest Akaike
Information Criterion (AIC) was kept and it was found to be the Log-logistic distribution. The risk of abdominal
injury was given by Equation 1. Then, the risk ratio was computed for different levels of risk and a rating (between
good for ratios below 0.5 and unacceptable for ratios above 1.5) was attributed. There was no check for multiple
injury mechanisms or overly influential observations.

1
1+exp {[- In(Max.pressure)+Intercept]/exp (log _scale)}

p(AIS = 3) = Equation 1
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Figure 12. Compressible and total abdominal epths of the ABISUP abdomen shown on the THOR model
with the ABISUP abdomen.

RESULTS

ABISUP Abdomen Biofidelity

The biofidelity of the abdomen was assessed by comparing its response to the corridors defined from the PMHS
responses of Lamielle et al. [17], Ramachandra et al. [18] and Foster et al. [19]. The belt displacement referred to
the displacement of a point placed on one of the belt sides and the abdomen or dummy deflection corresponded
to the displacement of a point placed on the belt in the dummy sagittal plane.

Comparison with Lamielle’s PMHS responses. At first, the inputs used for the belt displacement and the belt
speed versus time were compared between the PMHS, the standard THOR and the ABISUP abdomen. This
showed that the belt displacement for the ABISUP abdomen was on the upper boundary of the PMHS corridors
and that the belt speed was slightly higher than the one applied in the PMHS tests (Figure 13.a and b). This
difference of input illustrated the difficulty to replicate the exact conditions of such tests as the input was affected
by the surrogate characteristics. The comparison of the deflections and forces showed that the ABISUP maximum
abdomen deflection was lower than the one of the PMHS and that the ABISUP force did not increase sufficiently
at the beginning of the deflection (up to around 50 mm) (Figure 14.a). The ABISUP abdomen deflection and force
were increased compared to the standard THOR-MS50, however this might be related to the higher belt
displacement and speed rather than a difference in the two abdomen behaviors. It has to be noted that the ABISUP
abdomen deflection was lower than the belt displacement whereas similar values were observed for the PMHS.
This may have to do with differences in the lateral deflection of the ABISUP and PMHS abdomens.
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Figure 13. Belt displacement (a) and speed (b) of ABISUP abdomen test versus Lamielle’s PMHS corridors.
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Comparison with Ramachandra’s PMHS responses. The responses of the ABISUP abdomen and of the
standard dummy were compared with the response corridors defined from the PMHS tests for the free-back test

configuration. For both deflection and force, the ABISUP abdomen responded very similarly to PMHS initially,
but later in the event, both dummy responses began to deviate from the PMHS, with the result being a much lower
dummy peak deflection and higher dummy peak force (Figure 15). This could result from different abdomen
behavior and/or differences in whole body translation compared to the PMHS as both dummy and PMHS were
free to move. It can be noted that the peak PMHS deflections were close to and sometimes higher than the physical
limits of the dummies resulting from their abdomen depths.
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Figure 15. ABISUP abdomen response versus Ramachandra’s PMHS corridors in free-back loading:
abdomen deflection versus time (a), force versus time (b), force-abdomen deflection (c¢).
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Comparison with Foster’s PMHS responses. The ABISUP abdomen response was compared with the corridors

defined by Foster at al. [19]. In the single pretensioner test, the ABISUP abdomen force was below the PMHS
force-deflection corridor from 0 to 25 mm of deflection, but in the corridor for the remainder of the response (ref
Figure 16, bottom left). In the dual pretensioner test, the ABISUP abdomen force was below the PMHS force-
deflection corridor from 0 to 40 mm of deflection, but in the corridor for the remainder of the response (Figure
16). The single pretensioner tests created a belt displacement speed of 11 m/s whereas the dual pretensioner tests
reached 19 m/s.
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Figure 16. ABISUP abdomen response versus Foster’s PMHS corridors in single pretensioner loading (left)
and in dual pretensioner loading (right). From top to bottom: abdomen deflection versus time, force versus
time and force-abdomen deflection.
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ABISUP Abdomen Repeatability
Repeatability in Lamielle’s tests Five tests were performed giving the same input to the servo-controlled

machine for the piston displacement and speed. However, as it can be observed in Figure 17 and Figure 18, the
applied belt displacement and speed were not completely repeatable. Abdominal deflection, belt force and APTS
pressures were compared. Maximum values and CVs are displayed in Table 4. Despite the variation of the belt
displacement and speed, the abdomen CV values were close to 5%.
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Table 4. Maximum values in repeated Lamielle’s tests
Abdomen deflection .Left APTS l?ight APTS
Test (mm) Belt force (kN) maximum pressure Maximum pressure
(kPa) (kPa)
MHA400 73 3.0 59 56
MHAA401 76 34 65 59
MHA402 72 3.0 59 57
MHA403 72 3.1 62 57
MHA404 77 33 69 61
Mean 74 3.2 63 58
Standard 23 0.19 42 1.9
deviation
CV 3% 6% 7% 3%
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Repeatability in Ramachandra’s tests. Three tests were repeated. The abdominal deflection and the belt force

CV values were below 5%. The APTS pressure CV values were between 3 and 4% (Table 5). In free back tests,
the dummy was free to move and the APTS were therefore less sensitive to possible slightly asymmetrical loading
provided by the test set-up as may be encountered in the fixed back tests under Lamielle’s conditions (CV values
up to 7%). These values correspond to an excellent or good rating according to [6].

Table 5. Maximum values in repeated Ramachandra’s tests

Left APTS Right APTS
Abdomen . .
Test deflection (mm) Belt force (kN) maximum pressure maximum pressure
(kPa) (kPa)
Fixed back 67 2.5 41 44
Fixed back 70 2.7 47 52
Fixed back 71 2.6 45 47
Fixed back 72 2.5 45 48
Mean 70 2.4 45 48
standard 1.9 0.09 2.6 3.4
deviation
CV 3% 4% 6% 7%
Free back 92 4.4 91 91
Free back 100 4.5 97 95
Free back 99 4.3 98 96
Mean 97 4.4 95 94
standard 43 0.08 38 2.9
deviation
CV 4% 2% 4% 3%

Repeatability in Foster’s tests. Tests were repeated three times for the single and for the dual pretensioner test
configurations. The abdomen response was well repeatable with CV values below 5% except in the first single
pretensioner test in which a lower abdomen deflection and therefore APTS pressure were recorded (Table 6). The

reason was not identified.

Table 6. Maximum values in repeated Foster’s tests

Abdomen Left APTS Right APTS
Test deflection (mm) Belt force (kN) Maximum Maximum
pressure (kPa) | pressure (kPa)
Single pretensioner 67 4.4 101 108
Single pretensioner 75 4.5 137 144
Single pretensioner 73 4.5 132 129
Mean 71 4.5 123 127
Standard deviation 4.1 0.06 19.6 17.9
Cv 6% 1% 16% 14%
Dual pretensioner NA 7.3 207 203
Dual pretensioner 109 6.7 201 199
Dual pretensioner NA 7.1 202 186
Mean NA 7.0 203.5 195.8
Standard deviation NA 0.3 33 8.7
CvV NA 4% 2% 4%
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ABISUP Abdomen Reproducibility

Four identical prototypes were built (two for the US, one for Japan and one for Europe) and finally all shipped
back to CEESAR to be subjected to the qualification test and compared. All prototypes were identical except that
one of the US prototypes had a thicker skin implemented after damages were observed on previous prototypes
(Table 7, Figure 19).

Figure 20 shows the force-deflection curves of the four prototypes. The damages of two abdomens prior to the
qualification tests did not seem to affect their responses compared to the undamaged ones. The reinforced skin
also did not seem to influence the mechanical behavior of the abdomen.

The results were normalized using the target impact speed of 3.30 m/s and assuming that all parameters were
proportional to the impact speed. The speed varied between 3.24 and 3.54 m/s and the normalization helped to
reduce the result variance. The normalized peaks of the qualification tests are summarized in Table 8. The
difference between the left and right APTS pressure could not be explained. In average, pressure peaks were
almost 10% higher on the right side. The pressure on the right side was also higher than on the left side in seven
of'the eight tests. This is surprising as the left and right APTS were identical and it was not known at manufacturing
on which side they would be installed. This would point towards a difference related to the foam or the test setup.

The four prototypes exhibited a similar response with CV values between 2 and 7% corresponding to an excellent
or good rating. The reinforced skin did not modify the response of the abdomen while improving the durability.

Table 7. ABISUP abdomen prototype description

Abdomen APTS. Number of final | Region of round Comments
(serial number) Right side | Left side certification tests robin tests
EI 3455 W170DC | WI170DA 2 Europe Damaged*
EI 3466 P182TS P182T4 2 us )
EI 3467 P182R9 P182RS8 2 Japan Damaged*
EI3513 W170DC W170DA 2 US Thicker reinforced skin

* Damages to the outer skin and the foam beneath it occurred before the certification due to other tests. The
abdomens were repaired with tape.

. = L R e
gy i n \ -
Figure 19. ABISUP abdomens before the

— >

qualification test.
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Table 8. Normalized peak values

Abdomen prototype Impact speed Maximum pressure Abdominal Impact
(m/s) (not (kPa) deflection (mm) | force (N)
normalized) Left Right
EI 3467 (Japan) 342 66.8 70.6 99 2714
3.34 64.5 72.8 95 2717
EI 3455 (US) 3.44 76.8 71.8 94 2810
3.46 73.4 75.5 92 2853
EI 3455 (Europe) 3.51 69.9 76.3 97 2750
3.54 69.3 84.9 92 2855
EI 3513 (US, skin 3.32 68.1 83.8 97 2854
reinforced) 3.24 67.9 81.3 97 2878
Mean value 4.41 70 77.1 95.5 2804
Standard deviation 0.10 4 5.6 2.6 67
CV (%) 3 5.6 7.2 2.7 2.4

ABISUP Abdomen Sensitivity

The ABISUP abdomen sensitivity to loading height was evaluated under Foster’s test configuration. The average
APTS pressure versus belt force and versus abdomen deflection are shown in Figure 21. The highest APTS
pressure was recorded for the middle height seatbelt position, when the lap belt laid between the pelvis skin and
the lower thoracic ribs. The lowest pressure was measured when the belt was in the low position, in contact with
the pelvis (Figure 21.b). From Figure 21.a it can be observed that both pressure and deflection increases were
delayed compared to the belt force increase which might be due to an inertial effect (e.g. created by the jacket rib
stiffeners), and possibly to some viscous effect of the abdomen under the high initial belt speed delivered by the

pretensioner (11 m/s).
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Figure 21. ABISUP abdomen responses versus belt height (middle, lower, upper) under Foster’s test setup.
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Under Kent’s test setup, the rollers guiding the belt were removed, the two strands were made parallel and
compression tests were conducted for several seatbelt heights. The pressure versus the abdomen deflection
relationships were found to be relatively insensitive to the belt location, with the exception of a drop visible for
the +69 mm belt position (on the thorax). The sensitivity to belt force was the highest for the belt position at
Kent’s test height (Base configuration) and 15 mm caudal from that position (Figure 22 left). At these heights, the
belt was mainly in contact with the abdomen with little interaction with the pelvis and no interaction with the
thorax. For the other heights, the pelvis or thorax carried some of the loads, which explained the reduced pressure
sensitivity as these loads were not applied to the abdomen. The pressure sensitivity to deflection was much less
marked with only significant drops visible for the most cranial positions of the belt (+39 and +69 positions, Figure
22 center) and limited differences otherwise even when the pelvis was involved.

The tests were then expanded to use various belt angles. The highest pressure sensitivity versus the belt force was
obtained for the belt positioned at the mid abdomen and various angles between 15° and -30° (Figure 23 left). As
in the belt height tests, this was consistent with the limited involvement of thoracic and pelvic structures. The
highest pressure sensitivity to the abdomen deflection was obtained for the mid abdomen negative belt angles
(which may occur during submarining) followed by the base and small positive angles with the belt in the mid
abdomen (Figure 23 center). The pressure drop was relatively limited for 30° despite the belt involving the pelvis.
This was interpreted as resulting from the sizeable proportion of the abdomen in front of the pelvis.
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Figure 22. ABISUP abdomen responses versus belt height. The legend indicates the shift from the baseline
position (0mm) with positive distances being cranial. The deflection is always measured at the belt in the
dummy mid sagittal plane.
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Figure 23. ABISUP abdomen responses versus belt angle. The legend indicates the angle (0° being
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shift of the mid-sagittal point from the baseline in the cranio-caudal direction with positive distances being
cranial. The deflection is always measured at the belt but only the antero-posterior component is kept.

ABISUP Abdomen Injury Risk Function

From the 43 tests performed according to Kent’s setup, the relationships between the average pressure of right
and left APTS and the abdomen compressions were defined by fitting a second order polynomial curve through
the experimental data points (Figure 24, Equations 2 & 3). The data points are provided in Appendix 1. The
maximum belt displacement achieved was 118 mm, or about 44% abdomen compression and about 75% soft
abdomen compression. It was not attempted to achieve higher compressions as the total belt force was already
over 13 kN in that case (measured after the rollers).

Assuming an equivalence of the compressions, Kent’s abdomen compressions were then converted to dummy
pressure using the equations 2 and 3. Then, Kent’s abdomen deflection data was changed to soft abdomen
compression considering the compressible depth of other porcine specimen of similar size. It was assumed that
the ratio of soft and total abdominal depth would be the same for all specimens. This led to compressions higher
than 100% in four cases out of 45 (see details in Appendix 2). The pressure was calculated from the abdomen and
soft abdomen compressions using the equations 2 and 3. When the soft abdomen compressions derived from
Kent’s porcine tests was over 75% (i.e. the maximum reached in the dummy tests), the pressure was calculated
by extrapolation.

The AIS3+ IRFs obtained using the survival analysis and a Log-logistic distribution (distribution with the best
AIC score) are shown in Figure 25, together with its confidence interval and risk ratio calculated according to ISO
[25]. At 50% risk, the risk ratios of the IRFs were 0.61 and 0.85 for the abdomen compression and soft abdomen
compression, respectively. Both are rated as “fair” according to ISO [25]. For the abdomen compression, an
average of the maximum pressure of the right and left APTS of 133, 201 and 304 kPa corresponded to a 25%,
50% and 75% risk of AIS3+ abdominal injuries, respectively (Table 9). For the soft abdomen compression, an
average of the maximum pressure of the right and left APTS of 108, 197 and 361 kPa corresponded to a 25%,
50% and 75% risk of AIS3+ abdominal injuries, respectively (Table 9).

The risks corresponding to the pressures measured in the component tests (seatbelt pull and rigid bar tests) are
shown in Figure 26. They were all below 55% risk.
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Figure 24. Average pressure of right and left APTS sides versus the abdomen compression: left versus
abdomen compression, right versus abdomen soft compression.

For x=Abdominal Compression (Cpax):

Pressure = 6.9440E-3 x* - 2.7868E-01 x> +4.7133 x ; R2=0.978 Equation 2
For x=Soft abdominal Compression (Soft Cmax):

Pressure = 1.4278E-3 x3- 9.7084E-02 x>+ 2.7819 x ; R2=0.978 Equation 3

\\ O G 6 P00

Risk AIS3+
Risk AIS3+

® 66 6000
T T T T T 1 T T T T T T T 1
0 100 200 300 400 0 100 200 300 400
Pressure (kPa) based on abdomen compression Pressure (kPa) based on soft abdomen compression

(log-logistic. Intercept: 5.303; Log-scale: -0.979) (log-logistic. Intercept: 5.286; Log-scale: -0.598)

Figure 25. AIS3+ IRF versus APTS pressure (kPa) calculated from abdominal compression (left) or soft
abdominal compression (right) (IRF in bold, 95% confidence interval in light, risk ratio in dashed line,
injury status as diamonds).

Table 9. Pressure and associated AIS3+ risk calculated from abdominal compression (Cmax) or soft
abdominal compression (Soft_Cuax) equivalence
25% | 50% | 75%
Pressure (kPa) calculated from Cumax 133 201 304
Pressure (kPa)calculated from Soft Cmax 108 197 361
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Figure 26. AIS3+ injury risk predicted in component tests.

ABISUP Abdomen Response in Sled Tests

The occurrence of submarining of the THOR equipped with the ABISUP abdomen was checked in the sled tests.
The peak values of the APTS pressure, the ASIS forces/moments and lower thoracic IR-TRACC deflections are
shown in Appendix 3. Figure 27 shows the maximum APTS pressure versus the submarining occurrence (visually
identified from movies) and the risk of abdominal AIS3+ injuries versus the maximum APTS pressure.

Considering the IRF defined from the relationships between the pressure and the soft abdominal compression, in
the case of submarining, a risk between 42 to 82% was estimated whereas a risk between 16 and 52% was
estimated without submarining. The ABISUP abdomen and the IRF could discriminate restraint system
conditions: a 28% risk was estimated for the reclined torso test in which the lap belt was positioned directly on
the dummy abdomen and the dummy lower torso was restrained by a knee bolster; a risk between 77 and 79%
was estimated for the reclined torso without a knee bolster. Similar risks would be obtained using the IRF defined
from the relationships between the pressure and the abdominal compression. Post-test pictures and estimated risks
are shown in Table 10.

1 @ o o o o® ¢ €]

® No submarining
@ Submarining
Reclined torso - Lap belt on abdomen

0 00 0 0®eo ¢
0 100 200 300 400 500

Max. pressure (kPa)

Submarining (Yes/No) or Lap belt on
abdomen

1
0.9 —e--~"_ "~
./—
0.8 S o‘.
0.7
¥ 0.6
& 05 o
9044 ® No submarining
< 0'3 @® Submarining
O‘2 Reclined torso - Lap belt on abdomen
01 e |RF from Soft_Cmax

= = IRF from Cmax

0 100 200 300 400 500 600

Max. pressure (kPa)

Figure 27. Submarining occurrence and risk of AIS3+ abdominal injury risk versus APTS pressure.
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Table 10. Post-test pictures and estimated abdominal injury risk

’

50 km/h, slouched sitting posture, 50 km/h, separated belt, rear seat,
Submarining Submarining
AIS3+ abdominal injury risk=76 to 78% AIS3+ abdominal injury risk= 45 to 52%'

7 2 gpilie:

40 km/h, reclined torso, knee bolster
Lap belt on abdomen 40 km/h, reclined torso

AIS3+ abdominal injury risk=28% Lap belt on abdomen
AIS3+ abdominal injury risk= 77 to 79%"

40 km/h, standard position

50 km/h, standard position 50 km/h, front seat,

No submarining No submarining standard position
AIS3+ abdominal injury risk=16 to 44%' | AIS3+ abdominal injury No submarining
risk=35t0 37% AIS3+ abdominal injury
risk=26%"'

! These tests were repeated with the standard THOR equipped with IR-TRACC.

As listed in Table 3, the standard THOR was also used in a few tests. The right IR-TRACC was damaged in the
TMC sled test with the 49° torso angle sitting posture. This may be consistent with observations in [23] who noted
that it was unknown if the IR-TRACCS “could tolerate submarining events at high speed”. Results and injury risk
predicted using NHTSA IRF [8] are shown in Figure 28. Very low risks (below approximatively 15%) were
predicted whatever the sled conditions and the occurrence or not of submarining. Maximum deflection values
were between 46 and 70 mm. These values are much lower than 98 mm which corresponds to a 50% risk and to
the 88 mm Euro NCAP limit.
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Figure 28. Risk of AIS3+ abdominal injury versus abdominal deflection (x-axis) for the standard THOR-
50M: risk function and results from the sled tests.
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DISCUSSION AND LIMITATIONS

The ABISUP abdomen geometry was designed to enlarge the existing THOR lower abdomen volume and prevent
discontinuities between the lower abdomen and the pelvis or the lower thorax. This would help to prevent belt
entrapment between the two body regions. The abdomen internal plate present in the standard dummy was also
removed as it did not represent any anatomical structures and limited the compression.

The abdomen biofidelity was assessed under various seatbelt pull test conditions. In three different seatbelt pull
conditions, the ABISUP abdomen demonstrated varying degrees of biofidelity in terms of both deflection and
force. The peak deflection of the ABISUP abdomen tended to be lower than PMHS with the exception of the dual
pretensioner case, but the peak force response consistency with PMHS corridors varied by test condition.

The abdomen durability including the APTS was very good and further improved by the reinforcement of the
abdomen skin. The repeatability and the reproducibility of the abdomen was good, however some significant
variations between the left and right APTS pressures were observed and could not be explained. Further
investigation to understand if this may be caused by the foam, the APTS or the loading would be required. Based
on the asymmetry observed in the final certification tests, investigating the foam and the loading setup could be
of particular interest.

The sensitivity of the abdomen and its measurement were good as it could discriminate restraint systems with the
highest APTS pressures measured when the lap belt was directly on the abdomen compared to when the lap belt
was partly or in contact with the pelvis or the lower thoracic ribs.

The IRF could only be defined from the porcine tests of Kent as attempts to create IRF from PMHS tests gave
only poor quality IRFs due to inconsistent results between the studies in terms of observed injuries versus
abdominal compression. The defined IRFs did not account for the ABISUP abdomen biofidelity since it predicts
abdominal injury risk versus the APTS pressure calculated from the compression measured on the porcine
specimen and not the compression of the ABISUP abdomen itself. In other words, it was assumed that the same
abdominal compression would have been obtained with the ABISUP abdomen than for the porcine specimen
under the same loading.

The risks predicted in the case of submarining and non-submarining were overlapping. Some degree of overlap
could be possible as the presence of the belt on the abdomen did not necessarily mean that the loading was high.
In particular, submarining could occur late in the deceleration with limited belt forces. In many other cases, the
predicted risk was high and it could reach up to close to 90% for submarining or lap belt on abdomen conditions.
Conversely, it was found that the risk without submarining could be too high (up to 48%, Figure 27) compared to
the low occurrence of abdominal injuries for properly restrained occupants. However, one limitation of this study
is that the predicted risks were not assessed against injury statistics accounting for actual restraint conditions.

While the exact reason for the mismatch between expected and predicted risk in case of proper restraint is
unknown, different reasons could be investigated. The IRFs were defined from seatbelt pull tests in which the
injuries were created by the compression of the mid abdomen by the belt with side rollers guiding the belt. In sled
tests, the force interaction on the abdomen was more complex as (1) there was no side rollers preventing the lateral
compression, (2) there were inertial effects and force of the upper torso on the abdomen, (3) the loading was not
necessarily applied to the mid abdomen.
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For the first point, the pressure compression curve and the original experimental data from Kent were generated
using antero-posterior compression while some of the lateral compression, which could contribute to the pressure,
was prevented by the use of rollers. As a result, the ratio between compression and pressure or the relationship
between compression and injury could differ from more realistic loading cases. This could be investigated using
a simulation-based approach.

For the second point, it was also previously reported that the APTS maximum pressure was coincident with the
maximum chest excursion in sled tests [26], however the pressure increase due to the dummy torso flexion was
not considered in the IRFs. From [26], it was estimated that the pressure increase due to the torso forward
movement was between 28 and 92 kPa depending on the magnitude of torso flexion. Due to the lack of
biomechanical data, it is unknown if torso flexion should contribute to the injury risk as some coupling between
the thorax and the abdomen is present through the diaphragm. If needed, the APTS location could be adjusted
(e.g. moved rearward) to reduce the pressure sensitivity.

For the third point, the sensitivity of the APTS to loading location was found to remain relatively stable on the
abdomen including in some cases for which the path of the belt involved some of the pelvis or was below the
ASIS. Some of these cases may be considered as acceptable restraints but significant abdomen compression still
occurred in the dummy. It must be remembered that in the current THOR-50M design, a large portion of the soft
abdomen was located anteriorly to the ASIS (approximately 86 mm at the level of ASIS measured in the mid
sagittal plane on the FE model, Figure 29 bottom). As a result, to prevent the APTS from being too close to the
spine, they were positioned partially anterior to the ASIS in the current design. Also, approximately a third of the
APTS is caudal of the ASIS. To reflect the fact that loading was not expected to be injurious below the ASIS, a
reduced pressure sensitivity in that region may be achieved using a different design (e.g. shorter APTS, APTS
reinforced at the bottom or with a longer cap) or a different location (e.g. more lateral, cranial and posterior,
perhaps with a smaller diameter and length). Preliminary investigations were conducted by simulation.

Some of the abdomen geometric characteristics (largely in front of the ASIS) may also be relevant for some of
the responses observed with the IR-TRACC in the standard dummy: the ASIS are only approximately 30 mm in
front of the flared overload cones protecting the IR-TRACCs, and the distance between the flared overload cones
and the IR-TRACC attachments on the surface of the abdomen is only approximately 105 mm (Figure 29 bottom,
measurements made on the FE model). This suggests that (1) in some cases, the first 75 mm of deflection may
result from a loading that is in front of the ASIS, and (2) the maximum deflection may be limited to a value around
105 mm (contact with the flared overload cones). Based on the NHTSA IRF [8], a 50% AIS3+ risk would
correspond to 98 mm, while 75 mm and 105 mm would correspond to 20% and 61% risks, respectively. In
preliminary FE simulations, deflections over 95 mm (46% risk) could not be achieved in part due to the interaction
between the belt and the backing plate (illustrated in Figure 30). Higher deflections (up to 98.5mm, or 51% risk)
were observed in 32 kg / 6.1 m/s impactor tests [27]. Similar values (99.3 mm, or 53% risk) were reached in this
study in Foster dual pretensioner tests. This would suggest that risks of at least up to 53% could be obtained in
tests, but that risks below 20 % could result from loading anterior to the ASIS. However, despite this range, risks
below 15% were obtained independently of the restraint conditions in the sleds with IR-TRACC performed as
part of ABISUP (Figure 28), and the submarining condition was associated with the lowest risk, followed by the
non-submarining and belt on abdomen. It is unclear if the high lap belt angles that could occur during the
submarining could be recorded by the IR-TRACC.

Overall, despite the limitations listed about the ABISUP abdomen and its associated IRFs, the ABISUP abdomen
could better discriminate the restraint systems and predict more realistic abdominal injury risks than the standard
THOR.
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Figure 29. ABISUP abdomen APTS location versus THOR-50M compressible abdominal depth (top) and
THOR-50M ASIS (bottom).

Figure 30. Illustration of the possible interaction between the belt (green) and the abdomen internal plate
(blue) in a simulation of the standard abdomen with the FE model. The IR-TRACCs are materialized by the
line at the center of the backing plate flared overload cones and the abdomen and jacket are not shown. For

a belt pull, the belt motion and IR-TRACC compression can be limited by the internal plate (laterally) and the
flared overload cones (anteriorly).

CONCLUSIONS

A new abdomen prototype was developed by the ABISUP consortium that could be integrated into the THOR-
50M without modification of other dummy parts. The ABISUP abdomen integrated APTS instead of the two
IR-TRACCSs which could be easily damaged in sled tests and require more complex post-processing. Moreover,
the APTS had the advantage of being sensitive to different loading directions. The ABISUP abdomen could
discriminate well the different restraint systems used in sled tests and predicted AIS3+ injury risk between 42 to
82% in the case of submarining. In the future, design adjustments might be relevant to decrease the APTS
sensitivity to belt loading at the ASIS level.
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Appendix 1: ABISUP abdomen maximum values in Kent’s setup (with rollers)

Test ID Speed | Deflection | Compression | Soft Compression | Mean Pressure

(m/s) | (mm) (o) (%) (kPa)
ABISUP KT 001| 3.9 42.3 15.9 26.9 30.1
ABISUP KT 002| 4.1 42.3 15.9 26.9 313
ABISUP KT 003 | 4.7 67.9 25.5 43.3 61.3
ABISUP KT 004| 4.9 77.3 29.0 49.2 80.1
ABISUP KT 005| 5.2 80.1 30.1 51.0 80.8
ABISUP KT 006| 5.2 80.8 30.4 51.5 80.6
ABISUP KT 007| 2.2 70.0 26.3 44.6 514
ABISUP KT 008| 2.9 76.1 28.6 48.5 66.9
ABISUP KT 009| 2.6 92.2 34.7 58.7 1144
ABISUP KT 010| 2.5 93.6 35.2 59.6 114.1
ABISUP KT 011| 2.6 85.7 32.2 54.6 90.7
ABISUP KT 012| 2.5 80.5 30.3 51.3 74.1
ABISUP KT 013| 2.6 80.4 30.2 51.2 73.5
ABISUP KT 014| 7.5 87.6 329 55.8 108.2
ABISUP KT 015| 7.4 81.8 30.8 52.1 94.1
ABISUP KT 016| 6.6 78.9 29.7 50.3 82.2
ABISUP KT 017| 5.1 90.4 34.0 57.6 1154
ABISUP KT 018 5.0 91.7 34.5 58.4 116.1
ABISUP KT 019| 6.7 96.2 36.2 61.3 138.7
ABISUP KT 020 | 6.5 98.4 37.0 62.6 150.4
ABISUP KT 021| 6.4 101.0 38.0 64.3 162.4
ABISUP KT 022| 6.7 101.4 38.1 64.6 162.6
ABISUP KT 023| 6.8 101.6 38.2 64.7 163.0
ABISUP KT 024| 5.0 94.5 35.5 60.2 117.2
ABISUP KT 025| 5.0 100.4 37.7 63.9 143.7
ABISUP KT 026| 5.0 99.2 37.3 63.2 143.5
ABISUP KT 027| 5.1 101.1 38.0 64.4 1544
ABISUP KT 028 5.2 101.3 38.1 64.5 151.7
ABISUP KT 029| 5.0 101.1 38.0 64.4 151.9
ABISUP KT 030| 5.1 101.0 38.0 64.3 150.5
ABISUP KT 031| 5.0 102.6 38.6 65.3 156.2
ABISUP KT 032| 5.0 102.3 38.5 65.2 1574
ABISUP KT 033| 2.6 104.2 39.2 66.4 173.5
ABISUP KT 034| 2.5 103.4 38.9 65.9 164.0
ABISUP KT 035| 1.4 105.3 39.6 67.1 165.1
ABISUP KT 036| 7.9 91.4 34.4 58.2 1154
ABISUP KT 037| 8.0 96.6 36.3 61.5 141.1
ABISUP KT 038]| 7.9 102.1 384 65.0 176.4
ABISUP KT 039| 5.1 106.5 40.0 67.8 203.5
ABISUP KT 040| 5.0 109.1 41.0 69.5 224.7
ABISUP KT 041| 5.0 112.4 42.2 71.6 240.1
ABISUP KT 042 | 5.1 115.8 43.5 73.8 253.1
ABISUP KT 043]| 5.0 118.6 44.6 75.5 2574
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Appendix 2: Kent’s data summary and transformation

Specimen | Location A}S soft | Defl | Abdodepth | Compr | Estimated soft Soft Compr
tissues | (mm) (mm) ! (%) depth (mm)? (%)}
PACI1.1 | lower 2 67 149 45.0 82 82.0
PAC1.2 | lower 4 72 135 53.3 74 97.2
PAC1.3 | lower 3 58 122 47.5 67 86.7
PAC1.4 | lower 3 68 140 48.6 77 88.5
PAC1.5 | upper 4 74 148 50.0 96 77.2
PACI1.6 | upper 4 96 149 64.4 96 99.5
PAC1.7 | lower 3 53 132 40.2 72 73.2
PAC1.8 | upper 4 56 149 37.6 96 58.1
PAC1.9 | lower 0 48 129 37.2 71 67.8
PACI1.10 | lower 2 89 146 61.0 80 111.1
PACI1.11 | lower 0 47 137 34.3 75 62.5
PACI1.12 | lower 2 41 113 36.3 62 66.1
PAC1.13 | upper 2 47 135 34.8 87 53.8
PACI1.15 | lower 2 54 132 40.9 72 74.6
PACI1.16 | lower 3 59 127 46.5 70 84.7
PACI1.17 | lower 0 41 174 23.6 95 43.0
PAC1.18 | upper 0 37 146 25.3 95 39.1
PAC1.20 | lower 3 61 134 45.5 74 83.0
PAC1.21 | lower 3 61 141 43.3 77 78.9
PAC1.22 | lower 3 52 127 40.9 70 74.6
PAC1.23 | lower 2 59 145 40.7 80 74.2
PAC1.24 | upper 2 75 190 39.5 123 61.0
PAC1.25 | lower 4 64 129 49.6 71 90.4
PAC1.26 | upper 3 61 137 44.5 89 68.8
PAC1.27 | lower 1 41 135 304 74 554
PAC1.28 | upper 2 65 155 41.9 100 64.8
PAC1.29 | lower 3 73 140 52.1 77 95.0
PAC1.30 | upper 0 37 158 23.4 102 36.2
PAC1.31 | upper 3 58 140 41.4 91 64.0
PAC1.32 | lower 0 56 152 36.8 83 67.2
PAC1.33 | upper 3 61 154 39.6 100 61.2
PAC1.34 | upper 3 68 143 47.6 93 73.4
PAC1.35 | lower 3 60 133 45.1 73 82.2
PAC1.36 | upper 0 46 151 30.5 98 47.1
PAC1.37 | lower 0 45 142 31.7 78 57.8
PAC1.38 | upper 3 64 135 47.4 87 73.2
PAC1.39 | upper 3 71 143 49.7 93 76.7
PAC1.40 | lower 3 56 108 51.9 59 94.5
PAC1.41 | lower 3 60 127 47.2 70 86.1
PAC1.42 | lower 3 65 131 49.6 72 90.4
PAC1.43 | lower 2 79 154 51.3 84 93.5
PAC1.44 | lower 3 92 152 60.5 83 110.3
PAC1.45 | upper 4 103 151 68.2 98 105.4
PAC1.46 | upper 3 89 138 64.5 89 99.6
PAC1.47 | lower 3 70 124 56.5 68 102.9

! Calculated by dividing the deflection by the abdominal depth.

2 Estimation of the soft abdomen depth in front of the spine. The ratio (soft depth)/(abdomen depth) was
assumed to be the same as in supine CT-scans of two porcine specimens of similar size as in Kent’s study.
The scans were collected for an unrelated study and used retrospectively at Univ. Eiffel. The mean ratio was
79/144 and 101/156 at the lower and upper locations, respectively.

2 Calculated by dividing the deflection by the estimated soft depth.
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ABSTRACT

An effective brain injury risk assessment is required to minimize the risk of brain injury from traffic accidents. Thus,
anthropomorphic test devices (ATD) have been used for overall vehicle safety evaluation. We developed a novel ATD head
that incorporates detailed intracranial structures with the brain and can measure the relative displacement between the brain
and the skull. However, the strain inside the deep brain of the head surrogate cannot be measured or estimated. Although
we can simulate the brain strain waveform using the finite element model, the computational cost is high, and the real-time
evaluation of brain strain during crash tests is difficult. To compute the brain strain response in real-time, deep learning
(DL) methods can be used to predict brain strain behavior. Therefore, this study aims to propose a method to predict the
waveforms of maximum principal strain in the brain using a DL method called long short-term memory (LSTM).
Reconstructed simulations for impact tests using a finite element head model were conducted to obtain the principal strain
waveforms of the brain and construct a dataset for machine learning. The impact tests included 125 occipital head impact
tests, 7 frontal sled tests, 35 vehicle frontal crash tests, and 53 American football impact tests, constituting a total of 220
head impact tests. Furthermore, the LSTM model was trained on triaxial angular velocity and acceleration waveforms, and
the models were constructed to predict the principal strain waveforms in the cerebellum, brainstem, and right and left
cerebrums. Subsequently, to validate the predictive model of brain strain, CORA was calculated as an index of the
prediction error. The average CORA score between the brain strain waveforms predicted by LSTM and those of the dataset
was 0.963 for occipital head impact tests, 0.928 for frontal sled tests, 0.898 for vehicle frontal crash tests, and 0.875 for
American football tests. The occipital head impact tests, vehicle frontal crash tests, and frontal sled test cases were
predicted with high accuracy. However, the football impact test cases were inferior to the other three test cases. The football
impact cases included more multidirectional impact patterns and failed to learn similar collisions. However, an error in the
waveform was observed in the rebound phase of the head impact in the latter half of the brain strain waveform. Therefore,
the impact test dataset should be expanded, including cases with rebound behavior of the head, and the set of features that
can reflect the rebound behavior of the head should also be examined further. In conclusion, the maximum principal strain
waveforms of the brain can be rapidly and accurately predicted from the angular acceleration and angular velocity of the
ATD head in occipital head impact, frontal sled, and vehicle crash test cases using LSTM. This method enables real-time
evaluation of brain strain waveforms during impact tests.

INTRODUCTION
The number of fatalities from traffic accidents in Japan has been decreasing, but it remains high, accounting for over 40%

of all injuries [1]. A more effective assessment of the brain injury risk is required to minimize the risk of brain injury due to

accidents. Although we cannot directly measure the principal strain in the brain, which is a factor in the occurrence of brain
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damage, we can simulate the deformation behavior of the human brain using finite element analysis (FEA). Therefore,
integrating the calculation of brain deformation behavior using a human finite-element model with crash dummies can
provide an injury evaluation function based on brain strain indices in crash tests. However, the FEA has computational
costs, and real-time evaluation during crash tests is difficult. Therefore, developing a method that can minimize the
computational cost while maintaining computational accuracy is necessary to obtain brain deformation behavior in real
time. Wu et al. [2] applied a convolutional neural network (CNN) to estimate the 95% maximum principal strain
(95%MPS) in the brain from entire-brain images. However, the output data are static and not time-series data.

This study aims to propose a fast and simple method for predicting the time-series waveform of the principal strain in the
brain using long short-term memory (LSTM) and bidirectional LSTM with triaxial angular velocity and acceleration
waveforms as an alternative to FEA. First, the 95%MPS in the brain induced by a head impact was calculated using FEA,
and then, a model was constructed to predict the 95%MPS in the brain using LSTM by learning with triaxial angular
velocity and angular acceleration waveforms. For training, we used head impact data obtained from occipital head impact
tests [3], frontal sled tests [4], vehicle crash tests [5], and reconstruction tests of American football accidents [6][7]. The
results show that LSTM and bidirectional LSTM quickly predict time-series waveforms.

METHODS

A flowchart of the study is shown in Figure 1. First, using the angular velocities of the three axes of the head obtained from
various head impact tests as inputs, we conducted simulations using a finite element model of the head to obtain 95%MPS
waveforms and constructed a dataset for deep learning. The deep learning model was then trained on the training dataset

after appropriate pre-processing, and its performance was evaluated.

e .
Head kinematics data Preproc.essmg of angular
PN velocity and angular
P L acceleraion of the head

FE simulation

A\ 4 A\ 4
Generating MPS Learning LSTM and
waveform Bi-direction LSTM

A4

Accuracy evaluation of
predicting results

Figure 1. Flowchart

Data Description

The dataset used for training consisted of head impact data obtained from four tests: occipital head impact tests, frontal sled
tests, vehicle crash tests, and reconstruction tests of American football collisions. An overview of these tests is provided
below:

Occipital Head Impact Tests
The dataset of reconstruction tests of Depretiere’s cadaver test was used [3]. Hybrid III AM50 with a novel
anthropomorphic dummy head was used. An impactor (15.6 kg) was placed on the back of the dummy's head. The results

of 125 occipital head impact tests obtained by varying the mass and velocity of the impactor were used.

Frontal Sled Tests

The dataset from frontal sled tests was used; a total of seven tests were used, varying the TTF of the delta-V and restraint
system, using a full-body dummy with the head of the Hybrid IIl AM50 dummy replaced by a novel anthropomorphic
dummy head [4]. Seven simulations were conducted.
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Vehicle Crash Tests

Head motion data obtained from vehicle crash tests in the United States New Car Assessment Program were used. The
three crash modes used in the simulations were the full-lap rigid barrier (FRB), left oblique impact (LOI), and right oblique
impact (ROI). The simulations were performed on 35 cases: 6 FRB cases, 19 LOI cases, and 10 ROI cases.

Reconstruction tests head collision in American football

Head motion data were obtained from the head impact reconstruction test in American football conducted by Sanchez et al.
[7]. In this experiment, the head impact position, angle, and velocity were estimated from the head impact video of
American football games, and a Hybrid III dummy head wearing a helmet was used to reproduce the head impact situation.
In total, 53 simulations were performed.

Finite Element Analysis

The head finite element model used in the simulation was constructed based on medical images of an adult male, as shown
in Figure 2 [4]. The head finite-element model consists of the skin, skull, brain, meninges, venous sinus, cerebrospinal
fluid, and ventricles. The skull has a cortical membrane and a trabecular body. The brain is modeled as a viscoelastic body
using Maxwell-Kelvin viscoelastic material and consists of the right brain, left brain, cerebellum, and brain stem. The
meninges were modeled as elastic bodies with the dura mater, soft membrane, cerebellar tent, and cerebral sickle.
Cerebrospinal fluid, ventricles, and venous sinuses were modeled as fluids. The skull and skin of the model were made
rigid, and simulations were conducted using the 6-axis motion data of the head in the various head impacts described above
as inputs. The simulation output was the time-history waveforms of the 95th percentile maximum principal strain in the left
and right cerebrum, brainstem, and cerebellum. LS-DYNA R11.1 was used as the solver.

Figure 2. Entire structure of the FE head model and the head coordinate system

Feature Engineering and Data Preprocessing
A total of 31 features of the following four types obtained from the triaxial angular velocity waveforms were used as model
inputs (Figure 3).
(1) Triaxial angular velocity (wx, wy, wz)
(2) Angular acceleration in each of the three axes (ax, ay, az)
(3) Absolute angular velocity (Jw|)
(4) Angular velocity change (Awx, Awy, Awz, A|w]).
The angular velocity change is the magnitude of the change in angular velocity over T ms, calculated in Eq. 1 from the
angular velocity and absolute value of angular velocity in the three axes. Six types of T were used (5, 10, 20, 30, 40, and
50), resulting in 24 features.
Aw(t) =w() —w(T) (T<t)

Aw(t) = w(t) (T>0) Equation (1)
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Figure 3. Overview of the input features

After feature engineering, the data were converted into a 3 1-column matrix for standardization and data augmentation. For
data augmentation, the following two methods were applied to the training dataset.

(1) Inverted motions were created for each of the x- and z-axes to quadruple the dataset.

(2) The dataset was doubled by creating randomly scaled data at 0.9 < rate < 1.1 for all features as input and all brain
strain as output.

Finally, the total number of impact datasets is 1760 (220x4Xx2).

Deep Learning Model and Assessment

The head impact dataset was split into 80% training and 20% test data. The training data were inputted into a deep-learning
model for training. The prediction error between the predicted and simulated principal brain strain waveforms was
calculated for validation data. Accuracy was verified using the five-fold cross-validation method shown in Figure 4. In this
study, LSTM and bidirectional LSTM were used as deep learning models.

l:’ Training data - Test data

R B |
B D | S
ol e
Tl T B

Accuracy evaluation <«

Average

Figure 4. Fivefold cross-validation

Tamai 4



LSTM Structure

LSTM is a network with a long-term dependency structure within the recurrent neural network (RNN). LSTM was
proposed to address the long-term dependence [8][9]. In LSTM (Figure 5), the memory layer €9, which plays the role of
long-term memory, is added from the RNN. After selecting the input information at the forgetting gate (f), the information
is stored in the memory layer, and the next time step inherits the information from the memory layer. The information
stored in the memory layer was transformed by an activation function and used to compute the output. The addition of this

addresses the gradient loss problem.
y(t)
7

C&1) > >m > (O
() N,

sigmoid
A

[sigmoid] [ tanh ]
N

Y.

D) ><> >|sigmoid % ) > ho
A

A

x(®

Figure 5. LSTM cell structure

The LSTM structure used in this study consists of five layers. (1) Input layer (31 units), (2) masking layer, (3) hidden layer
(200 units, dropout: 0.2), (4) time-distributed layer with linear activation function, and (5) output layer (1 unit). Using the
mean squared error as the loss function and adaptive moment estimation optimizer as the optimization function, the batch
size was increased to 200-time steps to improve learning efficiency. The initial learning rate was set to 0.0004 and halved
every two epochs for a total of six epochs.

Bi-directional LSTM Structure
Bi-directional LSTM [10] combines LSTM in the forward direction and LSTM in the reverse direction in a time series, as
shown in Figure 6. The data used to construct the prediction model for the time-series waveform of brain strain can also be

used to predict the data after the desired prediction. Therefore, we could make predictions in the reverse direction of a time
series. Using both past and future information to predict a certain point in time is effective in improving accuracy.
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Xt-1 Xt Xt+1

Figure 6. Bi-directional LSTM structure
The structure of bi-directional LSTM used in this study consisted of six layers: (1) the input layer (31 units), (2) the
masking layer, (3) the hidden layer (200 units, dropout: 0.2), (4) the hidden layer (200 units, dropout: 0.2), (5) time-
distributed layer with linear activation function, and (6) output layer (1 unit). Using the mean squared error as the loss

function and adaptive moment estimation optimizer as the optimization function, the batch size was increased to 200-time
steps to improve learning efficiency. The initial learning rate was set to 0.0004 and halved every two epochs for a total of
six epochs.

Using these trained models, we make predictions on the test data and verify their accuracy. The actual and predicted time
historical data were quantitatively compared using CORA [11].

RESULTS

Tables 1 and 2 show the CORA evaluation of the prediction results from LSTM and bidirectional LSTM. The horizontal
axis of the table indicates the predicted brain region, and the vertical axis indicates the type of test. The prediction accuracy
was excellent (CORA>0.94) for the left and right cerebrum and good (0.8<CORA<0.94) for the cerebellum and brainstem.
Comparing the accuracy of the LSTM and bidirectional LSTM, the latter was found to be more accurate.

Figures 7—10 show examples of the results of the FEA and the LSTM predictions for the left cerebrum principal strain
waveforms in each test configuration. For the example of the occipital impact test shown in Figure 7, the waveform
predicted by LSTM accurately captured the first peak and accurately predicted the subsequent decay. For the frontal sled
test example shown in Figure 8, three small peaks appeared, the first and second peaks were accurately predicted, and the
third peak was highly predicted. The vehicle crash test example in Figure 9 shows large peaks at 100 m and 120 m and a
small peak at 230 m. The first and second peaks were accurately predicted, while the third small peak was highly predicted.

Table 1
Averaged CORA value of prediction result by LSTM
Cerebellum Stem Cerebrum R Cerebrum L

Occipital

head impact  0.95240.065 0.9584+0.053 0.973+£0.030 0.97040.033
test (n=125)
Frontal sled
test (n=7)
Vehicle
c1(rashte)st 0.872+0.072 0.876+0.048 0.923+0.046  0.92140.040
n=35

Football

impacttest  0.831+0.109  0.885+0.066 0.894+0.061  0.891+0.075

0911£0.091  0.920£0.063  0.935+0.025 0.946%+0.018

(1=220) 0.908+0.096  0.926+0.068 0.94440.054 0.942+0.058
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Table 2

Averaged CORA value of prediction result by bi-directional LSTM

Cerebellum Stem Cerebrum R Cerebrum L
Occipital
head impact  0.956+0.061  0.963+0.058 097440033  0.97240.038
test (n=125)
Ftreos‘gtf‘;j%d 0.90140.124  091240.055 0.939+0.030  0.956+0.027
Vehicle
crashtest  0.873+0.080 0.880+0.055 0.934+0.043  0.936+0.042
(=35)
Football
in}pact et 0.826+0.136  0.888+0.071  0.8924+0.080  0.898-+0.068
n=53
Pull data 090940.106  0930+0.072  0946+0.060 094840056
03 0.3
Y — FBA
— LSTM — LSIM
—_ 0.2 —_ 0.2
3 3
a P
0.1 0.1
0-00 20 40 60 80 100 0'00 20 40 60 80 100
Time [ms] Time [ms]
CORA: 0.971 CORA: 0.951

Figure 7. Comparison of waveforms of maximum
principal strain between true value (finite element
analysis) and predicted value by LSTM in an occipital
head impact test case

0.6

—— FEA
— LSIM

50 100 150

Time [ms)]

CORA: 0919
Figure 9. Comparison of waveforms of maximum
principal strain between true value (finite element
analysis) and predicted value by LSTM in a vehicle
crash test case

200 250 300

DISCUSSION

Figure 8. Comparison of waveforms of maximum
principal strain between true value (finite element
analysis) and predicted value by LSTM in a fiontal
sled test case

0.3
—— FEA
— L§IM
_02
4
S
&
0.1
0'00 50 100 150 200
Time [ms]
CORA: 0.890

Figure 10. Comparison of waveforms of maximum
principal strain between true value (finite element
analysis) and predicted value by LSTM in a
reconstruction test case of American football
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Prediction Accuracy of LSTM and Bi-directional LSTM

In Table 2, the bidirectional LSTM yielded a slightly higher prediction accuracy than LSTM. Bi-directional LSTM is mainly
used in fields such as natural language processing because it can use the information after a certain point in time when
predicting series data. Because the series data used in this study are physical phenomena, future inputs and states did not
effectively predict the current outputs and thus did not significantly improve the accuracy.

Prediction Accuracy by Parts of the Brain

As shown in Table 2, the CORA of the right and left cerebrum were larger than those of the cerebellum and brainstem. This
was mainly because of the difference in the magnitude of the 95% MPS for each region. The average maximum values of
the principal brain strain in the study data are listed in Table 3. The brain strains in the cerebellum and brainstem were
small; therefore, the difference in peak values from the brain strain after the impact was small. Therefore, the learning of
the brain strain waveform performed poorly.

Table 3
The maximum value of 95 percentile MPS
cerebellum stem cerebrum R cerebrum L
Averaged max 0.107 0.170 0277 0271

value of MPS

Prediction Accuracy for Each Head Impact Type

According to the evaluation of each test by CORA shown in Table 2, the prediction accuracy of the waveforms was higher
for the occipital impact test, vehicle crash test, frontal sled test, and reconstruction of the football accident. Figures 11 and
12 show the mean and standard deviation of the angular velocity for the occipital head impact tests and reconstruction tests
of American football. The head impact tests are characterized by a significant change in angular velocity around the y-axis
and a small change in angular velocity around the x-axis immediately after impact. However, the angular velocity
waveforms in the reconstruction tests of American football are widely distributed along the x, ), and z axes. This is because
the reconstruction tests of American football cases include head-impact conditions from various directions. Therefore, the
prediction accuracy was low because there were few learning opportunities for input waveforms with similar
characteristics in the American football cases dataset. The frontal sled test performed poorly because, for the football head
impact tests, the number of datasets for the frontal sled test was small, and there were few learning opportunities for
impacts with similar characteristics. However, the prediction accuracy did not deteriorate significantly because the dataset
of the FRB vehicle crash test and occipital impact tests, which include similar head behavior, were also trained.

Afterward, the prediction errors of the waveforms are discussed for specific examples of the predicted waveforms for
each head impact condition, as shown in Figures 7—10. First, the triaxial angular velocity waveforms used as inputs in the
prediction are shown in Figures 13 and 14. When predicting the multimodal brain strain waveforms for any collision type,
the prediction accuracies of the second and subsequent peaks were slightly less accurate than those of the first peak: the
peaks were at 65 m in the frontal sled test (Figure 8), at 130 and 230 m in the vehicle crash test (Figure 9), and 150 m in the
reconstruction test case of American football (Figure 10). The multimodal brain strain waveform is caused by head
rebound behavior, in which the head rotates in the opposite direction of the initial impact owing to a collision with an
airbag. It was difficult to predict changes in brain strain because of this behavior from angular velocity alone because the
angular velocity at 70 ms in the frontal sled test (Figure 13) and 130 ms in the vehicle crash test (Figure 14) was small.
However, using the features of angular velocity change created by feature engineering, we could incorporate longer-term
brain strain changes into the prediction, and the prediction accuracy was improved. Because over half of the current dataset
consists of data from occipital impact tests without rebound behavior, further improvement would be expected by
expanding the dataset to include rebound behavior or by considering features that can better reflect head rebound behavior.
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Figure 13. Angular velocity input of fiontal sled test Figure 14. Angular velocity input of vehicle crash test

CONCLUSION

This study proposed a fast and simple method for predicting brain strain waveforms as an alternative to FEA, using LSTM
and bidirectional LSTM, which are deep learning methods that can predict time-series waveforms. FEAs were performed
on four types of head impact: occipital head impact tests, frontal sled tests, vehicle crash tests, and a reconstruction test of
American football. Prediction models of brain strain waveforms using LSTM or bidirectional LSTM were constructed and
evaluated. The results indicated that the LSTM model accurately predicted the brain strain waveforms.

REFERENCES

[1] National Police agency, Traffic accident information, (2021). (in Japanese)

[2] S. Wu, W. Zhao, K. Ghazi, and S. Ji, Convolutional Neural Network for Efficient Estimation of Regional Brain
Strains. Scientific Reports, 9(17326):1-11. (2019).

[3] H. Yamamoto, Y. Miyazaki, S. Awamori, A. Kokeguchi, I. Amamori, K. Yoshii, Development of a Method to
Measure Intracranial Brain Motion of a Novel Anthropometric Test Dummy Head using 6DOF Sensors, Student
Research Symposium of AAAM2020 (2020)

[4]Y. Miyazaki, A. Railkar, S Awamori, A Kokeguchi, | Amamori, M Katagiri, K Yoshii, Intracranial Brain Motion
Measurement in Frontal Sled Tests by Using a New Anthropometric Test Dummy Head Capable of Direct Brain
motion Evaluation and Visualization, Proceedings of IRCOBI conference, IRC-17-45 (2017)

Tamai 9



[STNHTSA, NHTSA Vehicle Crash Test Database, https://www-nrd.nhtsa.dot.gov/database/veh/veh.htm

[6] E. J. Pellman, D. C. Viano, A. M. Tucker, LR. Casson, & J. F. Waeckerle, Concussion in Professional Football:
Reconstruction of Game Impacts and Injuries. Neurosurgery 53, 799-814(2003).

[7]1E. J. Sanchez, et al. A reanalysis of football impact reconstructions for head kinematics and finite element
modeling. Clin. Biomech. (2018).

[8] F. Gers, J. Schmidhuber, and F. Cummins, Learning to Forget: Continural Prediction with LSTM, Neural
Computation 12,2451-2471, (2000).

[91 S. Hochreiter and J. Schmidhuber, Long Short-Term Memory, Neural Computation, 9(8): 1735-1780, (1997).
[10] Graves, A., Schmid huber, J.: Framewise Phoneme Classification with Bi-directional LSTM and Other Neural
Network Architectures. Neural Networks 18(5), 602—610(2005).

[11] Gehre, C., Gades, H. & Wernicke, P. Objective Rating of Signals Using Test and Simulation Responses. In
Enhanced Safety of Vehicles (2009)

Tamai 10



A SIMULATION STUDY ON THE KNEE-THIGH-HIP LOADING OF THE THOR COMPARED TO
HUMAN BODY MODELS

Peres, Jeremie

Praxl, Norbert

Partnership for Dummy Technology and Biomechanics
Germany

Paper number 23-0271
ABSTRACT

The THOR-50M dummy is instrumented with acetabulum force sensors which is a novelty when compared to
previous dummies like the Hybrid III. It has been proposed to use the acetabulum resultant force to predict hip
injuries. Injury Risk Curves (IRCs) for cadavers have previously been developed, however it is not clearly estab-
lished if the cadaver IRCs can directly be applied to the THOR measurements or if a transfer function is needed.
As femur and acetabulum forces are located on the same load path, it is also questionable if it is necessary to use
two different injury criteria to predict knee-thigh-hip injuries.

To investigate these questions, a simulation study was performed using a THOR model and two human body
models (HBMs). Load cases included impactor tests derived from published cadaver testing as well as sled simu-
lations in belted and unbelted configurations with a validated environment. The knee, femur and acetabulum
forces measured in the different models were compared and the ratios between these forces were also analyzed.
Additionally, based on the measurements from the THOR and HBMs simulations and published Injury Risk
Curves for cadavers and the THOR, the risks of hip and knee/femur injuries were calculated for each load case.

Results show that the relationship between the forces measured in the THOR model and in the HBMs could
depend on the loading conditions. The forces measured in the unbelted sled simulations are similar between the
three models, however the acetabulum forces measured for the HBMs in the belted sled configuration are signif-
icantly lower than that of the THOR. For impactor configurations, the risk calculated at the hip for the THOR
overestimates the likelihood of cadaveric injuries. For sled configurations, no cadaver test result was available,
findings are based on simulations only and comparison with field data. For all simulations, the risk of hip injury
predicted for the THOR was significantly higher than the risk predicted for both HBMs. The risk of hip injuries
for the THOR was also, for all simulated load cases, higher than the risk of knee/femur injuries which is contrary
to the injury frequencies observed in the field for belted occupants.

Overall, the risks calculated for the THOR from the acetabulum forces seem overestimated which is likely caused
by the transfer coefficient used to calculate the THOR risks based on the human IRCs. An adjustment of the
transfer coefficient is necessary and might require a different value for belted and unbelted cases.

This study has limitations. Firstly, the ability of the human body models to measure accurately the acetabulum
force in sled configurations is not established due to the lack of relevant cadaver data. Secondly, parameter studies
and real car simulations would be needed to generalize the results.

To conclude, it is necessary to define a transfer function for the acetabulum force to predict hip injury risks
properly. This transfer function might be load case dependent.
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INTRODUCTION

Several studies have emphasized that lower limb injuries are the most common AIS2+ injuries sustained in frontal
crashes [1] [2]. In a more recent study, [3] observed that newer car models show a significant decrease in Knee-
Thigh-Hip (KTH) injuries which could be explained by the progressive introduction of knee airbags [4]. These
types of injuries could be more prevalent for small overlap and oblique frontal crashes for the driver and front
passenger [5]. NHTSA reviewed NASS-CDS data from 2000 to 2015 for belted and airbag restrained drivers in
frontal crashes [6]. Most of the KTH injuries were to the knee or femur, however two-third of hip/pelvis injuries
occurred in the absence of knee/femur injuries. The vast majority of these injuries occur in compression.

It is known that the hip joint is the weakest part of the KTH complex, meaning that under the same force level,
the hip joint would sustain injuries before the thigh and the knee [7] [8] [9]. However, during a frontal impact
only a certain percentage of the force is transferred from the contact surface at the knees to the hip joint. The
percentage of force transmitted is related to several factors such as mass recruitment, contact surface stiffness,
adduction/abduction, and flexion angle at the hip. Generally, the more mass is recruited behind the hip and the
softer the impact surface, the more the percentage of force transmitted from the knee to the hip is, leading to
increased risk of hip injuries.

In FMVSS No. 208 and frontal NCAP tests, only the peak femur compressive force is used to predict the KTH
injury risk. However, contrarily to the Hybrid III dummy, the THOR is instrumented with acetabulum force sen-
sors in addition to the femur force sensors. NHTSA recommended to use the axial compressive femur force to
predict knee/femur injuries and the resultant acetabulum force to predict hip/pelvis injuries. NHTSA also proposed
corresponding Injury Risk Curves (IRCs) [6]. A transfer coefficient for the acetabulum was defined to account
for differences in KTH force transmission between THOR and humans.

The current study investigates, with the help of dummy and human body models (HBMs) simulations, the force
transmission between the knee, the thigh and the hip and evaluates the NHTSA proposed injury assessment of the
THOR KTH injuries.

METHOD

All simulations were performed using LS-Dyna MPP single precision version 9.3.1 r140922. Three occupant
models were used:

e The THOR-50M model from ATD-MODELS version D0.15
e  The THUMS M50 version 5.03
e The GHBM M50 version 6.0

The use of the THUMS version 5 rather than the THUMS version 4 was justified because the hip modeling in
version 4 is deficient, particularly the acetabulum surface seems unrealistically flat, and the cartilage is not repre-
sented leading to a lack of geometrical congruence with the head of the femur. For both HBMs, bone failure was
deactivated so as not to affect the force transmission, allowing a proper comparison with the dummy. HBMs were
instrumented in a similar way as the THOR, particularly, femur and acetabulum force sensors were defined in the
corresponding bony structures at a similar position. For the femur force, only the axial compressive component
was measured whereas for the acetabulum, the resultant force was calculated. Forces measured at the acetabulum
while the femur was under tension were not considered. The knee force was defined as the resultant contact force
between the impactor, or in the sled simulation the knee pad, and the knee of the occupant. Force signals were all
filtered in accordance with CFC600.
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Load cases

Three different load cases were selected, an impactor test with a fixed pelvis, an impactor test with a free pelvis
and a sled test.

Fixed pelvis impactor test

[7] performed 35 PMHS impactor tests at 1.2 m/s. Pelvis, sacrum, and lower extremities were removed
before testing. The iliac wing was fixed to the test apparatus after removal of the iliac wing flesh. A stiff
molded interface was positioned at the knee interface before impact. A 250 kg platform was accelerated
to 1.2 m/s before impacting a ram attached to the molded knee interface. Between the ram and the plat-
form, energy absorption materials consisting of a combination of Hexcel (9.5 mm cell diameter) and
13 mm thick flotation foam were used to limit the knee loading rate under 300 N/ms. The pelvis was
positioned so that the angle between the horizontal and a line from the pubic symphysis to the anterior
superior iliac spine (ASIS) measured in the xz plane was 120°. This angle was varied around this refer-
ence position. The femur was for all tests aligned to the global x-axis. Hybrid III tests were performed in
a similar configuration, the only difference being that the pelvis was not included, and the femur head
positioned in metallic acetabular cup. A finite element model of this setup was developed and validated
based on the comparison of the Hybrid III test and the corresponding simulation results (see appendix

).

g%

-

Figure 1. Fixed pelvis impactor load case.

Free pelvis impactor test

[10] performed a series of sub-injurious tests on 15 (3*5) PMHS at velocities of 1.2, 3.5 and 4.9 m/s.
The cadavers were seated on a bench and a symmetric horizontal load was applied to both knees using a
255 kg weighted platform accelerated pneumatically. The left and right knee impact surfaces were pad-
ded. In the tests with 1.2 m/s, the padding consisted of a single 38 mm thick, 50-durometer Sorbethane
(Sorbethane Inc., Kent, Ohio) block. In the 3.5 and 4.9 m/s tests, the padding consisted of a 25 mm thick,
50-durometer block placed over a 70-durometer, 25 mm thick one. The knee force was measured via a
loadcell placed behind the impacting surface. The femur force was measured directly using a loadcell
implanted in the bone, whereas the force at the hip was calculated from the femur force using inertial
compensation. The test setup was modeled, and Hybrid III test results reported in the same paper were
used for validation (see appendix 2).

Figure 2. Free pelvis impactor load case.
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e  Sled load case

PDB used a simplified vehicle-like sled environment for frontal testing. It consists of a rigid seat, a rigid
dashboard, a deformable knee bolster, a 3-point belt system with pre-tensioner and a 4 kN load limiter,
and a deployed and pressurized airbag. The pulse was derived from a 0° full-width rigid wall test. This
environment has been used to test various dummies and a corresponding simulation model has been
validated with the corresponding dummy models. Comparison of simulation and experimental tests for
the THOR-50M dummy can be found in appendix 3. Sled simulations in this study were performed both
belted and unbelted. All three occupant models were positioned similarly with a particular focus on the
pelvis and leg position. The x-position and the angle of the pelvis, measured between the horizontal and
a line connecting the pubic symphysis and the ASIS, for the HBMs were matched to those of the THOR
model which was positioned according to the experimental tests. Feet positions and distance between the
knees for the HBMs were also matched to the THOR simulation model.

Figure 3. sled impactor load case.

Analysis

To analyze the load transmission through the KTH complex, several force ratios were calculated for each simula-
tion:

Fr

fk — Ea
F,

Ry =12

af Ff’
_Fa

ak — aa

With Fy, the knee force; F, the femur force and F,, the acetabulum force.

Additionally, risks of knee/femur AIS 2+ and hip AIS 3+ injuries were calculated using the IRCs proposed by
Craig et al. (2020) for the THOR-50M:

In(1.299+F r)-2.62
0.3014

Knee/Femur injury risk: p(AIS 2 +) = @ [ ] (1a)

(T hip*Fa)—15751
0.2339

Hip fracture injury risk: p(AIS 3 +) = @ [ ] (1b)

Where:
@ is the cumulative normal distribution function.

Tyip, the ratio of estimated PMHS hip force to THOR measured peak acetabulum resultant force. NHTSA pro-
posed a value of 1.429 for Tp,.

Fy and F, the previously described femur and acetabulum forces.
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RESULTS

First the peak forces obtained with the three models in the free pelvis impact simulations were compared to box
plots derived from corresponding PMHS results published by [10] as illustrated in Figure 4 and Figure 5. Gener-
ally, for all models, the knee forces and the acetabulum forces are within or very close to the range of the PMHS.
From these results, it is considered that both HBMs are validated for KTH loading and that the THOR shows
comparable biofidelity for this loading.

Knee force Acetabulum force
8 4
7 35
6 =I= 3 %
Zs Z s
= o EPMHS = — @ PMHS
o4 == o 2 s
2 3 e THOR 2 15 ® THOR
o o 1
e © THUMS v503 = o THUMS v503
1 —— © GHBM v6.0 02 $ ® GHBM v6.0
0 0
1.2m/s 3.5m/s 4.9m/s 1.2m/s 3.5m/s 4.9m/s
Impactor velocity Impactor velocity
Figure 4: Knee force in Rupp et al. 2008 simula- Figure 5: Acetabulum force in Rupp et al. 2008
tions compared to PMHS results. simulations compared to PMHS results.

Free and fixed pelvis impactor tests resulted in fundamentally different behavior in terms of force transmission
from the knee to the hip. When the pelvis is fixed, mass recruitment is not relevant anymore and 100% of the
force is transmitted from the knee through the femur and to the acetabulum (see Figure 6). On the contrary, when
the pelvis is not fixed, only a portion of the knee force is transmitted to the femur and an even lower portion to
the acetabulum (see Figure 7).

Fixed pelvis 1.2m/s . Free pelvis 3.5m/s
8 8
7 7
6 6
z z
x5 x5
@ W
Sa S
3 3 LA ~
2 2 7 T aaste, \\
T O
1 LRy AG Rt
&DG 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 Dcﬂﬂﬂ = 0.005 0.010 0.015 0.020 0.025 0.030 0,03-5“““":). -ﬂdﬂ
Time (s) Time (s)
Figure 6: Knee (solid), femur (dashed) and Figure 7: Knee (solid), femur (dashed) and
acetabulum (dotted) forces in the 1.2 m/s fixed pelvis  acetabulum (dotted) forces in the 1.2 m/s free pelvis
impactor simulation with THOR. impactor simulation with THOR.

For the fixed pelvis impact tests, the forces are directly related to the overall stiffness of the KTH complex and
differ between the three tested models (see Figure 8, Figure 9 and Figure 10). In the free pelvis tests, the three
models show similar knee, femur, and acetabulum forces for the three impact velocities. The peak forces increase
with velocity and decrease when moving from the knee to the acetabulum (F < Fy < F).

The same trend between knee, femur and acetabulum forces is observed for the sled simulations whether belted
or unbelted. The force levels are similar for the three models in the unbelted configuration; however, the forces
are significantly lower in both HBMs compared to the THOR model in the belted configuration. Note, for reason
of simplification, the left and right forces have been averaged for the sled simulations.

The general kinematic is similar in the sled simulations between all three models, however, in the belted simula-
tion, some differences are observed at the pelvis level. Indeed, the HBMs showed a backward rotation, whereas
the THOR showed very little pelvis rotation. Also, the HBMs had less peak pelvis forward excursion (THUMS
v503: -6.5 mm, GHBM v6.0: -10 mm). The timing of the knee impact was similar between all models at around
40 ms.
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F, for different loadcases F; for different loadcases
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Figure 10: Acetabulum force in simulated load cases.

Table 1 shows the calculated risks based on the Injury Risk Curves from [6] for the femur and acetabulum forces.
For the HBMs, the factor Ty;,, has been set to 1, meaning that the HBMs are treated as if they were PMHS. Some
notable differences are observed, particularly, the risk of hip injuries is consistently higher for the THOR when
compared to both HBMs. The GHBM model predicts higher risks of knee/femur injuries for the fixed pelvis than
THUMS and THOR. Both HBMs predict no risks for all impactor tests with a free pelvis and the belted sled case
whereas the THOR predicts significant risks of hip injury for the 4.9 m/s impactor and both sled simulations.

Table 1.
Injury risk for every simulated load case.
THOR THUMS v503 GHBM v6.0
AIS2+ Risk AIS3+ AIS2+ Risk AIS3+ AIS2+ Risk AIS3+
knee/femur Risk hip knee/femur Risk hip knee/femur Risk hip
Fixed pelvis 1.2 m/s 0.19 1.00 0.09 0.94 0.38 1.00
Free pelvis 1.2 m/s 0.00 0.00 0.00 0.00 0.00 0.00
3.5m/s 0.00 0.02 0.00 0.00 0.00 0.00
4.9 m/s 0.01 0.29 0.01 0.04 0.00 0.01
Sled belted Left 0.01 0.34 0.00 0.00 0.00 0.00
Right 0.02 0.78 0.00 0.00 0.00 0.00
Sled unbelted | Left 0.17 0.98 0.26 0.58 0.24 0.78
Right 0.17 0.98 0.26 0.62 0.24 0.79
DISCUSSION

As presented in the results for the belted sled simulations, the THOR showed generally much higher forces at the
knee thigh and hip compared to the HBMs. An analysis of the kinematic and the belt forces, shows that the inter-
action between the seatbelt and the pelvis is very different. The HBMs show an earlier engagement of the seatbelt
with the iliac wings which is confirmed by a much higher lap belt force than for the THOR. The main cause for
this is the geometry of the thigh and abdomen. The THUMS model has thinner thighs compared to both other
models, which leads to a lower position of the lap belt compared to the pelvis, the upper edge of the lap belt being
around the same height as the ASIS. The GHBM and the THOR differ in the abdomen geometry, the THOR
abdomen is flat at the junction with the thigh, whereas the GHBM has an inward curvature in the same region.
Due to this curvature, the belt lies closer to the iliac wing in the GHBM simulation. Thigh size and abdomen
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shapes can vary significantly between individuals even for a given percentile and are influenced by the posture
and the types of clothes worn [11] [12], so it is not possible to make a definitive statement as to which model is
more human-like.

All tested PMHS (n=26) were injured in the fixed pelvis cases and most of the injuries were to the hip or pelvis
which is consistent with the injury prediction for all models in this load case. The free pelvis tests were designed
to be sub-injurious and none of the PMHS were injured (n=5 per velocity). The THOR predicts very little risk for
the 1.2 and 3.5 m/s velocities. However, an injury risk of 29% for the hip is calculated for the 4.9 m/s case, which
seems overestimated. On the contrary, both HBMs show low injury risk for all three velocities. HBMs also predict
no injury risk for the belted sled test; whereas the THOR predicts relatively high (Left: 0.34, Right: 0.78) hip
injury risks but no knee/femur injury risk. Field data show on the contrary that for belted occupants the occurrence
of knee/femur injuries is significantly higher than that of hip injuries [6]. This risk prediction seems particularly
inconsistent with field data when considering that the hip injury risk is calculated for AIS3+ injuries while the
risk of knee/femur is calculated for AIS2+.

The incidence of KTH injuries in frontal crashes for unbelted occupants is about three times higher than that for
belted occupants [13] and the proportion of knee/femur and hip injuries seem to be consistent between the belted
and unbelted cases. All three models predict higher risks of hip injuries than knee/femur with the THOR showing
the highest hip injury risk (98%) and the lowest knee/femur risk (17%).
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Figure 13: Ratio of acetabulum to knee force in all simulated load cases.

Given that the THOR seems to overestimate the risk of hip injuries for the free pelvis impactor tests and for the
sled simulations, it is worth questioning the validity of the Ty;;, value. This value was calculated using the equation
below [6]:

T s 0.55
Thip — TPMHS — PMHS — — 1.429 (2)
THOR TFk*T fa 0.77%0.5

Where:
Tpmus = Tak (PMHS)

Traor = Tak (THOR)
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The value of 0.55 for rppps is based on the PMHS results from [10]. This value is relatively close to the values
observed in the HBM simulations for the free pelvis simulations and the unbelted sled as can be seen in Figure
13. However, 0.55 is an approximate value, recalculating the mean based on the values reported in paper leads to
a value of 0.54. For 75, [6] assumed that the THOR behaves similarly to the Hybrid III and therefore defined the
same value for both dummies. Generally, the values found in this study are slightly higher for this ratio except for
the free pelvis at 1.2 m/s which might be due to the low impact velocity in this case. Excluding this load case and
the fixed pelvis one, which is not representative of a frontal crash loading, the mean 7y, value in this study is 0.83.
The 0.5 value for 7y, is based on an analysis by [14] of THOR-NT test results. A review of internal dummy
experimental tests in the same belted sled condition described in this paper lead to a value of 0.61+0.05 over 29
tests involving 7 THOR dummies. This value seems consistent with the results from the simulation study. Recal-
culating Ty, With 75y s = 0.54, 75, = 0.83, and 75, = 0.61, leads to a value of 1.07. Figure 14 shows the ratio
of the acetabulum force for the HBMs to the THOR for the simulated cases. The ratio is close to 1 for the 3.5,
4.9 m/s and unbelted sled tests. The ratio is much lower, around 0.4 for the belted case, meaning that in this case,
the HBMs predict only 40% of the acetabulum force predicted by the THOR.
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Figure 14: Ratio of acetabulum force between HBMs and THOR.

Based on the observations described above, a value of Ty;,, of 1 was considered and all risks for the THOR model
were recalculated (Table 2). The risks for the impactor tests are consistent with the PMHS injuries, particularly
the hip injury risk for the free pelvis case at 4.9 m/s is reduced from 29% to 2%. Hip injury risks calculated for
the belted sled tests are reduced from 34% and 78% to 3% and 23% for the left and right side respectively. For
the unbelted case, the risks are reduced from 98% on both sides to 73% on the left and 72% on the right side.
However, in both sled simulations, the hip injury risks are still higher than the knee/femur injury risk which is not
consistent with expectations based on field data. It could be that Ty, is lower than 1.0 in the belted configuration
as is suggested by the difference between THOR and the HBMs in this study, but this needs to be confirmed by
experimental results.

Table 2.
Injury risk for every simulated load case with Tyiy=1.429 and Thj,=1.0.
THOR
AIS2+ Risk knee/femur AIS3+ Risk hip for AIS3+ Risk hip for
Thip = 1429 Thip = 10
Fixed pelvis 1.2 m/s 0.19 1.00 0.99
Free pelvis 1.2 m/s 0.00 0.00 0.00
3.5m/s 0.00 0.02 0.00
4.9 m/s 0.01 0.29 0.02
Sled belted Left 0.01 0.34 0.03
Right 0.02 0.78 0.23
Sled unbelted | Left 0.17 0.98 0.73
Right 0.17 0.98 0.72

In the experimental sled tests mentioned above, the R-square value between the femur and acetabulum force data
from the experiments is 0.89 which suggests a good correlation between these two values. This could be due to
the high repeatability and reproducibility of the sled tests when compared to real situations including various car
models and/or various loading conditions (e.g., direction, speed). However, in the simulations, R, for the THOR
remains also relatively close to 0.6, except the fixed pelvis test, despite the different nature of the impactor tests
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compared to the sled tests. More data are necessary to conclude on the variability of the R, ratio, however, based
on currently available data, there is no indication that it is varying significantly. If this is confirmed, it is likely
that independently of the IRCs, one sensor will consistently predict higher risks than the other. Therefore, the use
of both the knee/femur and the hip injury risks for the THOR would be redundant and unnecessary and it would
seem more suitable to use only one of the two sensors. More research is needed to determine which of these two
sensors should be used and if only one is used how the corresponding IRC would be defined, particularly if both
types of injuries (knee/femur and hip) should be considered.

This study has limitations. Firstly, the ability of the human body models to measure accurately the acetabulum
force in sled configurations is not established due to the lack of relevant cadaver data. Another point is that the
results in the belted sled configuration seem to be very sensitive to the belt position which mostly depends on the
thigh and hip geometry. It could be that the difference observed between the HBMs, and the THOR are very
specific to the particular parameters of this load case such as belt system or knee pad stiffness. To generalize the
results, it would be necessary to run parameter studies as well as to verify the findings in real car environments.

CONCLUSION

A simulation study was performed using a THOR-50M model and two HBMs to investigate Knee-Thigh-Hip
injuries. It has been previously proposed to use the THOR acetabulum force sensor to predict hip/pelvis injuries
and the femur force sensor to predict knee/femur injuries. The current studies show that over different loading
conditions, the femur and acetabulum force measurements have a very good correlation, and it might therefore
not be necessary to use both measurements. The Injury Risk Curve for hip/pelvis proposed by NHTSA overpre-
dicts the injury likelihood. Based on the results of this study, the overprediction is most likely due to the transfer
coefficient defined between the THOR and humans. The proposed value of 1.429 for this coefficient is generally
too high and could be load case dependent. Based on the presented results, a transfer coefficient of 1 seems rea-
sonable for the unbelted cases; and for belted cases, a coefficient of less than 1 is necessary. Further investigation
is needed possibly using parameter studies and real car interior models.
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Appendix 1: Validation of fixed pelvis simulation environment based on Hybrid III-50 simulations
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Appendix 2: Validation of free pelvis simulation environment based on Hybrid I1I-50 simulations
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ABSTRACT

OBJECTIVE The objective of this study is to evaluate the feasibility and accuracy of a multi-point chest
deflection sensing system installed in the LODC using static, quasi-static, and two dynamic test conditions.

METHOD The multi-point LED chest deflection system was evaluated at four levels: (1) calibration
verification, (2) quasi-static, (3) dynamic probe impact, and (4) dynamic drop tower in order to demonstrate
that the sensor gave a reasonable and accurate measurement of chest deflection.

RESULTS Individual sensors were found to be quite accurate in static verification tests, and sensors
installed in the LODC ribcage were also observed to match well with CMM measurements. In dynamic
testing with the full array of sensors installed in the ribcage, LED deflection matched probe-measured
deflection closely. In both frontal and oblique drop tower tests, individual sensor deflection time histories
showed how the full array could capture full ribcage deformation.

CONCLUSIONS A novel non-contact sensor array to measure LODC chest deformation has been
developed. This system has gone through a battery of both static and dynamic tests thus far to evaluate the
system’s performance. Initial results indicate that the system is promising for monitoring overall chest
deformation in the LODC. Future work will include more dynamic testing to further understand how the
system can describe three-dimensional ribcage deformation.

Keywords: LODC; chest deflection; multi-point; LED; testing
INTRODUCTION

Thoracic injuries sustained by rear seated child occupants involved in vehicle crashes have been attributed to
complex loading mechanisms including the belt and seatback [1]. Because children make up a large percentage of
rear seated occupants [2], protection of the pediatric chest is critical. Historically, chest deflection has been the
primary correlated measure to thorax injury risk when using anthropomorphic test devices (ATDs). It has also been
hypothesized that thoracic injury in children is dependent on the rate of loading, more so than in adults [3].
Increased thorax flexibility in younger occupants permits deformation to the underlying viscoelastic tissue, where a
high loading rate results in lung injuries such as pulmonary contusion, without rib fracture. There have been
pediatric biomechanical studies [4-6] aimed at characterizing the pediatric thoracic response in varying loading
conditions including both distributed and belt loading that reported thorax compression magnitudes, thorax loads,
and thorax compression rates along with injuries. This work has provided baseline information on pediatric thorax
response and injury mechanisms to help guide child ATD development.

The National Highway Traffic Safety Administration (NHTSA) used this information, in part, to develop the Large
Omni-directional Child (LODC) ATD. This ATD has been demonstrated to possess biofidelic thoracic response
characteristics [7]. Using information from pediatric biomechanical studies, LODC thorax test data, and field injury
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data, an injury risk function based on deflection rate has been proposed for the LODC [8] so that the ATD can be
used to design optimized restraint strategies that mitigate thoracic trauma to children. To measure complex thoracic
deformation, the LODC requires instrumentation that accurately tracks the distance between the compliant ribcage
and flexible spine. Because of the ribcage and spinal compliance required to meet biofidelity criteria from pediatric
studies, it would be ideal if the operation of deflection-measuring sensors is not affected by potentially extreme
levels of deformation at the sensor connection points on the spine or ribcage. In early testing of the LODC with an
IR-TRACC installed to measure chest deflection, because of the small LODC size, the IR-TRACC took up a large
percentage of thoracic space and was prone to interference with the spine especially when the ribcage was loaded
obliquely. This interference resulted in IR-TRACC damage or erroneous signals. Because of this, NHTSA initiated
the development of an optical sensor system to measure deflection in the LODC ribcage [9]. This single laser sensor
mounted to the thoracic spine was found to measure sternum deflections consistent with an IR-TRACC in controlled
test setups.

Because initial bench testing of the single optical sensor in both static and dynamic modes was encouraging, full
dummy testing was subsequently conducted to further evaluate the single sensor’s performance. The LODC is
intended to be tested in a variety of commonly used child restraint systems (CRS) as well as seating postures that do
not use a CRS. The different test conditions will cause variations in the seat belt routing and will dramatically
change the crash kinematics. The variation of the shoulder belt routing over the thorax means that a single sensor
centered over the sternum may not detect maximum ribcage deflection if the belt doesn’t cross in front of the sensor.
A dramatic difference can be seen in the position of the shoulder belt relative to the ATD thorax when comparing
the backless belt positioning booster (BPB) and the No CRS slouch test conditions (Figure 1). Figure 2 shows the
internal chest deflection measured in these two seating conditions. When the shoulder belt crosses in front of the
sensor measurement location on the ribcage with the booster, we see a higher deflection. When the shoulder belt
crosses closer to the neck in the no booster case, the single deflection sensor located at the sternum understandably
does not measure a similar result. However, from real-world cases, severe pneumothorax injuries can occur when
the shoulder belt is not properly positioned on the chest [10]. This finding indicates that maximum ribcage
deformation doesn’t always occur mid-sternum in crashes and demonstrates the need to measure deflection at
multiple locations on the ribcage.

wemsmnnnenaeas l‘-ﬁ

> e S— W -

pis

N 3
v

u-P;‘

%

|
.
‘_..l
|/

s

S B m . H

E

. -

Figure 1. LODC seated on FMVSS No. 213 bench' with

BPB (top) and slouch position without BPB (bottom).

" EMVSS No. 213 bench shown is the proposed bench specified in the Notice of Proposed Rulemaking (NPRM).
See https://www.regulations.gov/search?filter=NHTSA-2020-0093-0004 for details of the bench.
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Figure 2. Chest deflection as measured at the sternum of the LODC.

DESCRIPTION OF MULTI-POINT LED SYSTEM

To facilitate measurement of deflection at multiple locations within the ribcage, a non-contacting optical sensor with
a smaller footprint was required to fit into the LODC. The sensor chosen for this application is an off-the shelf
optical triangulation distance sensor (Sensopart Model FT 25-RA-170-PNSUL_M4M) that is commonly used in
industrial applications (Figure 3). This particular sensor emits a beam of light that produces a spot on the inside of
the ribcage. A lens focuses the spot image onto a photodiode that allows the calculation of the distance from the
sensor to the spot (Figure 4). The optical triangulation sensor is limited by a standoff distance and a measurement
range. The standoff distance is the closest distance in front of the sensor that will produce a measurement. The
measurement range is the range of distance past the standoff distance that the sensor can measure. The chosen
sensor specifications are expected to be able to measure the entire range of expected LODC ribcage deflection and
motion.

Figure 3. Sensopart distance sensor.
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Figure 4. Diagram of the optical triangulation distance sensor measurement.

In the LODC, all seven sensors are attached to the center vertebrae element using brackets (Figure 5 and Figure 6).
Five of the sensors face forward and two face obliquely. One sensor is located centered on the sternum between ribs
2 and 3. There are two forward facing sensors between ribs 1 and 2 and spaced laterally left and right of the
midsagittal. There are two forward facing sensors between ribs 3 and 4 also spaced laterally left and right of the
midsagittal. Finally, there are two sensors facing obliquely left and right between ribs 2 and 3 and rotated 70

degrees from the frontal direction. Figure 7 shows the system installed with LED spots visible on the inside surface
of the ribcage.
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Figure 6. Measurement locations of the optical sensors inside the LODC ribcage.
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Figure 7. Interior view (looking upwards) of ribcage showing sensors (upper right & midsternum not shown).

Because of the difficulties associated with the IR-TRACC in the LODC, a triangulation sensor measurement system
has been developed. The original optical system consisted of a single sensor located at the midsternum. After
verifying proper operation of that system and recognizing the benefit of collecting chest deflection data at multiple
locations in the ribcage, a multi-sensor configuration has been implemented into the LODC. The objective of this
study is to evaluate the feasiblity of a multi point sensing system in static, quasi-static and dynamic conditions.

EVALUATION OF MULTI-POINT LED SYSTEM

The multi-point chest deflection measurement system was evaluated in static, quasi-static, and dynamic conditions.
Each sensor was first evaluated in a static calibration fixture prior to installation in the ribcage. The sensors were
then evaluated quasi-statically through compression of the ribcage in a universal test machine (UTM). Thorax probe
impacts and drop tower tests were performed to dynamically evaluate the multi-point system.

Static Evaluation

The calibration fixture consists of a linear slide connected to a linear scale with a digital readout. The sensor is
clamped to the fixture as shown in Figure 8 and the slide is moved in 5 mm increments while the sensor reading is
recorded.
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Figure 8. Calibration fixture for static evaluation.

A comparison of the linear scale readouts and sensor deflection readings are summarized in Table 1 for seven
different sensors at each of the 5 mm increments. A plot of average sensor deflection versus linear scale deflection
is shown in Figure 9.

Table 1.

Comparison of the linear scale readout and sensor deflection readings

Deflection (mm)

Linear Scale Sensor
Readout #1 #2 #3 #4 #5 #6 #7 Average
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 5.1 5.1 5.3 5.5 5.2 5.5 5.2 5.3
10 10.1 10.1 10.4 10.3 10.2 10.7 10.2 10.3
15 15.1 15.1 153 154 15.2 15.6 15.3 153
20 20.0 20.2 204 20.5 20.1 20.6 20.3 20.3
25 25.1 252 25.5 25.5 25.4 25.6 25.4 25.4
30 30.1 30.2 30.3 30.4 30.2 30.6 30.3 30.3
35 35.1 35.1 35.3 35.5 35.2 35.5 35.3 35.3
40 40.0 40.2 40.3 40.3 40.2 40.6 40.2 40.3
45 44.9 452 453 454 453 45.5 452 453
50 50.0 50.2 50.3 50.5 50.3 50.6 50.3 50.3
55 55.0 55.2 55.2 55.3 55.2 55.5 55.2 55.2
60 60.0 60.1 60.3 60.4 60.2 60.5 60.1 60.2
65 65.0 65.0 65.1 65.5 65.2 65.7 65.3 65.3
70 70.0 70.0 70.2 70.4 70.2 70.5 70.2 70.2
75 75.1 75.1 75.2 75.4 75.1 75.4 75.2 75.2
80 80.1 80.1 80.4 80.2 80.1 80.5 80.2 80.2
85 85.1 85.0 85.5 85.3 85.3 85.4 85.1 85.2
90 90.0 90.1 90.7 90.4 90.1 90.5 90.2 90.3
95 95.1 95.2 94.9 95.3 95.2 95.4 95.3 95.2
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Figure 9. Static evaluation — average sensor deflection versus linear scale deflection.

The deflections as recorded by the sensors agree with the linear scale readings with an average difference of 0.268
mm over the 95 mm measurement range. Figure 9 indicates that over the full range, the sensor is on average 0.39%
greater than the linear scale measurement.

Quasi-static Evaluation

The quasi-static tests were performed using a United Testing Systems universal test machine (United UTM) to
evaluate the accuracy of the sensors when integrated into the ribcage. The ribcage was assembled onto the thoracic
spine and the spine was rigidly mounted in the United UTM so that the spine curvature was in the design position
(as it would be in the assembled LODC). The mounting fixture was also designed to position the thorax such that
the loading axis of the United UTM can be aligned with the primary axis of a particular sensor (Figure 10).

Left Lower Sensor
Evaluation

Sensor Being
Evaluated

\ ‘ Splne Mountlng /
Fixture
- — ; )
Figure 10. Quasi-static testing of lower left sensor (left image) and left oblique sensor (right image).

4

Each sensor was evaluated individually. The primary axis of the sensor being evaluated was aligned with the United
UTM loading axis and the ribcage was then compressed to 10 mm, 20 mm and 30 mm. At each compression level,
the sensor reading was recorded and a measurement of the sensor LED location on the inside surface of the ribcage
was manually taken using a coordinate measuring machine (CMM) for comparison (Figure 11).
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Figure 11. Sensor spot measurement using coordinate measuring probe.

Ribcage deflections at each of the United UTM compression levels were calculated from the sensor recordings and
from the CMM measurements. Deflection results are summarized in Table 2.

Table 2.
Ribcage deflections from sensor recordings and CMM measurements at each compression level
. Sensor-CMM
Sens?r Umtefl UTM Average Deflection (mm) Difference
Location Deflection (mm)
Sensor CMM (mm) %o
10 9.7 10.0 0.33 3%
Center 20 19.5 19.9 0.43 2%
30 29.5 29.9 0.41 1%
10 8.9 9.0 0.10 1%
Left 20 17.9 18.4 0.55 3%
Uppel' . . . 0
30 27.0 27.7 0.65 2%
10 9.7 10.1 0.40 4%
Left Lower 20 19.9 20.3 0.40 2%
30 30.5 31.1 0.66 2%
o 10 8.7 8.8 0.12 1%
e

Oblique 20 17.1 17.3 0.20 1%
30 25.8 26.0 0.26 1%

The results show good agreement between the deflections as measured by the sensors and by the CMM with percent
differences less than 5% at each of the sensor locations. In a controlled, quasi-static environment, the multi-point
deflection sensors can accurately track the interior ribcage deflections.

Dynamic Evaluation

Probe Impacts The LODC ribcage with the multi-point sensors installed was tested dynamically using a
modified thorax qualification test setup. For this test the LODC was seated on a table with its flesh jacket, wetsuit,
shoulders and arms removed. A fixed seatback was installed to prevent the LODC from sliding during the impact.
Video captures from a test are shown in Figure 12. A probe impact to the LODC ribcage was performed at 4 m/s
using the standard 6.99 kg LODC thorax qualification probe, which is equipped with an internally mounted
accelerometer behind the front impact face. In addition to the multi-point deflection sensors, the LODC was also
equipped with a T6 x-axis accelerometer to record motion of the spine during the test.
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Figure 12. Thorax probe impact. Right picture shows time of maximum ribcage compression.

Internal ribcage deflections were calculated from each of the sensors during the impact event. Additionally, external
ribcage deflection was calculated by subtracting the spine motion recorded by the T6-mounted accelerometer from
the probe-mounted accelerometer and then double integrating that signal. Time histories of internal ribcage
deflection as recorded by each of the sensors along with the calculated external deflection are shown in Figure 13.
Unfortunately in this test, the right oblique sensor was not recorded as this sensor was out for calibration at the time
of testing.

10
0 -
=
£ -0+
=
il
8
= -20 1+
8 —— Probe (External)
qé) —— Sensor Middle
§ -30 + —— Sensor Left Upper
& —— Sensor Right Upper
40+ —— Sensor Left Lower
Sensor Right Lower
Sensor Left Oblique
-50 t t f f
0 0.025 0.05 0.075 0.1
Time (sec)

Figure 13. Ribcage deflection-time histories during a dynamic probe impact. Internal ribcage deflections are
measured by the multi-point sensors. External ribcage deflection is calculated from the impact probe.

Although the LODC is not normally tested with a bare ribcage, dynamically impacting the LODC in this manner
removes the effects of the flesh jacket and wetsuit to better evaluate the sensors. A direct impact to the ribcage can
allow for the comparison of the internal deflection sensors with the external deflection as calculated by the impact
probe. From the deflection-time histories in Figure 13, the midsternum or middle sensor deflection (red curve)
shows good agreement with the calculated external deflection (black curve). The difference in duration between the
probe-calculated deflection and the middle sensor is attributed to the test setup and calculation error in using the
probe and T6 accelerations. Although a fixed seatback was used, soon after the ribcage reached maximum
deflection, the thorax was observed to tilt backwards causing the probe and T6 mounted accelerometers to no longer
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be in the same plane. This misalignment is why the calculated external deflection appears to rebound earlier than
the ribcage sensors. The accelerometer from the probe can no longer track the actual ribcage position once the
thorax begins to tilt, whereas the ribcage sensors can accurately track this position. This suggests that the sensors
can accurately measure the internal deflection or motion of the ribcage throughout the loading phase of the event.

Additionally, the other internal deflection sensors were recorded (the right oblique sensor was not present) and show
how the entire ribcage moves throughout the event. The midsternum or middle sensor (red curve) shows the largest
deflection, which is understandable as this sensor is at the most forward part of the ribcage. The other four front-
facing sensors (left and right lower, left and right upper) are grouped together with the lower sensors (magenta and
cyan curves) showing slightly more deflection than the upper sensors (green and blue curves). The lower portion of
the ribcage is unsupported unlike the upper portion of the ribcage, which is supported by a sternum bracket. The
lack of support on the lower portion of the ribcage could explain the higher deflections of the lower sensors than the
upper sensors. The left oblique sensor (grey curve) actually shows slight ribcage expansion (deflection in the
positive direction) before compression. Although the right oblique sensor data was not available for this test (out for
calibration), it can be expected to follow a similar pattern as the left oblique sensor since this impact was targeted at
the center of the LODC.

An attempt was made to evaluate the LODC ribcage with the multi-point sensors in a similar test setup but in an
oblique direction. However, it was difficult to prevent the motion of the thorax in this setup, so the ribcage with
multi-point sensors was dynamically tested in the oblique direction using a drop tower instead.

Drop Tower The LODC ribcage with multi-point sensors was tested dynamically using a drop tower setup. The
primary goal of this test condition was to examine how a full set of sensors would respond in an oblique loading
scenario. The ribcage was mounted and positioned under a drop tower using the same mounting fixture used in the
United UTM quasi-static test as shown in Figure 14.
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Drop Mass

Spine Mounting
Fixture

Figure 14. Drop tower test setup for evaluating the left oblique sensor.
Two tests were run using the drop tower as shown in Figure 15. For one test, a 1.86 kg mass was centered over the
left oblique sensor and dropped at a velocity of 4 m/s. For the second test, the same mass was centered over the
midsternum sensor and also dropped at a velocity of 4 m/s.

Figure 15. Drop tower testing of the left oblt)que sensor (left image) and midsternum sensor (right image).
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Deflection-time histories for all sensors in the dynamic drop tower test aligned with the left oblique sensor are
shown in Figure 16. As demonstrated earlier by the dynamic probe impact, this oblique drop tower test similarly
shows how the entire ribcage moves and deflects throughout an oblique impact scenario. From the time history,
there appear to be three groups of data traces. The left side of the ribcage was impacted in this test and the three left
sensors (green, magenta and grey curves) show the greatest amount of deflection. The right front-facing (blue and
cyan curves) and midsternum (red curve) sensors show the least amount of deflection and their data traces show
slight ribcage expansion early in the event followed by ribcage compression. The right oblique sensor (orange
curve), which was opposite of the impact side shows a large amount of ribcage expansion, which can also be
observed in Figure 15 (left image).
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Figure 16. Deflection-time histories for all sensors in the drop tower test aligned with left oblique sensor.

Deflection-time histories for all sensors in the dynamic drop tower test aligned with the mid-sternum sensor are
shown in Figure 17. The shape of the curves in this test are similar to those in the dynamic probe impact. The
midsternum sensor (red curve) showed the greatest amount of deflection. The left lower (magenta curve) and right
lower (cyan curve) sensors showed a greater amount of deflection than the left upper sensor (green curve), which is
likely due to the lack of support at the bottom of the ribcage. The right upper sensor was out for calibration for this
test, but it can be expected to follow a similar trend as the left upper sensor, as illustrated by the dynamic probe
impact (Figure 13). The left oblique sensor (grey curve) and right oblique sensor (orange curve) similarly show the
least amount of deflection and are characterized by ribcage expansion followed by compression, again similar to the
dynamic probe impact.
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Figure 17. Deflection-time histories for all sensors in the drop tower test aligned with midsternum sensor.

The external drop mass deflections (black curves) show approximately 3-4 mm greater deflection than the sensors
aligned with the impact: the left oblique sensor (grey curve in Figure 16) and the midsternum sensor (red curve in
Figure 17). This is due to the rounded impact face of the drop mass used in this test. The rounded impact face
allowed the drop mass to slide outward along the curvature of the ribcage and beyond peak ribcage deflection. This
can be observed in Figure 15 (left image) where the centerline of the drop mass is no longer in line with the oblique
sensor when the ribcage is at maximum deflection. As with the dynamic probe impact, the sensors were able to
accurately measure the internal deflection and motion of the ribcage throughout the event.

Overall, the sensors performed well in dynamic impact scenarios as they agreed with externally measured
deflections as well as provided a picture of how the ribcage deforms throughout a dynamic impact event.

CONCLUSIONS

A novel non-contact sensor array to measure LODC chest deformation has been developed. This system has gone
through a battery of both static and dynamic tests thus far to evaluate the system’s performance. Individual sensors
were found to be quite accurate in static verification tests, and sensors installed in the LODC ribcage were also
observed to match well with CMM measurements. In dynamic testing with the full array of sensors installed in the
ribcage, LED deflection matched probe-measured deflection closely. In both frontal and oblique drop tower tests,
individual sensor deflection time histories showed how the full array could capture full ribcage deformation. This
feature will be beneficial when the LODC is used in sled or crash testing. Future work will include more dynamic
testing to further understand how the system can describe three-dimensional ribcage deformation.
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ABSTRACT

The design of advanced ATD is moving towards being more human-like and therefore is more complex. More com-
plexity generally leads to more degrees of freedom, the uncertainty of an ATD as a measurement tool rises. The
uncertainty of a measurement tool is described by the repeatability and the reproducibility.

An ATD alone can only provide measurements. These measurements do not directly reveal the safety level of a
vehicle in a crash test. By using a mathematical function, a so-called injury risk function, the ATD measurements can
be related to injury risks. The injury risk is a measure to show how well a vehicle protects the occupant or vulnerable
road user. The influence of a poor repeatability or reproducibility on the calculation of the injury risk is obvious.
For a given measurement variability it is simple to check the associated risk variability by putting the values in the
relevant injury risk function. Much less obvious is the effect of poor repeatability and reproducibility on the injury
risk function itself. The injury risk function for an ATD is typically a combination of PMHS test results and matched
ATD test results. This simple fact reveals that the repeatability as well as the reproducibility of an ATD can already
influence the development of the injury risk function and not only the calculation of the injury risk.

This study aims to get a basic understanding how the measurement variability of ATD can influence the resulting
injury risk function. The study uses data from real repeatability and reproducibility tests with the THOR-50M. For
reasons of simplicity the study focuses on the influence of the reproducibility, that is, a perfect repeatability is assumed.
Two theoretical PMHS data sets are used to study the reproducibility influence: one with current status data (left and
right censored data) and one with exact data. In addition, two different methods for the mapping of ATD measurements
onto PMHS results in the risk function development are deployed. This study shows that injury risk curves depend on
ATD reproducibility. Current injury risk function development is only reliable with a good ATD reproducibility. Data
of THOR-50M used in this study reveals that the current injury risk function development procedure should consider
the reproducibility of the ATD.

The study used only one data set for the reproducibility of the ATD which limits the generality of the results.
In addition only a theoretical and simple injury risk function was applied. More complex injury risk functions with
additional co-variants or complex criteria may lead to diverging results. The general effect that the reproducibility is
influencing the injury risk function is unaffected.

As reproducibility cannot be easily improved because of technical and practical reasons, a methodology needs to
be developed that includes the effects of reproducibility in the calculation of injury risk curves.

INTRODUCTION

Modern Anthropomorphic Test Devices (ATDs) are getting increasingly more complex with more and more mechan-
ical degrees of freedom. A mechanical system with more degrees of freedom typically gets less predictable. For the
same reason ATDs with a higher complexity have the tendency to show more measurement uncertainty.

The assessment of vehicle safety is usually done by using an ATD in a prescribed crash test and a specific mea-
surement or indicator, the so-called injury criterion (e.g., Ryx, @ injury criterion regarding thorax injuries). For each
injury criterion value determined with an ATD there is an associated injury risk which is typically calculated with a
specific function - the injury risk function (IRF). The smaller the calculated injury risk the better the safety rating of
the vehicle. It is obvious that with a higher uncertainty of the injury criterion value the vehicle safety rating becomes
less precise. Therefore, attention needs to be paid to a high precision of the injury criterion measurement of an ATD.
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Regarding the measurement precision two components need to be distinguished: repeatability and reproducibility.
With respect to ATDs the repeatability is the precision of measurements with one ATD whereas the reproducibility
describes the measurement variance between two or more ATDs of the same type. More precisely the reproducibility
is the difference between the mean injury criterion responses of two ATDs in repeated tests.

If two ATDs of the same make measure different criterion values in equal vehicle tests, the calculated risks will
be different too - assumed the same injury risk function was used. Consequently, those two ATDs will lead to two
different ratings of the vehicle safety. However, this obvious adverse result of a poor reproducibility isn’t the only
negative effect. The injury risk function itself depends on ATD measurements and thus might be influenced by the
ATD reproducibility.

FUNDAMENTALS

Some basic knowledge about the principles of developing ATD injury risk functions are needed to be able to under-
stand the implication of a poor reproducibility on the injury risk assessment with an ATD. An ATD can only provide
measurements which are used to determine injury criterion values. These injury criterion values do not reveal the
injury risk by itself. Only by relating the ATD injury criterion values to injury risks, an ATD can show the risk of
injury. In the present paper relating the ATD injury criterion values to injury risks is called mapping. To apply the
mapping each test must be performed at least with one PMHS (Post Mortem Human Subject) and one ATD in the
exact same way. These kind of tests are often called matched pair tests. Mapping combines PMHS test results and
matched ATD test results to build a ATD injury risk function. That is, an injury risk function that can be used with
measurements from the same type of ATD that was used in the matched pair tests. To obtain a reliable injury risk
function, the biomechanical tests are typically performed with many PMHS because the test responses of different
PMHS of a population normally differ substantially. The matched ATD tests are mostly performed only with one or a
very few different ATDs of the same type.

Mapping

The mapping of ATD injury criterion values to PMHS injury risks can be done in different ways. Basically, there are
two fundamentally different mapping methods:

* mapping of ATD injury criterion values onto PMHS injury responses - further on called injury mapping.
* mapping of ATD injury criterion values onto PMHS injury criterion values - further on called criterion mapping.

The typical ATD injury risk function development process using injury mapping is (figure 1):

Perform biomechanical tests on a sample of PMHS.

Record the (binary) PMHS injury responses (e.g., injury severity > AIS3: yes or no).

Repeat the PMHS tests with an ATD.

Measure the ATD injury criterion values.

Calculate an ATD injury risk function using the ATD injury criterion values and the PMHS injury responses.

AN S e

{ Loading Test ]

=
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Injury Response

Figure 1: Typical ATD injury risk function development process using injury mapping. ATD injury criterion values
are used together with the PMHS injury response to calculate an injury risk function for the ATD.
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Criterion mapping is realised by using a so-called transfer function. The typical ATD injury risk function develop-
ment process using criterion mapping is (figure 2):

Perform biomechanical tests on a sample of PMHS.

Record the (binary) PMHS injury responses (e.g., injury severity > AIS3: yes or no).

Measure the PMHS injury criterion values.

Calculate a PMHS injury risk function using the PMHS injury responses and PMHS injury criterion values.
Repeat the PMHS tests with an ATD.

Measure the ATD injury criterion values.

Calculate a transfer function to transform the ATD injury criterion values to PMHS injury criterion values (e.g.,
using a linear regression between PMHS and ATD injury criterion values).

8. Build the ATD injury risk function by using the transfer function inside of the PMHS injury risk function (i.e.,
substituting the PMHS criterion value by the transferred ATD criterion values).

Nk W=

Loading Test

o o
Injury Response Injury Criterion
o o
Injury Risk Function _

I

Figure 2: Typical ATD injury risk function development process using criterion mapping. ATD injury criterion values
are converted to PMHS criterion values with a so-called transfer function to build the injury risk function for the ATD.

It’s important to note that different mapping methods lead to different injury risk functions on principle. By using
injury mapping, the injury risk function shows the injury risk of a random person with respect to an ATD injury
criterion value. By using criterion mapping, the injury risk function shows the injury risk of a person with a mean
injury criterion response with respect to an ATD criterion value. The following example illustrates the above statement
about criterion mapping. An ATD measures a chest deflection of 10 mm in a sled test. According to the injury risk
function - which was built by criterion mapping - this 10 mm chest deflection is associated with an injury risk of 20%.
This does not imply that a random person in this sled test has an injury risk of 20%. It rather indicates that there is an
injury risk of 20% for a person which has an average chest deflection response. Only a subgroup of all the people will
have a 20% injury risk, those with an average chest deflection response. The reason for this is because the criterion
mapping using a conventional transfer function maps the ATD injury criterion values to the average PMHS criterion
values. With this approach an ATD injury criterion value is associated with an average PMHS injury criterion response
and thus the ATD injury risk function shows the injury risk of a PMHS with an average injury criterion response.

It should be noted that there are more possibilities to transfer ATD injury criterion values to injury risks. The
methods described above are the most frequently used ones.

Data Censoring

To relate ATD injury criterion values to injury risks, either by injury mapping or by criterion mapping, data from
PMHS tests are indispensable. Without PMHS data it isn’t possible to predict the risk of injury by ATD measurements.
Especially the information about the injury response of a PMHS is indispensable. More precisely the onset of the injury
in terms of an injury criterion needs to be known. This onset of the injury is the so-called biomechanical tolerance limit
of a person and the distribution of biomechanical tolerance limits of a PMHS sample describes the injury risk function.
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Unfortunately, the biomechanical tolerance limit often can’t be measured directly in a biomechanical test because the
injury criterion and the injury outcome are recorded independently at different times and can’t be related exactly with
a measured injury criterion value. This specific form of uncertainty about the actual biomechanical tolerance limit is
called censoring. Biomechanical test data often is censored.

For the correct calculation of an injury risk function, it is important to know whether the injury criterion value
was measured exactly at the onset of injury. If an injury was observed in a biomechanical loading test, the injury
criterion value measured in this loading test exceeded the biomechanical tolerance limit of the test subject. However,
often it’s unknown how much the measured injury criterion value exceeded the biomechanical tolerance limit. Such
data is called left censored data. If no injury was observed on the subject, the injury criterion value didn’t exceed the
biomechanical tolerance limit of this subject. If it’s unknown how much lower the measured injury criterion value was
compared to the biomechanical tolerance limit the data is called right censored data. If all data in a data set is either
left or right censored, the data is called current status data. That is, the (binary) injury status of a PMHS at a measured
injury criterion value is known. It is known if the subject has an injury of a prescribed severity or not but the injury
criterion value at the onset of the injury - at the biomechanical tolerance limit - is unknown. If one individual was
tested twice, one test without injury and a second test with injury. The interval in which the biomechanical tolerance
limit is located is known. Such data is called interval censored data. In case the injury criterion value marks the onset
of the injury the data is called exact data, data without any censoring. Figure 3 schematically shows all possible data
censoring types.
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Figure 3: Different types of data censoring.

OBJECTIVES

Injury risk functions which are used with ATDs are typically built by using ATD test results, more precisely by
using injury criterion values determined from ATD measurements. Thus, the measurement uncertainty of an ATD
is in principle able to influence the ATD injury risk function. This raises the question if this fact needs to be taken
into account in the development process of injury risk functions for ATDs. As described above, the measurement
uncertainty - the repeatability and reproducibility - of an ATD is interconnected with the injury risk function for the
ATD. Thus, the repeatability and reproducibility of an ATD might affect its injury risk function such that the safety
ratings based on tests with this ATD are unreliable.
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This study is focused on the effect of the reproducibility on the injury risk function to get a better basic under-
standing of its influence on the injury risk function and aims to:

1. illustrate how the reproducibility of ATDs influence the resulting injury risk function,
2. elucidate the role of the injury risk function development method and data censoring, and
3. discuss the consequences of the results.

METHODS

This study is a theoretical study. All data are theoretical data except the reproducibility data of the ATD. The reason to
use theoretical data was to be able to systematically manipulate characteristics of the data and observe the effect. The
theoretical but realistic biomechanical test data were generated by simulating the PMHS sampling and all subsequent
steps like they are performed in a real injury risk function development process. A data set resulting from this data
generation process can be found in the appendix of the paper (table 3). Based on the simulated biomechanical test
results an injury risk function can be calculated (all calculations have been performed with the statistical software R
[1]). The resulting injury risk curve depends on the random PMHS sample - like in reality. On the left side of figure 4
this randomness of the injury risk curve is illustrated by presenting the injury risk curves from five different theoretical
PMHS samples of the same sample size. On the right side of figure 4 the injury risk curve based on one PMHS sample
and its underlying theoretical biomechanical test results are shown. Not only the randomness due to sampling of test
subjects are replicated by the data generation process but also the variability of the injury criterion values with respect
to different test subjects. PMHS test results are shown for each defined load case in figure 5. Eight load cases and
ten PMHS per load case were utilised in the analyses. Four different variabilities of PMHS injury criterion responses
were used to study its effect and called "No", "Low", "Mid", and "High" variability.

Injury Risk Curves from Five PMHS Samples Injury Risk Curve with Biomechanical Test Results
e _ o _
© (=]
S 7 S 7
el =
£ 84 z 9
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g s g o
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PMHS injury criterion value PMHS injury criterion value

Figure 4: Left: Injury risk curves based on different theoretical PMHS samples (same sample size); right: Biome-
chanical test results and injury risk curve from one theoretical PMHS sample (points shown on top of the graph are
injury cases, points at the bottom are non-injury cases).

Like the PMHS test data, the ATD injury criterion values are theoretical data. They are defined to represent the
mean injury criterion response of the underlying PMHS population for each load case. The injury mapping was
performed by using the eight ATD injury criterion values defined by the eight load cases with the censoring status
of the eighty PMHS test results in a survival analysis. The criterion mapping was done by using a transfer function
defined as the linear regression between ATD injury criterion values and PMHS injury criterion values. Figure 5 shows
the linear regressions for the four different PMHS injury criterion variabilities.

With the procedures described above it is possible to generate realistic biomechanical test data, perform the map-
ping of ATD injury criterion values onto PMHS results, and calculate the ATD injury risk function. The theoretical
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PMHS and ATD test data is subsequently used to study the effect of the reproducibility of ATD measurements on the
resulting ATD injury risk curve. Since this study focuses on the reproducibility of ATDs and for reasons of simplifi-
cation a perfect repeatability is assumed. Simulated test data from one single ATD are used for the mapping between
ATD and PMHS results.

To show the effect of ATD reproducibility on the resulting injury risk function two hypothetical ATDs were de-
fined and used for the calculation of ATD injury risk functions. Although this is a theoretical study, realistic data
regarding the ATD reproducibility are used for the definition of the two ATDs. The Partnership for Dummy Tech-
nology and Biomechanics performed so-called repeatability and reproducibility tests (R&R tests) with seven different
50t percentile male THOR dummies (THOR-50M) [2][3]. The same test was performed multiple times with each
THOR-50M. Table 1 shows the number of repeated tests for each THOR-50M.

Table 1: Number of tests performed with each THOR-50M
ATD Number of performed tests

THOR-50M A
THOR-50M B
THOR-50M C
THOR-50M D
THOR-50M E
THOR-50M F
THOR-50M G

AN L W W O\ W W

The THOR-50M was a THOR-50M Standard Built Level B (SBL-B) with THOR-LX legs. The dummies were
from two different manufacturers. The simplified vehicle-like test environment included a rigid seat, a rigid dashboard
with deformable knee bolster, a deployed and pressurized airbag, and a 3-point belt with pre-tensioner and single-
stage force limiter. The boundary conditions of the test were derived from a 0° degree full-width rigid wall test. The
crash pulse was downscaled because of the rigid parts of the test environment. The positioning of the THOR-50M
was done with high precision to avoid any influence of different dummy positions on the test outcome. Therefore, the
variance in real vehicle crash tests might be higher. The repeatability and reproducibility data included a total of 29 test
observations. For each test the injury criterion Ry,,x have been determined. From these data set the mean and standard
deviation of the mean R, values of the seven ATDs are used to define a Normal distribution. Based on this Normal
distribution a hypothetical ATD with a two standard deviations higher than the mean injury criterion measurement
was defined and called ATD-HIGH. A second hypothetical ATD called ATD-LOW was defined by a two standard
deviations lower than the mean injury criterion measurement. According to the so-called empirical rule (equation (1))
these two hypothetical ATDs contain ninety five percent of all ATDs with respect to the R,,x measurement. Therefore,
the comparison of ATD-HIGH and ATD-LOW represents a reasonable spread in regards of the reproducibility but at
the same time is not the worst case. The left graph in figure 6 schematically depicts the definition of the two theoretical
ATDs with respect to the distribution of the average injury criterion measurements of different ATDs.

Pp—20 <X < p+20)~=95% (1)

The approach to get theoretical but realistic injury risk functions as described above is only valid for current status
data. Exact data is measured at the onset of the injury and represents the biomechanical tolerance limit of the PMHS.
Thus, every test response is an injury case (with an injury of a certain severity). Dynamic ATD tests in which the ATD
injury criterion value is determined independent of the injury onset of the PMHS can’t be used for injury mapping with
exact biomechanical test data. For each load case there is one ATD injury criterion value which must be mapped to
some matched PMHS responses and those are all injury cases. Thus, the distribution of the ATD injury criterion values
determines the injury risk function. However, the ATD injury criterion values are independent of the biomechanical
tolerance limits of the PMHS. So there is no meaningful relationship between the ATD injury risk function and the
PMHS injury risk. For this reason injury mapping with exact data isn’t possible. To perform criterion mapping with
exact data, ATD injury criterion values are needed that are linked to PMHS injury criterion values. With these data a
transfer function can be calculated and used to transfer the PMHS injury risk function into a ATD injury risk function.
The only difference to criterion mapping with current status data is that the PMHS injury risk function is built with
exact data. The ATD to PMHS mapping is equal for current status data and exact data. For that reason it is not
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necessary to study the effect of ATD reproducibility with exact data separately.

It has to be emphasised that the results of the simulation study are used to illustrate the effect of ATD reproducibility
on the ATD injury risk function by way of example. The used method leads to realistic but not real data and is based on
some unproven assumptions, for example the variability of PMHS injury criterion values with respect to a load case.
Thus, the results and conclusions can’t be generalised and might not fit to other data. Different and especially more
complex injury criteria, the consideration of the ATD repeatability, and the use of covariates in the injury risk function
might lead to other conclusions. To prevent an over-interpretation of the results all diagrams are without values.

RESULTS

The evaluation of the mean Ry,,x values of the seven THOR-50M revealed that in this specific test data sample a
ATD-LOW would measure 15% lower Ry« values than a ATD-HIGH if they are defined as described in the methods
section (right graph of figure 6). Based on this result from real THOR-50M R&R tests the injury criterion values of
ATD-LOW were defined to be 15% lower than the injury criterion values of ATD-HIGH. In this example the 15%
difference in injury criterion values corresponds to a difference between the mean plus two standard deviations and the
mean minus two standard deviations (left and right graph of figure 6). For other injury criteria or other data samples a
difference of +2 standard deviations from the mean might be higher or lower than 15%.
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Figure 6: Left: Generic definition of ATD-LOW and ATD-HIGH; right: Distribution of Ry,a« criterion values of seven
THOR-50M dummies and the calculated mean R,,x values of ATD-LOW and ATD-HIGH.

Before presenting the results regarding the main objectives of the study, more general results from the simulated
injury risk function development are shown in figure 7 and 8. Figure 7 demonstrates that an ATD injury risk curve
in principle depends on the method used to map ATD measurements to PMHS results. This result is in line with the
theoretical considerations presented earlier in this paper. The actual difference between injury risk curves built with
different mapping methods depends on the PMHS injury criterion variability as demonstrated in figure 7. Only if the
injury criterion values of different PMHS do not vary in the same load case both mapping methods result in the same
injury risk function (upper left plot of figure 7). However, it seems unrealistic that PMHS injury criterion values do not
vary between different subjects. The difference between ATD injury risk curves built with different mapping methods
do not only depend on the PMHS injury criterion variability but also on the actual PMHS sample as the results shown
in figure 8 reveal.

With these general findings about factors of influence regarding the ATD injury risk curves the main objective of
the current study, namely the influence of ATD reproducibility on the ATD injury risk function, can be addressed.
As described in the methods section, two ATDs have been defined with different mean injury criterion responses.
Using the same biomechanical test data with the results from these two ATDs leads to two different ATD injury risk
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functions. Figure 9 shows the ATD injury risk functions built with the injury criterion values of ATD-HIGH and ATD-
LOW. The risks are higher with the injury risk curve based on ATD-LOW compared to the risks for ATD-HIGH. No

matter if the PMHS injury criterion values of the PMHS sample possess "no", "low", "mid", or "high" variability the
injury risk curve built with the ATD-LOW is located left of the injury risk function based on ATD-HIGH (figure 9).
Furthermore, the injury risk curves of ATD-LOW and ATD-HIGH are equally affected by the mapping method. The
difference between the injury risk curves of ATD-LOW and ATD-HIGH is independent of the actual PMHS sample
used in the development of the ATD injury risk curve (figure 10) and is as big as the difference between ATD-LOW

and ATD-HIGH injury criterion measurements (figure 11).
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Figure 7: Influence of different mapping methods and different PMHS criterion variabilities on the ATD injury risk
curve. All curves are based on one PMHS sample.
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Figure 8: Effect of different PMHS samples on the ATD injury risk curves built with different mapping methods. All
curves are based on mid PMHS injury criterion variability.
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Figure 9: Comparison of injury risk curves based on ATD-LOW and ATD-HIGH injury criterion measurements. The
injury risk curves are shown for different mapping methods and different variability of injury criterion values. All
curves are based on one PMHS sample.
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Figure 10: Comparison of injury risk curves based on ATD-LOW and ATD-HIGH injury criterion measurements.
The injury risk curves are shown for different mapping methods and different PMHS samples. All curves are based on

mid PMHS injury criterion variability.
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Injury Risk Curves based on different ATDs
ATD-LOW measures 15% lower injury criterion values than ATD-HIGH
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Figure 11: Shift of the ATD injury risk curve when built on basis of an ATD which measures 15% lower injury
criterion values.

CONCLUSIONS

From the results of this study it can be concluded that a poor reproducibility of a specific ATD type will affect the
resulting ATD injury risk curve which is in line with previous findings [4]. More precisely, an ATD injury risk function
directly depends on the actual ATD which was used for the mapping of the ATD injury criterion values onto the PMHS
test results. Different ATDs of specific type with poor reproducibility will lead to different injury risk functions.
Characteristics of the PMHS sample, like the distribution of the biomechanical tolerance limit and the injury criterion
variability in relation to a given load, do not change the effect of the poor reproducibility on the resulting injury risk
curve. The same applies to the mapping method, it doesn’t influence the effect of a poor reproducibility. Thus, a poor
reproducibility can’t be compensated by changing the biomechanical test data or the method of injury risk function
development. The influence of a poor reproducibility on the ATD injury risk function can only be solved on the ATD
side, not on the PMHS test side.

The main problem of a poor reproducibility of ATD injury criterion values is depicted in figure 12. If the injury
risk curve was built with ATD-LOW but ATD-HIGH is used in a vehicle crash test then the calculated injury risks
are higher than the biomechanical test data would actually indicate. Thus, the injury risk assessment is distorted and
can lead to misleading conclusions about the safety rating of a vehicle. The extent of the distortion due to a poor
reproducibility isn’t known in reality. Solely because of the theoretical approach used in this study the distortion
could be determined. In real vehicle crash tests, it is not known whether the ATD used corresponds to an ATD-LOW
or an ATD-HIGH. Furthermore, it is not known how the ATD used in the crash test relates to the ATD used in the
development of the injury risk function. The reason for this is not only that it is not known whether an ATD-LOW
or an ATD-HIGH was used in the crash test, but also that it is not known which ATD was used in the development
of the injury risk function. The certification of an ATD doesn’t comprise such kind of information. Currently the
implication of a poor ATD reproducibility on the safety rating of a vehicle is neither known nor addressed. To date no
comprehensive knowledge about this potential problem is available and in-depth analyses of the implications of the
ATD reproducibility are essential to understand the extent of the issue.

Due to the missing knowledge about the impact of the ATD reproducibility on injury risk functions only very
general recommendations can be given to minimise a potential negative influence of a poor reproducibility on vehicle
safety ratings. Selecting an injury criterion for a vehicle safety assessment not only its biomechanical performance
needs to be considered but also its reproducibility with the utilised ATD. To reduce the probability of a significant
distortion in the vehicle safety assessment as many ATDs as feasible should be used to determine the ATD injury risk
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function. Another general approach to limit the extent of the problem is to use a ATD with mean injury criterion
measurements within the whole population of ATDs of the same type. However, this approach requires a thorough
assessment of the repeatability and reproducibility of the ATD type in question.

ATD-HIGH Injury Probabilities with Different Injury Risk Curves

ATD-HIGH measurement
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|

0.67
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Probability of injury
0.40 0.50
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Injury Risk Curve Basis
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0.00
L
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Figure 12: ATD-HIGH injury probabilities calculated with injury risk curves based on ATD-HIGH and ATD-LOW.

Limitations

This study has some limitations that need to be acknowledged. Firstly, no analytical universal prove is presented for
the conclusions. All conclusions are based on theoretical simulation results based on artificial, albeit realistic, data.
These data are dependent on specific assumptions which are non-verifiable. Secondly, only a theoretical and simple
injury risk function was applied in the analyses and more complex injury risk functions with additional covariate may
lead to diverging results. More complex injury criteria may also show diverging results. Thirdly, the repeatability of
the ATDs wasn’t considered. And last but not least only a low number of repeated ATD tests have been performed in
the R&R study.
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APPENDIX

Table 3: Generated artificial current status biomechanical test data [load:
load expressed as injury criterion values (= ATD measurement), btl:
biomechanical tolerance limit, crit.pmhs: injury criterion value measured
on the PMHS, cens: censoring status (0: right censored, 2: left cen-

sored)]

Table 2: PDB R&R data

dummy test rmax
dummyA 1 39
dummyA 2 40
dummyA 3 42
dummyB 1 40
dummyB 2 37
dummyB 3 41
dummyC 1 44
dummyC 2 46
dummyC 3 41
dummyC 4 41
dummyC 5 38
dummyC 6 42
dummyD 1 44
dummyD 2 42
dummyD 3 40
dummyE 1 42
dummyE 2 42
dummyE 3 44
dummyE 4 42
dummyE 5 39
dummyE 6 40
dummyF 1 45
dummyF 2 45
dummyF 4 43
dummyG 1 44
dummyG 2 37
dummyG 3 36
dummyG 6 40
dummyG 7 42

load btl crit.pmhs cens
3773 2785 3538 2
3773 9194 4438 0
3773 2176 4276 2
3773 2421 4390 2
3773 4780 4695 0
3773 2786 4018 2
3773 1994 3559 2
3773 5402 3717 0

Continued on next page
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Continued from previous page

load btl crit.pmhs cens
3773 4997 3761 0
3773 2965 3865 2
2194 2958 2439 0
2194 3836 2535 0
2194 3660 2458 0
2194 3703 1752 0
2194 7779 1774 0
2194 1213 1576 2
2194 4308 1538 0
2194 5810 2342 0
2194 5658 1607 0
2194 1488 2289 2
3657 8581 3325 0
3657 2219 4438 2
3657 1973 5360 2
3657 1392 4268 2
3657 4630 2415 0
3657 4553 6870 2
3657 5438 4792 0
3657 3864 4002 2
3657 5442 3669 0
3657 3085 3215 2
3726 2384 2864 2
3726 5033 4681 0
3726 1880 3274 2
3726 7189 4768 0
3726 6472 3611 0
3726 4539 4972 2
3726 1861 3553 2
3726 7675 3446 0
3726 4574 4424 0
3726 2554 3804 2
5550 5520 6713 2
5550 2649 6407 2
5550 2306 6086 2
5550 2861 4341 2
5550 3813 5726 2
5550 2543 4498 2
5550 4461 4780 2
5550 4076 4940 2
5550 4131 5627 2
5550 4571 6105 2
3073 3296 2076 0
3073 9246 2156 0
3073 6468 4139 0
3073 4951 2533 0
3073 3570 2903 0
3073 4564 4840 2
3073 3300 4162 2
3073 3762 3170 0

Continued on next page
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Continued from previous page

load btl crit.pmhs cens
3073 3996 3643 0
3073 3853 3122 0
5125 6081 4988 0
5125 2307 6254 2
5125 8046 5383 0
5125 2785 5783 2
5125 6388 4784 0
5125 2409 5242 2
5125 4329 3434 0
5125 2236 6196 2
5125 3404 3924 2
5125 3339 6536 2
4955 3711 6752 2
4955 2646 6784 2
4955 6037 6091 2
4955 2465 4718 2
4955 4594 7429 2
4955 2904 3612 2
4955 8881 5543 0
4955 3534 7002 2
4955 3207 2851 0
4955 5852 3306 0
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ABSTRACT

Unique cabin configurations associated with Automated Driving System (ADS) equipped vehicles offer seating
options, such as recline, not previously available in conventional vehicles. Occupants seated in a reclined posture may
be at an increased risk of submarining. There is relatively little known about the effectiveness of current restraint
systems to protect reclined occupants as these systems are traditionally optimized for only upright seated postures.
Anthropomorphic Testing Devices (ATDs) with the ability to differentiate between submarining and non-submarining
events are vital for the development of restraint systems capable of protecting reclined occupants. This study evaluates
the biofidelity of the GHBMC, THUMS, THOR, and THOR-AYV finite element (FE) occupant models against two
post-mortem human subject (PMHS) test series in respect of submarining behavior. The first test series evaluated
upright occupant kinematics in two seat configurations defined in Uriot et al. 2015: a front-seat configuration expected
to prevent submarining and a rear-seat configuration expected to allow for submarining. The second tests series
evaluated upright and reclined occupant kinematics in a seat configuration as defined in UMTRI test conditions: both
configurations expected to prevent submarining. Special consideration was given to pelvis kinematics and
submarining response. The four FE occupant models properly differentiated between non-submarining and
submarining responses in each of the evaluated test conditions. The NHTSA Biofidelity Ranking System (BRS) was
used to objectively evaluate the biofidelity of the models with respect to overall occupant kinematics, as well as
interaction with the restraint system (seat, anti-sub ramp, and belts). The BioRank score classifies biofidelity as
excellent, good, marginal, or poor. In the first test series, the BRS scores for the interaction between all FE occupants
and the restraint system corresponded to good biofidelity, except for THOR in the rear-seat submarining configuration
(marginal biofidelity). In the second test series, the BRS scores for the interaction between the FE occupants and the
restraint system corresponded to marginal biofidelity. With respect to kinematics, the BRS scores for the FE occupants
ranged from good to excellent biofidelity in both test series. For each FE occupant, an average BRS score was
calculated from the four test conditions. In terms of the interaction between the occupant and the restraint system, the
average BRS scores for the GHBMC, THUMS, and THOR-AV corresponded to good biofidelity, while the average
BRS score for the THOR corresponded to marginal biofidelity. With respect to kinematics, the GHBMC, THUMS,
THOR, and THOR-AV FE models demonstrated good biofidelity.

INTRODUCTION

ADS-equipped vehicles offer seating options for occupants not previously available in conventional vehicles,
including traditional upright or recline, forward or rearward facing, or a combination of these seated postures.
Occupants seated in a reclined posture may be at an increased risk of submarining as the restraint system may not
have been designed with this posture considered. There is relatively little known about the effectiveness of current
restraint systems to protect the reclined occupants as these systems are traditionally optimized for only upright seated
postures. ATDs with the ability to differentiate between submarining and non-submarining events are vital for the
development of restraint systems capable of protecting reclined occupants.

Occupant submarining has been studied over the past few decades [1]-[8]. Submarining can be defined as lap belt
disengagement with the human pelvis due to slipping of the lap belt over the anterior superior iliac spine (ASIS).
Submarining increases the risk of abdominal injuries due to direct loading of the lap belt to the abdomen and increases
the risk of lower extremity injuries due to increased forward pelvic excursion resulting in impact of the knee with the
bolster or frontal panel. Leung et al. [1] compared the Hybrid II dummy pelvis geometry with anthropometry data
from pelvis bone X-rays of 28 volunteers. It was found that the Hybrid II dummy has a greater tendency to submarine
than a human subject (80% for the dummy vs. 40% for the cadaver in similar tests). Leung et al. noted that the direction
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and the length of sartorius were critical parameters that influenced the submarining responses of the dummy. The
“sartorius” refers to the line between the ASIS and the notch between the ASIS and anterior inferior iliac spine (AILS).
The authors suggested a revision to the Hybrid II dummy pelvic bone to represent the sartorius to improve its
submarining response.

Uriot et al. [2] conducted sled tests to compare the interaction between the pelvis and the lap belt for both dummies
and post-mortem human subjects (PMHSs). The test setup was designed to mimic the conditions in a frontal car crash
environment. The study found that the belt angle relative to the pelvis was greater for the pelvis of dummies evaluated
than for those of PMHS. In 2015, Uriot et al. [3] investigated the pelvis behavior and submarining with a semi-rigid
seat in sled test conditions. The semi-rigid seat had springs built in the seat pan and the anti-submarining plate. The
spring stiffness for both the seat pan and anti-submarining plate can be adjusted to mimic the front- and rear-seat
stiffness of a small size passenger vehicle. The PMHS did not submarine in the front-seat configuration and did not
experience pelvis fractures, while the PMHS did submarine in the rear-seat configuration and did experience pelvic
fractures.

Richardson et al. [4][5] studied the kinematics of the 50th percentile male PMHS in a reclined seat configuration with
a nominal recline angle of 50°. The restraint system included double lap belt pre-tensioners, a shoulder belt
pretensioner, a 3.5 kN shoulder belt load limiter, and a crash locking tongue. The study focused on kinematics of the
pelvis, spine, and head. Four of the five PMHSs did not submarine, while one of the PMHSs experienced submarining
on the inboard side. In two of the tests, the PMHSs experienced iliac wing fractures near the ASIS area where the
PMHS interacted with the lap belt.

In 2019, Gepner et al. [6] compared the responses of the Global Human Body Model Consortium simplified model
(GHBMC-S v1.8.4) and detailed models (GHBMC-D v4.5), and the Total Human Model for Safety (THUMS v5) in
a reclined setup which served as the basis for the Richardson et al. PMHS tests [4][5]. All of these HBMs showed
good pelvis engagement with the lap belt, however the GHBMC-D still submarined. In addition, large differences
were observed in the pelvis and lumbar spine responses between the GHBMC and THUMS models. At the time, no
PMHS test data were available to make any comparison or judge which model represents the human occupant better.

Mroz et al. [7] evaluated the effects of seat and seat belt characteristics on lumbar spine and pelvis loading with the
SAFER Human Body Model (HBM) in reclined postures. The SAFER HBM responses were compared with PMHS
responses using the same test condition. The HBM head, T1, T8, T11, L1, L3, and pelvis excursion, pelvis rotation,
and belt forces correlated well with the PMHS results. Osth et al. [8] investigated the feasibility of restoring the
occupant from reclined posture to upright during the pre-crash event with SAFER HBM. The transition could be
achieved by the inertia of the occupant during pre-braking, as well as by moving the seatback. However, the occupant
submarined as the pelvis did not fully return to the upright posture due to the flexibility of the lumbar spine.

Wang et al. evaluated THOR-AV in front-seat and rear-seat configurations as defined in Uriot et al. [3][10] and the
upright and reclined seat configurations as defined by the University of Michigan Transportation Research Institute
(UMTRI) Automated Vehicle Occupant Kinematics (AVOK) project against the corresponding PMHS test results
[11]. The THOR-AV dummy kinematics demonstrated good to excellent biofidelity according to National Highway
Traffic Safety Administration’s (NHTSA) biofidelity ranking method (BioRank).

OBJECTIVE

The objective of this study is to investigate the biofidelity of existing finite element (FE) occupant models in both
upright and recline seated postures, considering the pelvis kinematics and submarining responses.

METHODS

In this study, the GHBMC detailed model (v5.1), THUMS (v6.1), THOR FE model (v1.8.1), and THOR-AV FE model
(v0.6) were evaluated against two PMHS tests series, in a total of four configurations. The first test series, based on
Uriot et al. [2], consisted of an upright configuration representative of a front-seat in which submarining was not likely
to occur, and an upright configuration representative of a rear-seat in which submarining was likely to occur. The
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second test series, based on UMTRI report [9], consisted of an upright and reclined configuration which used the same
front-seat setup from Uriot et al. [2]. The matrix of the simulations with additional details is shown in Table 1.

For the readers’ convenience, the THOR-AV physical test data and BioRank scores from Wang et al. [10][11] were
included in the tables and plots for comparison. The THOR-AV physical tests conducted in Case #1 and #2
configurations used a prototype pelvis flesh, which placed its hip joints approximately 20 mm higher than an average
male. The THOR-AV physical tests conducted in Case #3 and #4 used a revised pelvis flesh with hip joint height
matching that of an average male.

Table 1
Simulation matrix and associated test configurations
Case # | Description Test Configurations Reference

1 Front-seat 50 km/h, inboard and outboard lap belt load limit 5 Uriot et al. [2]
(22° seatback) kN, shoulder belt load limit 7 kN

2 Rear-seat 50 km/h, inboard and outboard lap belt load limit 5 | Uriot et al. [2]
(22° seatback) kN, shoulder belt load limit 7 kN

3 UMTRI 32 km/h, shoulder pretensioner only, shoulder belt Wang et al. [11]
(25° seatback) load limit 3.5 kN, dynamic locking tongue

4 UMTRI 32 km/h, shoulder pretensioner only, shoulder belt Wang et al. [11]
(45° seatback) load limit 3.5 kN, dynamic locking tongue

FE models

The FE models of the semi-rigid seat and the restraint system were provided by LAB France for Case #1 and #2.
The FE models of the semi-rigid seat and restraint system were provided by UMTRI for Case #3 and #4. The
GHBMC M50-0 (v5.1) and THUMS M50 (v6.1) were obtained through the respective license agreement with the
model suppliers by the members of the AVOS consortium. The THOR (v1.8.1) and THOR-AV (v0.6) FE models
were provided by Humanetics Innovative Solutions (Humanetics). A revised THOR-AV pelvis flesh design that
allows proper buttock flesh compression to match a human was incorporated in the THOR-AV FE model v0.6 used
the current study. THUMS, THOR, and THOR-AV simulations were all run on LS-Dyna vR9.3.0., and the GHBMC
was run on LS-Dyna v9.3.1. The friction coefficient between occupant models and the seat and between the
occupant models and the belts was 0.3 for all simulations.

Initial Position

For Case #1 and #2, the HBMs were pre-positioned to best match the average PMHS landmarks reported from Uriot
et al. [2]. For Case #3 and #4, the HBMs were pre-positioned to best match the PMHS landmarks reported by UMTRI
[9]. The landmarks for Case #3 were taken from PMHS b13109 (25°, mass 80.3 kg, stature 170.1 cm) and the
landmarks from Case #4 were taken from PMHS b12795 (45°, mass 76.1 kg, stature 174.9 cm). These two specimens
best matched the average-sized male. The HBMs were initially positioned with their hip joints coincident with those
of the PMHS, which produced initial penetration of the buttocks with the seat pan. The seat pan was then translated
downward until the initial penetration was removed. A pre-simulation was then run with the HBM skeleton held rigid
while the seat pan was translated back into its original location using a boundary prescribed motion, compressing the
buttocks flesh.

For THOR-AV, measurements from the dummy positioning targets were used to guide the FE model positioning. The
tilt sensor readings of the pelvis, T1, and head were used to set the pelvis, torso, and head orientation. Pre-simulation
was carried out to position the dummy to the prescribed positions that matched the THOR-AV physical dummy
measurements. For the THOR, a similar process was used; however gravity simulation was used instead since there
was no dummy positioning data available to reference.

Oasys Primer (ARUP) was used to pre-position the HBMs and ATDs. No pre-stress was carried over from the pre-
positioning simulations into the main simulations. The initial positions of the FE models in the test configurations are
shown in Figure 1 through Figure 3. In the UMTRI sled tests, a foam-padded knee bolster was included in the sled
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fixture as a safety measure. The knee bolster was located far enough away from the lower extremities to avoid impact
in a non-submarining event, yet close enough to prevent catastrophic forward excursion of the PMHS if submarining
occurred. No footrest was used in the UMTRI sled tests.

THOR THOR-AV

Figure 1 Initial position for the Uriot front- and rear-seat configurations.

GHBMC THUMS THOR THOR-AV

Figure 2. Initial position for the UMTRI 25° seatback configuration.

THUMS THOR THOR-AV

Figure 3. Initial position for the UMTRI 45° seatback configuration.

Data Processing

All data were filtered per SAE J211 filter class recommendations before BioRank calculation. To reduce the noise,
CFC180 was applied to the accelerations of the head and the iliac bone in x-, y- and z-directions in UTMRI’s PMHS
data analysis (Case #3 and #4) instead of CFC1000 as recommended by SAE J211. For consistency, all four FE
models used CFC180 for these data channels as well.

BioRank Method

The National Highway Traffic Safety Administration (NHTSA) has been developing a biofidelity ranking (BioRank)
method to objectively rank the crash test dummies for its biofidelity for many years [12]-[15]. The most recent updates
were documented in Kang et al. [16]. The BioRank method described in Kang et al. [16] was followed in this study.
The most recent NHTSA BioRank calculation method was outlined by Rhule et al. [15]. The calculation of the BRS
score is the root mean square of the Shape and Magnitude (SM) and the Phase (P) values. In 2020, NHTSA updated
the method to only use the SM score [16]. The method recommends alignment of the data curves between a dummy
and the PMHS corridor mean by shifting the dummy test curve until the area between the dummy data curve and the
PMHS corridor mean curve is minimized. The SM score is calculated after this alignment. The shift of the dummy
data curve is referred to as the Dummy Phase Shift (DPS). The DPS is monitored for each data channel. The BioRank
score and the biofidelity relationship are summarized in Table 2. The typical goal for the dummy development is to
achieve a BRS score equal to or less than 2.0 for each body segment and the whole dummy, which corresponds to
good biofidelity.
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Table 2

Relationship between BRS scores and dummy biofidelity

BRS

BRS<1.0

1.0 <BRS< 2.0

2.0<BRS<3.0

BRS > 3.0

Biofidelity

Excellent

Good

Marginal

Poor

RESULTS

The BioRank scores were calculated for each test configuration. The interaction of the FE occupant with the
restraint system was evaluated separately from the occupant kinematics. The BRS scores are reported in this section
and the data plots with biofidelity corridors are presented in the Appendix.

Uriot Front Seat (Case #1)
The BRS scores for the restraint system are summarized in Table 3. In general, most of the BRS scores for the restraint
system are less than 2.0, corresponding to either excellent or good biofidelity. However, the BRS scores of the seat-
pan force in the z-direction and the seat-pan y-rotation were rated as marginal or poor for all four FE occupant models
with a BRS scores greater than 2.0, except the force in the z-direction for THUMS which was rated as good. The
average of the restraint system BRS scores are 1.48, 1.56, 1.51, and 1.54 for the GHBMC, THUMS, THOR FE, and
THOR-AV FE models, respectively; all corresponding to good biofidelity.

In the front-seat, upright configuration defined in Uriot et al.[2], neither the HBM nor the ATD FE occupants
submarined, consistent with the PMHS response. The kinematics BRS scores for the occupant models are summarized
in Table 4. There are limited parameters from the PMHS tests for biofidelity evaluation in this test configuration. Out
of these parameters evaluated, the majority of them have BRS scores less than 1.0, corresponding to excellent
biofidelity. The average BRS scores for the GHBMC, THUMS, THOR FE, and THOR-AV FE, are 0.84, 0.72, 0.61
and 0.70 respectively, all corresponding to excellent biofidelity.

Table 3

BRS scores of the restraint system for the GHBMC, THUMS, THOR, and THOR-AV FE models in the front-seat

test configuration

GHBMC THUMS THOR FE THOR-AV FE
Restraint System BRS | DPS(ms) | BRS | DPS(ms) | BRS | DPS(ms) | BRS | DPS(ms)
Seat (average) 1.92 3 1.90 -1 1.98 -1 2.01 -1
Seat Pan Force X 1.68 2 1.36 -1 1.04 1 1.30 3
Seat Pan Force Z 2.06 8 1.88 -1 3.16 -7 2.67 -7
Seat Pan Rotation Y 3.17 -4 3.18 -4 2.97 -2 3.19 0
Anti-Sub Plate Rotation Y 0.79 5 1.18 0 0.75 5 0.89 0
Belt (average) 1.03 -1 1.23 -2 1.03 -2 1.06 -1
Upper Shoulder Belt Force 1.01 -1 0.58 -3 0.84 2 0.86 1
Lower Shoulder Belt Force 1.35 1 1.39 1 1.06 2 1.23 0
Inner Lap Belt Force 1.48 1 1.05 -2 0.84 -4 0.82 -4
Outer Lap Belt Force 0.89 -1 0.61 -1 0.77 -5 0.72 -4
Inner Lap Belt Rotation Y 0.90 -8 1.01 -6 1.68 -9 2.31 3
Outer Lap Belt Rotation Y 1.14 0 3.01 0 1.40 0 1.07 0
Pelvis to Lab Belt Rotation Y | 0.46 -2 0.92 -3 0.67 0 0.45 -1
Overall Restraint Average 1.48 1 1.56 -2 1.51 -2 1.54 -1
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Table 4
The BRS scores of the GHBMC, THUMS, THOR, and THOR-AV models in the front-seat test configuration

GHBMC THUMS THOR THOR-AV
Body Region BRS | DPS(ms) | BRS | DPS(ms) | BRS | DPS(ms) | BRS | DPS (ms)
Thorax 0.85 1 0.73 0 0.63 4 0.81 0
Chest Acceleration 0.85 1 0.73 0 0.63 4 0.81 0
Pelvis (average) 0.82 1 0.70 3 0.60 0 0.60 0
Pelvis Resultant Acceleration 1.43 0 1.08 0 0.74 -7 1.14 -6
Pelvis Rotation Y 0.76 2 0.90 9 0.48 5 0.45
Pelvis Displacement X 0.28 0 0.12 1 0.57 2 0.22
Overall Average 0.84 1 0.72 1 0.61 2 0.70

The pelvis x-displacement and y-rotation for all four FE models were well within the PMHS corridors, as shown in
Figure 4. As mentioned earlier, the THOR-AV tests in Cases #1 and #2 were from a prototype pelvis flesh that
placed the dummy hip joint higher by approximately 20 mm than an average male. A revised THOR-AV pelvis flesh
design that allows proper buttock flesh compression to match a human was incorporated in the THOR-AV FE model
v0.6 in this study.
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Figure 4. Pelvis x-displacement (left) and pelvis y-rotation (right) in the front-seat test configuration.

Uriot Rear Seat (Case #2)

The BRS scores for the restraint system are summarized Table 5. Overall, the interaction between the restraint system
and the dummy is reasonable with a majority of the BRS scores less than 2.0. The BRS scores for seat-pan force in
the z-direction for the GHBMC and THUMS HBMs are 2.32 and 2.28, respectively; both corresponding to marginal
biofidelity. The BRS scores of the seat pan force in the z-direction for the THOR and THOR-AV ATDs are 4.85 and
3.12, respectively; both corresponding to poor biofidelity. The BRS score of the seat-pan rotation for the THOR is
4.35, corresponding to poor biofidelity. In addition, marginal or poor biofidelity of the lap belt rotation and the lap
belt relative-to-pelvis rotation was observed for the GHBMC model. Marginal biofidelity of the outer lap belt force
and lap belt rotation for the THOR-AV model was observed as well. Overall, the GHBMC, THUMS, THOR FE, and
THOR-AV FE models have BRS scores of 1.34, 1.18, 2.03, and 1.80 for the restraint system; corresponding to good,
good, marginal, and good biofidelity, respectively.
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In the rear-seat, upright test configuration defined in Uriot et al. [2], all HBM and ATD models submarined, consistent
with the PMHS responses. The kinematics BRS scores for the occupant models are summarized in Table 6. The
average BRS scores of the four models are 0.93, 0.83, 0.71 and 0.84; all corresponding to excellent biofidelity.

Table 5

The BRS scores of the restraint system for the GHBMC, THUMS, THOR, and THOR-AV models in the rear-

seat test configuration

GHBMC THUMS THOR FE THOR-AV FE
Restraint System BRS EIIIJS BRS EIIIJS BRS EIIIJS BRS Erlljss)
Seat (average) 1.20 -4 1.33 -6 3.01 -4 1.88 -2
Seat Pan Force X 0.88 -4 0.83 -5 1.44 0 1.46 0
Seat Pan Force Z 2.32 -2 2.28 -5 4.85 0 3.12 0
Seat Pan Rotation Y 1.24 -3 1.49 -6 4.35 -10 1.74 -7
Anti-Sub Plate Rotation Y 0.36 -8 0.72 -9 1.38 -6 1.18 0
Belt (average) 1.48 2 1.02 0 1.06 1 1.72 1
Upper Shoulder Belt Force 0.71 2 0.80 1 0.84 6 0.82 3
Lower Shoulder Belt Force 0.56 1 1.25 0 0.80 4 0.80 1
Inner Lap Belt Force 0.54 7 0.61 6 0.80 0 1.85 10
Outer Lap Belt Force 0.62 7 0.44 5 0.76 1 2.07 8
Inner Lap Belt Rotation Y 3.58 0 2.21 -2 1.66 -8 2.42 -6
Outer Lap Belt Rotation Y 2.13 0 0.83 -9 1.71 0 2.60 0
Pelvis to Lab Belt Rotation Y | 2.24 -3 1.03 -2 0.84 0 1.47 -7
Overall Average 1.34 -1 1.18 -3 2.03 -2 1.80 0
Table 6
The BRS scores for the GHBMC, THUMS, THOR, and THOR-AV models in the rear-seat test configuration
GHBMC THUMS THOR FE THOR-AV FE
Body Region BRS ?r:ss) BRS ?r:ss) BRS ]()HI:SS) BRS ]()HI:SS)
Thorax 0.80 5 0.72 -2 0.77 -1 0.96 0
Chest Acceleration 0.80 5 0.72 -2 0.77 -1 0.96 0.4
Pelvis (average) 1.06 0 0.94 0.64 0 0.71 0
Pelvis Resultant Acceleration 1.20 2 1.05 0.64 -4 0.98 -3
Pelvis Rotation Y 0.95 4 0.92 0.61 6 0.70 3
Pelvis Displacement X 1.04 -5 0.86 -2 0.68 -1 0.45 -1
Overall Average 0.93 3 0.83 0 0.71 0 0.84 0

The pelvis x-displacement and y-rotation for the four FE models were well within the PMHS corridors, as shown in

Figure 5.
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Figure 5. Pelvis x-displacement and y-rotation in the rear-seat test configuration
UMTRI 25° (Case #3)

The BRS scores for the restraint system are summarized in Table 7. The BRS scores of the seat force in the z-direction
for the THUMS, THOR, and THOR-AV models are 2.12, 2.59 and 2.62, respectively; all corresponding to marginal
biofidelity. The seat-pan rotation and anti-submarine plate rotation of all four models showed either marginal or poor
biofidelity. The BRS scores of the lap belt forces at the outer side and the buckle locations are greater than 2.0 for
THUMS, corresponding to marginal biofidelity. The overall restraint system response showed marginal biofidelity
for the GHBMC, THUMS, THOR, and THOR-AV models.

In this front-seat, upright test configuration, neither the HBM nor the ATD models submarined, consistent with the
PMHS responses reported by UMTRI. The kinematics BRS scores for the occupant models are summarized in Table
8. The BRS scores of all parameters evaluated are less than 2.0 with many of them less than 1.0, corresponding to
either good or excellent biofidelity. The average kinematic BRS scores for the GHBMC, THUMS, THOR, and THOR-
AV models are 0.94 (excellent biofidelity), 1.06 (good biofidelity), 1.26 (good biofidelity), and 0.87(excellent
biofidelity), respectively.

Table 7
The BRS scores of the restraint system for the GHBMC, THUMS, THOR, and THOR-AV models in the UMTRI
25° test configuration

GHBMC THUMS THOR THOR-AV

Restraint System BRS ?nl:sS) BRS ?nl:sS) BRS ?nl:sS) BRS ]()rrll)ss)
Seat (average) 2.77 3 2.61 0 2.84 1 2.88 2
Seat Force X 1.69 6 1.49 1 1.19 0 1.19 6
Seat Force Z 1.82 6 2.12 -1 2.59 5 2.62 4
Seat Pan Rotation Y 2.85 2 2.54 -1 3.70 0 2.56 0
Anti-Sub Plate Rotation Y 4.71 0 4.29 0 3.90 0 5.17 0
Belt (average) 1.49 -3 1.94 -4 1.73 0 1.28 -3
Outer Lap Belt Force 1.69 0 2.39 -2 1.29 -4 1.16 -4
Lap Belt Buckle Force 1.58 -2 2.16 -5 2.01 -1 1.40 -2
Upper Shoulder Belt Force 1.20 -5 1.29 -6 1.90 6 1.29 -2
Restraint Overall Average 2.13 0 2.28 -2 2.29 1 2.08 0
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Table 8
The BRS scores for the GHBMC, THUMS, THOR, and THOR-AV models in the UMTRI 25° test configuration

GHBMC THUMS THOR THOR-AV
Body Region BRS | DPS (ms) | BRS | DPS (ms) | BRS | DPS (ms) | BRS | DPS (ms)
Head (average) 1.07 -1 1.28 1 1.03 -1 0.63 2
Head Acceleration X 0.93 -7 1.52 0 1.36 -6 0.81 -5
Head Acceleration Z 1.40 0 1.41 0 1.34 0 0.73 0
Head Angular Velocity Y 1.00 0 0.93 0 1.27 0 0.97 6
Head Displacement X 1.55 2 1.63 3 0.28 1 0.32 1
Head Displacement Z 0.47 0 0.92 0 0.89 0 0.33 9
Spine (average) 0.90 -1 1.17 0 1.46 0 0.92 -1
T1 Acceleration X 1.17 0 1.37 -5 1.19 0 1.05 -1
T1 Acceleration Z 1.09 0 1.12 0 1.68 0 1.35 0
T1 Displacement X 0.90 -1 1.81 4 1.47 -1 0.88 1
T1 Displacement Z 0.65 0 1.40 0 1.79 0 0.32 0
T8 Displacement X 0.72 1 1.41 3 NA NA NA NA
T8 Displacement Z 0.75 0 0.59 0 NA NA NA NA
T12 Acceleration X 1.66 -5 1.40 -3 1.52 1 1.23 -3
T12 Acceleration Z 0.96 0 0.85 -4 1.05 -4 0.94 -4
T12 Displacement X 0.57 0 1.13 2 1.26 2 1.17 2
T12 Displacement Z 0.54 0 0.29 0 1.75 2 0.43 0
L4 Acceleration X 1.17 1 1.81 -1 NA NA NA NA
L4 Acceleration Z 0.64 -5 0.82 1 NA NA NA NA
Pelvis (average) 0.85 0 0.74 1 1.28 -1 1.06 0
Pelvis Acceleration X 1.41 -4 1.39 0 1.81 0 1.32 0
Pelvis Acceleration Z 1.59 -2 0.74 -1 1.25 -5 1.07 -5
Pelvis Angular Velocity Y | 0.96 0 0.81 4 0.99 2 0.87 0
Pelvis Rotation Y 0.48 6 0.82 0 0.73 0 0.36 0
Pelvis Displacement X 0.16 0 0.27 | 1.24 0 0.90 2
Pelvis Displacement Z 0.47 0 0.40 0 1.67 0 1.84 0
HBM/ATD Overall Average | 0.94 -1 1.06 0 1.26 -1 0.87 0

Note: NA — no data available, the dummies were not instrumented for these channels

The head center of gravity, T1, T8, T12, and hip joint mid-sagittal trajectory overlays are illustrated in Figure 6. Due
to anthropometric differences between the FE occupants and physical surrogates, the starting location of these
trajectories are different. For illustrative purposes, each trajectory was transformed so that the starting location of the
trajectory for a particular body region was aligned with the corresponding starting location of the THUMS FE

model.
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Figure 6. Trajectory overlays for the GHBMC, THUMS, THOR, THOR-AV models and the PMHS data for Case #3

UMTRI 45° (Case #4)

The BRS scores for the restraint system are summarized in Table 9. Many of the parameters evaluated have a BRS
score less than 2.0, corresponding to good biofidelity. However, the anti-submarining plate rotation for all models is
greater than 4.29, corresponding to poor biofidelity, which affected the overall biofidelity results. The seat force in
the x-direction for the GHBMC model has a BRS score of 2.30, corresponding to marginal biofidelity, and the lap
belt buckle force and the shoulder belt force for the THOR model have BRS scores of 2.69 and 2.80, respectively,
both corresponding to marginal biofidelity. The overall biofidelity for all models is marginal.

Table 9
The BRS scores of restraint system for the GHBMC, THUMS, THOR, and THOR-AV models in the UMTRI 45°
test configuration

GHBMC THUMS THOR THOR-AV

Restraint System BRS ](2rl1)ss) BRS ](2rl1)ss) BRS ngl)sS) BRS ](2rl1)ss)
Seat 3.28 1 2.42 -2 2.63 1 3.22 2
Seat Force X 2.30 -1 1.74 -6 1.59 1 1.93 4
Seat Force Z 1.47 4 1.75 -5 1.17 4 1.40 4
Seat Pan Rotation Y 1.84 0 1.89 3 2.00 0 1.17 0
Anti-Sub Plate Rotation Y 7.52 0 4.29 0 5.78 0 8.38 0
Belt 1.85 0 1.62 -3 2.46 -1 1.41 1
Outer Lap Belt Force 1.69 0 1.80 -3 1.88 -2 1.16 4
Lap Belt Buckle Force 1.87 2 1.67 -2 2.69 -1 1.20 0
Upper Shoulder Belt Force 1.99 -1 1.39 -3 2.80 -2 1.88 0
Restraint Overall Average 2.56 1 2.02 -2 2.55 0 2.32 2
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In this front-seat, reclined test configuration, neither the HBM nor the ATD models submarined, consistent with the
PMHS responses reported by UMTRI. The kinematics BRS scores for the occupant models are summarized in Table
10. Most of the parameters evaluated have a BRS score less than 2.0, with many of them less than 1.0 for all four
models; corresponding to either a good or excellent biofidelity. The average kinematic BRS scores for the GHBMC,
THUMS, THOR, and THOR-AV models are 1.28, 1.45, 1.36, 1.12, respectively; all corresponding to good biofidelity.

Table 10
The BRS scores for the GHBMC, THUMS, THOR, and THOR-AV models in the UMTRI 45° test condition
GHBM THUMS THOR THOR-AV
Body Regions BRS | DPS(ms) | BRS | DPS(ms) | BRS | DPS(ms) | BRS | DPS(ms)
Head 1.51 1 2.19 0 1.29 0 0.86 -1
Head Acceleration X 1.66 0 1.67 0 1.08 -7 0.66 -4
Head Acceleration Z 1.27 0 1.98 0 2.28 0 0.87
Head Angular Velocity Y 2.16 0 2.81 0 2.01 3 1.32
Head Displacement X 1.19 -2 1.10 -2 0.65 -3 0.84 -3
Head Displacement Z 1.25 8 3.39 0 0.42 6 0.59 -7
Spine 0.96 -1 1.22 -2 1.61 -2 1.14 -1
T1 Acceleration X 0.66 0 0.63 0 0.63 -6 0.62
T1 Acceleration Z 0.77 0 0.71 0 1.16 0 0.90
T1 Displacement X 0.76 -4 2.42 1 1.43 -4 3.14 -4
T1 Displacement Z 0.91 0 1.67 0 2.23 0 0.66 -3
T8 Displacement X 0.76 -4 0.16 -1 NA NA NA NA
T8 Displacement Z 0.91 0 2.29 0 NA NA NA NA
T12 Acceleration X 1.47 0 1.11 -2 1.44 0 0.86 -1
T12 Acceleration Z 0.69 -3 0.70 -6 0.88 -9 0.64 1
T12 Displacement X 1.06 -2 0.20 -1 1.25 1 0.47 -1
T12 Displacement Z 2.10 0 2.83 0 3.83 0 1.79 0
L4 Acceleration X 0.77 -2 1.31 -7 NA NA NA NA
L4 Acceleration Z 0.70 5 0.67 -5 NA NA NA NA
Pelvis 1.37 1 0.92 -2 1.18 1 1.36 1
Pelvis Acceleration X 2.13 0 1.42 -9 2.21 0 1.68 0
Pelvis Acceleration Z 1.35 -2 1.03 -4 1.18 2 0.94 5
Pelvis Angular Velocity Y | 1.25 0 1.34 -5 0.60 1 1.41 0
Pelvis Rotation Y 1.13 7 0.95 0 0.10 1 1.61 0
Pelvis Displacement X 0.44 0 0.33 0 0.89 1 0.61 -1
Pelvis Displacement Z 1.94 0 0.47 7 2.11 0 1.90 0
HBM/ATD Overall
Average 1.28 0 1.45 -1 1.36 -1 1.12 0
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The trajectory overlays are illustrated in Figure 7.
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Figure 7. Trajectory overlays for the GHBMC, THUMS, THOR and THOR-AV models and the PMHS data for

Case #4.

Overall Averages (Cases #1-4)

The overall averages of the restraint system for these four test configurations are summarized in Table 11, and the
overall kinematics average of the responses of the FE occupant models for the four test configurations are summarized
in Table 12. The biofidelity of the THOR-AV was evaluated by Wang et al. [10][11]. For the reader’s convenience,
the THOR-AV dummy’s BRS scores are included for references. Except for the THOR FE model, the restraint system
BRS scores are within 2.0, corresponding to good biofidelity. The kinematic BRS scores for the GHBMC, THUMS,

THOR, and THOR-AV models are close to 1.0, corresponding to good or excellent biofidelity.

Table 11
The average restraint system BRS scores for the GHBMC, THUMS, THOR, THOR-AV models and the THOR-AV
test
GHBMC THUMS THOR FE THOR-AV FE THOR-AV Test

Restraint BRS | DPS(ms) | BRS | DPS(ms) | BRS | DPS(ms) | BRS | DPS (ms) BRS | DPS(ms)

Case #1 1.48 1 1.56 -2 1.51 -2 1.54 -1 1.54 -5

Case #2 1.34 -1 1.18 -3 2.03 -2 1.80 0 1.64 -4

Case #3 2.13 0 2.28 -2 2.29 2.08 0 1.29 -4

Case #4 2.56 1 2.02 -2 2.55 0 2.32 2 1.32 -3

Average 1.88 0 1.76 -2 2.09 -1 1.93 0 1.45 -4
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Table 12
The average kinematics BRS scores of the GHBMC, THUMS, THOR, and THOR-AV models, and the THOR-AV
test

GHBMC THUMS THOR FE THOR-AV FE THOR-AV Test
HBM/ATD | BRS | DPS(ms) | BRS | DPS(ms) | BRS | DPS(ms) | BRS | DPS(ms) | BRS | DPS(ms)
Case #1 0.84 1 0.72 1 0.61 2 0.70 0 0.84 3
Case #2 0.93 3 0.83 0 0.71 0 0.84 0 0.77 -3
Case #3 0.94 -1 1.06 0 1.26 -1 0.87 0 0.73 0
Case #4 1.28 0 1.45 -1 1.36 -1 1.12 0 0.89 -1
Average 1.00 1 1.01 0 0.98 0 0.88 0 0.81 0
DISCUSSION

In general, the kinematics of all four FE models matched their PMHS counterpart reasonably well; evidenced by their
BRS scores. However, the occupant-to-restraint interaction requires improvement.

The restraint system used for test series 2 (Case #3 and #4) simulations did not include a dynamic locking tongue. The
authors were made aware that a 2 kN dynamic locking tongue was used in the corresponding PMHS tests when writing
this manuscript. The authors reviewed the shoulder belt and lap belt loads time history and found that the belt loads
of the simulations matched the outputs of the PMHS tests reasonably well. The shoulder belt payout of the FE
simulations also matched the PMHS results reasonably well. Based on this analysis, the authors do not believe the
simulation outputs were compromised due to the lack of a dynamic locking tongue.

The seat force in the z-direction was higher than the PMHS results in Case #1 (Figure A6) and #3 (Figure A17) for all
four occupant models. The PMHS mass (average of 68.1 kg with a range of 53.0 to 80.3 kg) used to derive the PMHS
corridors was much lower than the mass of an average male (76.8 kg). This mass-mismatch may have contributed to
the lower seat force in the z-direction for PMHS corridors. Normalization of the PMHS test data could reduce this
force discrepancy and improve the BRS scores for the FE occupants.

It was noticed that the anti-submarining plate rotations were significantly higher for the FE models in Case #3 and #4
(Figure A19). In physical dummy tests, it was observed that the rotations of the seat pan and the anti-submarining
plate did not correlate well with the PMHS responses [10][11]. The causes were not very clear and is worthy of further
investigation.

The lap belt force of the four FE models matched that of the PMHSs reasonably well in Case #1 and #2 (Figure Al
through Figure A4). However, the lap belt force of the GHBMC and THUMS models in Case #3 and #4 were higher
than the PMHS results (Figure A20 and Figure A21), while the shoulder belt force for all four FE models matched the
PMHS results reasonably well. The results did not give a clear direction for future optimization of the FE models. To
understand the issue better, the pelvis flesh stiffness was investigated to understand the lap belt engagement with the
pelvis using the UMTRI simulations (Case #3 and #4). The investigation focused on the belt forces and pelvis hip
displacement relationship, which was expected to be a reasonable indicator of the stiffness of the flesh in front of the
ASIS. Since the buckle side load cell measured the sum of the shoulder belt and lap belt forces, the force for the lap
belt alone on the buckle side cannot be segregated. Therefore, the outboard lap belt force was doubled for this analysis.
As shown in Figure 8, the stiffnesses of the pelvis flesh (slope of lap belt force vs. hip displacement) for the GHBMC,
THUMS, THOR, and THOR-AV models are comparable to the stiffnesses of pelvis flesh for the PMHS.

The body mass and stature of the PMHS specimens varied from 53 kg to 80.3 kg and 166.3 cm to 175.7 cm
respectively, for the UMTRI tests. The specimens that best matched the average male weight and height were the
PMHS 2104 (body mass 80.3 kg, stature 170.1 cm) in the 25° seatback test condition, and the PMHS 2002 (body mass
76.1 kg, stature 174.9 cm) in the 45° seatback test condition. For the belt force vs hip displacement responses, both
the THOR and THOR-AV models showed comparable results to these PMHS tests respectively in each test
configuration. The GHBMC and THUMS models matched the stiffer responses of the PMHSs, shown in Figure 8.
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Figure 8. Belt force vs hip displacement in the 25° (left) and 45° (right) UMTRI test configurations

The GHBMC, THUMS, THOR, and THOR-AYV restraint system biofidelity was notably worse than the kinematics
biofidelity (Table 11 and Table 12), and should be investigated in the future.

In the front- and rear-seat test configurations (Case #1 and #2), the pelvis rotations matched the PMHS response well
(Figure A11). For the UMTRI 25° test condition (Case #3), the pelvis y-rotation fell within the PMHS corridor for all
models; the THOR model near the upper bound and THOR-AV and THUMS models near the lower bound (Figure
A41). For the 45° recline condition (Case #4), the pelvis rotation for the GHBMC and THOR-AV models fell out of
(i.e. below) the lower bound, while the THUMS model was near the upper bound and the THOR model was in the
middle. It was noted the pelvis rotation in y-direction was opposite to PMHS pelvis rotation observed in Richardson
et al. study [18], most probably explained by the difference in restraint system and impact pulse. Also, the UMTRI
test used a 32 km/h delta velocity and no lap belt pretensioner, versus a 50 km/h and dual lap belt pretensioner in
Richardson et al.

LIMITATIONS

No effort was made to improve the biofidelity of the four FE models in the current study. As presented in this paper,
the THOR-AYV physical dummy test results had slightly better biofidelity than the THOR-AV FE model (v0.6). This
will be addressed by Humanetics in the next release. As mentioned in the discussion, a dynamic locking tongue was
not simulated in Case #3 and 4, even though one was used in the physical tests. Since the shoulder belt payout and
shoulder belt loads were comparable between the simulations and the PMHS tests, the authors do not believe there
was a negative effect on the results.

CONCLUSIONS

The biofidelity of the GHBMC, THUMS, THOR, and THOR-AV models was evaluated in four test configurations.
Using the NHTSA BioRank method, the four FE occupant models demonstrated good to excellent kinematic
biofidelity as compared to PMHSs. The restraint system BioRank scores were not as good as the models’ kinematic
responses; however, except for the THOR model, they were ranked as good. The interaction between all four occupant
models and the restraint system needs improvement. The THOR-AV FE model was modified to match the human hip
joint height, improving its seated height, and potentially the submarining responses of the dummy. The stiffness in
front of the ASIS appeared to be reasonable when comparing with the PMHS results under lap belt loading condition.
It was also observed that the HBM responses were comparable to the ATD responses for all test configurations.
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APPENDIX

The overlay of the channels from GHBMC, THUMS, THOR, and THOR-AV FE models are shown in this appendix
for all four cases.

Plots for the front- and rear-seat test configurations (Case #1 and #2)
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Figure A 1. Upper shoulder belt force in the front-seat (Case #1, left) and the rear-seat (Case #2, right) test
configurations.
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Figure A2. Lower shoulder belt force in the front-seat (Case #1, left) and the rear-seat (Case #2, right) test
configurations.
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Figure A3. Inboard lap belt force in the front-seat (Case #1, left) and the rear-seat (Case #2, right) test
configurations.
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Figure A4. Outboard lap belt force in the front-seat (Case #1, left) and the rear-seat (Case #2, right) test
configurations.
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Figure AS5. Seat force X in the front-seat (Case #1, left) and the rear-seat (Case #2, right) test configurations.
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Figure A6. Seat force Z in the front-seat (Case #1, left) and the rear-seat (Case #2, right) test configurations
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Figure A7. Seat pan rotation in the front-seat (Case #1, left) and the rear-seat (Case #2, right) test configurations.
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= = PMHS mean
— GHEM

7| — THUMS

mmm= THOR FE

= THOR-AV FE
== THOR-AV Tests

w= = PMHS mean
GHBM

m— THLUMS

o
o

THOR FE

60

THOR-AV FE

==si THOR-AV Tests

= =

3 s

s 5

g e

< & 60 -

> 40 -

c

o 1]

g < 40 -

= 20 =

@ @

o 2 20 -

S U‘ ﬁ

2 8

g —20 . . . : : & ‘ ‘ ‘ . .
0.00 0.02 0.04 0.06 0.08 0.10 012 0.00 0.02 004 0.06 008 010 0.2

Timel(s) Time(s)
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Plots for the UMTRI 25° and 45° test configurations (Case #3 and #4)
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Figure A16. Seat pan force X in 25° (Case #3, left) and 45° (Case #4, right) seatback UMTRI test configurations.
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Figure A20. Buckle force in 25° (Case #3, left) and 45° (Case #4, right) seatback UMTRI test configurations.
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Figure A21. Outboard lap belt force in 25° (Case #3, left) and 45° (Case #4, right) seatback UMTRI test
configurations.
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Figure A22. Upper shoulder belt force in 25° (Case #3, left) and 45° (Case #4, right) seatback UMTRI test
configurations.
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Figure A24. Head acceleration Z in 25° (Case #3, left) and 45° (Case #4, right) seatback UMTRI test configurations
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Figure A28. T1 acceleration X in 25° (Case #3, left) and 45° (Case #4, right) seatback UMTRI test configurations.
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Figure A29. T1 acceleration Z in 25° (Case #3, left) and 45° (Case #4, right) seatback UMTRI test configurations.

350 PMHS Mean 300 PMHS Mean
— GHEBM — GHBM
30Q | = THumMs — THUMS
—_ = THOR_FE —~ 250 7 === THOR FE
£ —— THOR_AV FE £ —— THOR_AV FE
E 250 o *+ THOR-AV Tests _E_. “ea THOR-AV Tests
< w 200
£ 200 e €
@ N 3
5 e £ 150
< 150 S I
L= I
[=} o
g il
& 100 2100
— —
= 504 - 50 -
P

0 T T T T T
0.000 0.025 0.050 0.075 0.100 0.125 0.150

Time(s)

0_ - T T T T T
0.000 0.025 0.050 0.075 0.100 0.125 0.150

Time(s)

Figure A30. T1 displacement X in 25° (Case #3, left) and 45° (Case #4, right) seatback UMTRI test configurations.
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Figure A32. T8 displacement X in 25° (Case #3, left) and 45° (Case #4, right) seatback UMTRI test configurations.
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Figure A35. T12 displacement X in 25° (Case #3, left) and 45° (Case #4, right) seatback UMTRI test configurations
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ABSTRACT

In frontal impact test procedures, the Hybrid III small female dummy is used to increase the protection of small
car occupants. To address the increased thoracic injury risk for elderly occupants it is planned to introduce more
stringent chest assessment criteria. However, previous studies raised concerns regarding the efficiency of criteria
based on chest deflections measurements in the Hybrid IIT due to sensitivity of the measurements to variations in
belt routing due to seat and D-ring settings. The seat in the most forward position and the D-ring in the highest
position is mostly used in assessment tests. These settings result in a belt routing closer to the neck and reduced
mid sternum chest deflection, which is not presentative of the actual peak deflection and therefore not meaningful
to assess the chest injury risk.

The objective of this study was to investigate the effect of chest deflection sensitivity in the Hybrid III small
female dummy in a generic sled test setup to variations of belt routings representative of contemporary vehicles.
The study was complemented by sled tests with the THOR-5F in the same configurations to investigate the
potential of this dummy as a future alternative. Furthermore, an analysis of field data was done to evaluate the
preferred seat and D-ring settings of real small car occupants.

The results of the tests with the Hybrid III small female could confirm the findings from previous studies with
shoulder belt routings representing contemporary vehicles. A routing with the belt closer to the neck showed a
reduced sternal chest deflection in the Hybrid I1I small female. Corresponding tests with the THOR-5F showed a
similar reduction of peak chest deflection at the maximum loaded IR-TRACC, but an increase at another location.
Therefore, THOR-5F multi-point criteria might have the potential to address the issue of belt routing sensitivity.

The analysis of field data showed that small occupants representing the small female dummy in terms of height
prefer to set the D-ring to the lowest position (driver and passenger). For the front seat passenger, the seat
longitudinal and height setting mid/mid is preferred.

In conclusion the recommendations regarding seat and D-ring settings that were provided in previous studies
can be confirmed. To enable an effective evaluation of chest injury risk with the Hybrid III small female the
D-ring should be set to the lowest position for the driver as well as for the passenger side. For the passenger side
the seat should be set to the mid/mid-position. Furthermore, these seat and D-ring settings are the most relevant
preferred by small occupants based on field data.

For additional improvement of chest injury risk assessment considering the specific needs of small female
occueepants further research is recommended related to the THOR-SF and advanced multi-point chest injury
criteria, which might be less sensitive to test parameters and resulting variation of belt routing. Repeatability and
reproducibility of the chest deflection response of the THOR-5F dummy related the sensitivity of multi-point
defection measurements should be further investigated and improved if necessary.

Eggers 1



INTRODUCTION

To increase the level of protection for all occupants involved in a frontal impact accident a frontal full-width test
with a Hybrid III small female dummy in a front seat position was introduced by consumer testing organizations
as well as in regulations. NHTSA (National Highway Traffic Safety Administration) introduced a full-width test
to US NCAP in 2011 with a Hybrid III small female dummy on the front passenger seat. Euro NCAP introduced
a 50 km/h full width rigid barrier test in 2015 with a Hybrid IIT small female dummy in the driver and front
passenger seat as well as in the rear seat row.

Several studies have shown that elderly occupants have an increased risk of thoracic injury in frontal impact
accidents. Wisch et al. 2017 identified the thorax as the most frequently injured body region for car occupants in
frontal impacts with a risk of thoracic injuries at least two times greater for older car occupants. Forman et al.
2019 came to the conclusions that risk reduction in the thorax has lagged other body regions, resulting in
increasing prevalence among skeletal injuries in newer vehicles especially in the elderly. Digges et al. 2013
recommended the application of older occupant risk to increase the level of protection of elderly car occupants.
Age-specific injury risk functions were proposed by Laituri et al. 2005 and Prasad et al. 2010. Following those
recommendations Euro NCAP will reduce the Hybrid III small female chest deflection lower performance and
capping limit form the year 2023 onwards from 42 mm to 34 mm (Euro NCAP, 2022).

However, several studies have previously reported concerns related to the currently applied test tool and chest
deflection instrumentation, which is the Hybrid III small female dummy with a rotational potentiometer
measuring the chest deflection at one single point in the mid sternum. Therefore, to address the increased
thoracic injury risk of small elderly occupants it might not be sufficient to use stricter chest deflection
performance limits. Improvements to the tests tool or at least updates to the test and assessment procedure that
result in reasonable chest deflection measurements are necessary.

Yamasaki et al. 2011 reported that in full-scale crash tests comparing different belt positions on the chest of a
Hybrid III small female a reduction of chest deflection with the belt positioned closer to the neck was observed.
Further studies investigated the effect of seat track settings and D-ring position on the belt path on the dummy
chest and the resulting chest deflection measurements. Keon et al. 2016 conducted frontal impact crash tests
according to the Euro NCAP test procedure with a Hybrid III small female dummy on the front passenger seat.
Tests with the seat in mid track and most forward position were compared. The most forward seat position
resulted in a belt routing closer to the neck and a lower chest deflection compared to the mid track seat position
with a belt routing on the center of the sternum and a reductions of measured chest deflection. Digges et al. 2017
evaluated the chest deflection in the Hybrid III small female with the seat in the most forward position and the
D-ring in the highest position, which is the setting preferred by vehicle manufactures and mostly used in NCAP
tests. This was compared to tests with the seat in mid-track position and the D-ring in the lowest position. A
significant increase in chest deflection was observed. They pointed out that is especially relevant for the
protection of elderly occupants. Therefore, an improved test and assessment procedure is needed to make sure
chest deflection risk is assessed in a reasonable way. Digges et al. 2019 further investigated the sensitivity of
chest deflection measurements in NCAP crash tests for the Hybrid III 5% dummy to positioning of the seat and
D-ring related to routing of the shoulder belt. Based on these studies the authors provided recommendations to
address this issue.

One recommendation is to prescribe the seat and D-ring setting in the test procedure. The recommended setting
for the passenger seat would be seat track in mid longitudinal position, mid height seat position and the D-ring
set to the lowest position. This would result in a belt path closer to the center of the chest and a more meaningful
chest deflection measurement.

Another recommendation from previous studies would be the use of multi-point chest deflection measurement
systems like RibEye or IR-TRACC in the Hybrid III dummy (Eggers at al. 2014, Keon et al. 2015, Digges et al.
2019). In these studies, it was demonstrated in tests with multi-point chest deflection measurement in the Hybrid
111 that it would be possible to identify higher peak chest deflection which do not occur at the mid sternum and
usually are higher for belt routings closer to the neck. However, so far, no biomechanical injury criteria are
available for multi-point chest deflection measurements in the Hybrid III. Further research is needed.
Meanwhile a more a biofidelic small female dummy, the THOR-5F (Wang et al. 2017), is becoming available
which has multi-point chest deflection capability and could be a future alternative.
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Another option proposed in the previous studies by Digges et al. is a landmark based belt routing procedure.
However, after placing the belt on the mid center of the sternum with a landmark based procedure if the seat is
in the most forward position and the D-ring in the highest setting the belt might move close to the neck again
due to dummy movement during the deceleration pulse or already during the activation of a pretensioner.

Thus, the most effective and immediately applicable solution to achieve a more meaningful chest deflection
measurement and chest injury risk assessment in the Hybrid IIT small female dummy would be to prescribe the
seat and D-ring settings based on recommendations from previous studies in the relevant test and assessment
procedure.

However, to make sure these seat and D-ring setting are not in contradiction with the preferred settings used by
real car occupants field data should be analyzed understand how small occupant are using the seat and belt.

Furthermore, before recommending the test settings to be implemented by Euro NCAP or other worldwide
consumer or regulatory test procedures the relevance of the findings observed in previous studies to other
contemporary vehicles should be confirmed in additional tests.

The objective of this study was to investigate the effect of chest deflection sensitivity in the Hybrid III small
female dummy in a generic sled test setup representing characteristic variations of belt routings in contemporary
vehicles. The study was complemented by sled tests with the THOR-SF in the same configurations to investigate
the potential of this dummy as a future alternative test tool to address the above-mentioned issues. Furthermore,
an analyses of field data was done to evaluate the preferred seat and D-ring settings of small car occupants.

METHODS
Sled tests with Hybrid III small female and THOR-5F in a generic sled setup

To investigate the sensitivity of chest deflection measurements for different belt routings resulting from
different settings of the front seat and D-ring height a series of frontal impact sled tests with the dummies
Hybrid IIT small female and THOR-5F (build level SBL-A) was conducted. The tests were done in a generic
sled test setup. The test setup with the THOR-5F is shown in Figure 1. It consisted of a rigid seat with a seat pan
angle of 10°. The seat was covered with 40 mm Neopolen® foam. The seat back angle was 23°. The feet of the
dummy were placed on a footrest covered with carpet. A production 3-point belt system was used with a 3.5 kN
shoulder belt load limiter and a shoulder belt retractor pretensioner. The pretensioner was activated at 16ms. In
all tests a 50 km/h full-width deceleration pulse was used (Figure 2).

Sled Acceleration
S2CRMEMIFRO4ACXD

 Acceleration (g)

Test
——Reference {Uriot, 2015)

X / B o 5 oo

- % Timae)
Figure 1. Sled test setup: Rigid seat, Figure 2. 50 km/h Full-Width Pulse (Reference Pulse Uriot, et al.
3-point belt system with shoulder belt 2015)

pretensioner and load limiter

The belt anchorage points of the D-ring, buckle and anchor were adjustable to simulate different positions and
settings of the D-ring, different longitudinal seat track positions and different seat height adjustments
representing different vehicle geometries. Two different combinations of the belt anchorage points were used.
The purpose of the two belt anchorage point settings was chosen to represent possible combinations and
resulting belt routing of contemporary vehicles currently available on the European market.

To define the combinations of belt anchorage points the respective points were measured in three real vehicles.
The chosen vehicles were Volkswagen Golf 7, Tesla Model 3 and Renault Zoe. An H-point tool was positioned
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in the diver seat according to the Euro NCAP Full-Width-Frontal-Impact-Test-Protocol Version 1.2.1 (Euro
NCAP, 2021). The seat was varied in longitudinal direction between the two settings “most forward” and “25%
travel from most forward”. The variation of the seat height was done between the two settings “fully upward”
and “75% downward” as defined in the Euro NCAP protocol. Addionally in combination with seat variations
the D-ring was varied between the two settings “highest” and “lowest”. The combination of the different settings
resulted in a maximum of eight different relative positions of the D-ring for the Golf and Tesla, which are
shown in Figure 3. For the Zoe only four variations are shown as the seat was not adjustable in height. For the
buckle only two different settings are shown in Figure 3 resulting from the two possible height settings for the
seat of the Golf and Tesla. The fore-aft variation in longitudinal direction did not affect the related position to
the H-point as the buckle was attached to the seat and therefore moving with the H-point in all of the three
vehicles. The small variation of the buckle position in longitudinal (x-)direction results from the movement of
the seat in x-direction related to the height adjustment.

Two characteristic combinations of anchorage points for the buckle and D-ring position relative to the H-point
were chosen which are close to the possible variations representing the three vehicles. D1 is representing a belt
routing more outboard on the shoulder of the occupant whereas D2 is representing a belt routing close to the
neck. The location of the buckle and D-ring attachment points in relation to the possible coordinates measured
in the three vehicles are shown in Figure 3.

m Belt Routing D1

N x

m Belt Routing D2 s >g:( x
x VW Golf o XX
x Tesla Model 3 e |

x Renault ZOE

Figure 3. Buckle and D-ring anchorage points D1 and D2 chosen for the tests in the generic test setup relative to
the possible points measured in three real vehicles.

The location of the buckle and D-ring attachment points for D1 and D2 were transferred to the generic test
setup. The resulting belt routing with the two dummies Hybrid IIT small female and THOR-5F in the generic test
setup are shown in Figure 4 and Figure 5.

Figure 4 shows the belt routing D1 with a chin to belt webbing distance of 125 mm for the Hybrid III and

100 mm for the THOR-5F. The belt routing is more outboard on the shoulder and covers the center of the chest.
Figure 5 shows belt routing D2 with a chin to webbing distance of 105 mm for the Hybrid IIT and 65 mm for the
THOR-S5F closer to the neck. Three repeated tests were done with the Hybrid I1I small female and THOR-5F
dummy for each of the belt routing configurations.
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Figure 4. Belt routing D1 (shoulder belt more Figure 5. Beltrouting D2 (shoulder be
outboard on the clavicle) neck)

Field data study - seat adjustments and D-ring position

To evaluate how small occupants are represented by the small female dummy in terms of body height (Small
female dummy reference standing height: 151 cm) field data from GIDAS (German In-Depth Accident Study,
www.gidas.org) was considered. The database was not analyzed with the purpose to relate injury outcome to
seat and belt settings, but only to evaluate the seat and belt settings of small car occupants.

The analysis was based on a GIDAS data set from June 2022 including passenger vehicles with first year of
registration after 2004. Only accidents between passenger cars and cyclists were selected in this preliminary
study as a high number of those cases exists in the database and to make sure the occupant of the vehicle of
interest was almost never (even slightly) injured thus no modification of the seat and belt setting were expected
during rescue after the accident. The selection criterion for the car occupant was a standing body height between
145 and 155 cm. The age of the occupant was not of further interest. For each driver or passenger fulfilling the
above-mentioned criteria the settings of the D-ring (highest, mid or lowest) and the setting of the seat in
longitudinal fore/aft position (most forward, mid or most rearward) and the seat height adjustment (highest, mid
or lowest) was evaluated.

RESULTS
Dummy kinematics
Hybrid 111 small female D1 vs. D2

Upper body kinematics of the Hybrid Il small female dummy are primarily influenced by the position of the
D-ring with respect to the neck / clavicle (see Figure 4 and Figure 5). For belt routing D1 the belt is further away
from the neck (more outboard on the shoulder), hence the belt force is applied further away from the spine and
the leverage about the vertical axis of the dummy is consequently larger. Belt routing D2 is closer to the neck
and the leverage accordingly smaller. Figure 6 shows the dummy kinematics at 75 ms and 100 ms. As a result of
the different belt routings, rotation of the dummy’s upper body about the vertical axis begins at approx. 60 ms
for belt routing D1, while the dummy-to-belt interaction for belt routing D2 is more stable with no significant
rotation of the upper body. The larger leverage for belt routing D1 does not only result in an earlier rotation of
the dummy, also the overall rotation of the upper body is larger and the belt is close to slipping from shoulder.
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THOR-5F D1 vs. D2

As for the Hybrid III small female dummy, upper body kinematics of the THOR-5F are primarily influenced by
the position of the D-ring with respect to the neck / clavicle and thus the leverage of the belt force (see Figure 4
and Figure 5). Figure 7 shows the dummy kinematics at 75 ms and 100 ms for both belt routings. As a result of
the different belt routings, rotation of the dummy’s upper body about the vertical axis begins at approx. 50 ms
for belt routing D1 and results in an overall larger rotation of the upper body. For belt routing D2 the dummy-to-
belt interaction is more stable, while the rotation of the upper body is delayed and reduced. The earlier rotation
of the upper body for belt routing D1 reduces the head forward displacement while the risk that the belt slips off
the shoulder is increased.

Hybrid 111 small female vs THOR-5F

Similar observations can be made with respect to the influence of the belt routing, however, the second flex-
joint in the THOR-5F dummy increases the overall flexibility of the spine and thus the rotation of the upper
body begins earlier and the overall rotation is greater. Furthermore, the bending of the spine and the forward
displacement of the head is larger with the head almost contacting the femur or knees.
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Figure 7. THOR-5F kinematics for belt routing D1 and D2 at 75ms and 100ms.
Chest deflection

The chest deflection measurements of the Hybrid III small female chest potentiometer are shown in Figure 8 for
the belt routing configurations D1 and D2. Three repeated tests were done in each configuration. In Table 1 the
chest deflection peak values, mean values from three tests and coefficient of variation are shown. In

Table 2 the chest deflection values for D2 are shown respectively. The repeatability is excellent. The chest
deflection mean value decreases from the belt routing configuration D1 to D2 by 22 % from 22 to 18 mm.
Chest Deflection

S1CHST0003HFDSXC
30

——H3-D1

——H3-D2

Deflection (mm)
> 3

=)

Time (s)

Figure 8. Hybrid IIT small female chest deflection for belt routing configurations D1 vs. D2.
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Table 1. Hybrid IIT small female chest deflection measurements for belt routing configuration D1.

Coefficient of

Test number Displacement Mean Variation
07-H-D1-1 22 mm

08-H-D1-2 22 mm 22 mm 3%
09-H-D1-3 23 mm

Table 2. Hybrid III small female chest deflection measurements for belt routing configurations D2.

Test number Displacement Mean Coefficient of Variation
04-H-D2-1 18 mm

05-H-D2-2 18 mm 18 mm 0%
06-H-D2-3 18 mm

Figure 9 shows the resultant IR-TRACC deflections measured at the four locations at the chest of the THOR-5F.
The peak values from three repeated tests, mean values and coefficients of variation are shown in Table 3 for
belt routing configuration D1 and in Table 4 for D2 respectively.
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Figure 9. THOR-5F resultant IR-TRACC deflections for belt routing configurations D1 vs. D2.

For the configuration D1 with the belt more outboard on the shoulder the repeatability of chest deflection

measurements is good at the right side of the chest. At the left side of the chest the variation is higher (14% to
22%). For D-ring configuration D2 the repeatability is higher at all four measurements location (between 0%

and 9%)).

The IR-TRACC resultant deflection are higher at the right side of the chest due to the higher loadings by the
shoulder belt to this side of the dummy. The maximum resultant deflection of the four IR-TRACCs (Ruax) can
be observed at the right lower IR-TRACC for both belt routing configurations D1 (Rmax = 55 mm) and D2 (Rumax

=47 mm). In comparison to the peak deflections measured with the Hybrid III small female the maximum

deflection Ryax measured in THOR-5SF is about 2.5 times higher for both belt routings.
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Comparing D1 and D2 the mean values of Ry is reduced by 16% from 55 mm to 47 mm. The mean value of
the maximum resultant deflection at the left upper IR-TRACC increases by 30% from D1 (27 mm) to D2 (35
mm). The deflections at the other two locations also decrease comparing D1 and D2 (right upper by 5% from

41 mm to 39 mm, left lower by 58% from 26 mm to 11 mm).

Table 3. IR-TRACC resultant chest deflection for belt routing configuration D1.

Test number 10-T-D1-1 11-T-D1-2 16-T-D1-4
Right Upper [mm] 40 39 42
Mean 41
Coefficient of Variation 3%
Right Lower [mm] No data 58 53
Mean 55
Coefficient of Variation 6%
Left Upper [mm)] 25 25 31
Mean 27
Coefficient of Variation 14%
Left Lower [mm] 25 32 21
Mean 26
Coefficient of Variation 22%
Table 4. IR-TRACC resultant chest deflection for belt routing configuration D2.
Test number 14-T-D2-2 15-T-D2-3 17-T-D2-4
Right Upper [mm] 39 42 36
Mean 39
Coefficient of Variation 9%
Right Lower [mm] 47 47 46
Mean 47
Coefficient of Variation 2%
Left Upper [mm] 35 35 35
Mean 35
Coefficient of Variation 0%
Left Lower [mm] 11 10 11
Mean 11
Coefficient of Variation 5%
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Field data study - seat adjustments and D-ring position

In Table 5 and Table 6 the settings of the seat longitudinal and height adjustments for car occupant representing
a small person in terms of standing height (145-155 cm) are shown. In Table 7 the height adjustments of the D-
ring are provided. The majority of the drivers in the data set had the seat set to the most forward position (60%).
In 40% of the cases it was set to mid position. The height adjustment was set to mid for 57% of the cases. For
the small front passenger occupants, the preferred seat setting is the mid/mid position. The most often observed
setting of the D-ring height adjustment is the lowest setting for both the driver (59%) and the passenger (65%).

Table 5. Seat longitudinal adjustment

most forward mid most rearward
Driver 60% 40% 0%
Front Passenger 3% 97% 0%
Table 6. Seat height adjustment
highest mid lowest
Driver 30% 57% 13%
Front Passenger 13% 74% 13%
Table 7. D-ring height adjustment
highest mid lowest
Driver 16% 25% 59%
Front Passenger 6% 29% 65%

DISCUSSION AND LIMITATIONS

The results of the sled tests with the Hybrid IIT small female dummy could confirm the findings from previous
studies in in generic environment with belt anchorage location representing possible shoulder belt routings of
contemporary vehicles. The observation from Digges et al. 2019, Digges et al. 2017, Keon et al. 2015 and
Yamasaki et al. 2011 regarding the effect of belt routing on reduction of mid sternum chest deflection were also
seen in this study. The belt routing of test configuration D1 with a belt position more outboard on the shoulder
also resulted in a higher chest deflection in the Hybrid III small female. The belt routing of test configuration D2
with a belt position close to the neck resulted in a reduction of chest deflection in the Hybrid III small female.
Therefore, the recommendations regarding test settings of the seat and D-ring adjustments for a more
meaningful effective chest deflection assessment with the Hybrid IIT small female dummy can be confirmed
based on the results of this sled test study.

THOR chest measurements are also sensitive to belt routing. The maximum peak deflection Ruax measured at
the right lower IR-TRACC was also reduced between D2 to D1. However, the left lower IR-TRACC is nearly
unloaded for D-Ring position 2, while in D-Ring position 1 approx. 25 mm chest deflection are observed, which
indicates increased coupling between left and right thorax for D-Ring position 1.

Rumax means the highest peak resultant deflection values of the of the four IR-TRACC. Ry is currently used as
chest injury criterion for the THOR-50M dummy. If a similar criterion would be used for the THOR-5F there
might occur a similar issue with this dummy regarding non-biofidelic reduction of chest deflection with a belt
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routing close to the neck. However, if a multi-point chest injury criterion would be used which considers not
only the peak value of one IR-TRACC but several IR-TRACCs measurements on both sides of the chest it could
be a more robust criterion, which would not be sensitive to belt routing resulting from variations in D-ring and
seat settings. Therefore, to give conclusions regarding the potential of THOR-5F as an alternative test tool
advanced multi-point injury criterion are needed.

For a reasonable development and application of multi-point deflection-based injury criteria a good repeatability
and reproducibility of these dummy measurements is a pre-requisite. The reproducibility was not assessed in
this study as only one THOR-5F dummy was available. The repeatability of Rux based on the IR-TRACC
deflection of the right lower was good (between 2% and 6%). However, the repeatability of IR-TRACC
measurement at other locations which would be needed for a multi-point criterion was not good especially for
configuration D1. However, in this configuration it might not be an issue of variability in the dummy chest itself
or the deflection measurement system, but due to variations in belt sliding on the shoulder in this configuration
with the belt more outboard on the clavicle. This needs to be further investigated.

A preliminary field data analysis of the seat setting preferred by small drivers indicate that the most forward
position and the mid height setting is preferred. However, in some cases small drivers might change the seat
setting before they exit the car to be able to get out more comfortable with more space. Therefore, these figures
might be biased for the driver. The setting most forward in longitudinal direction in more cases would be more
reasonable as the drivers need to reach the pedals. Also, the seat height setting “highest” would be expected in
more cases as the drivers need to be able to look over the steering wheel. Therefore, no specific
recommendation of a seat setting for the driver can be made based on this data.

The preferred seat for-aft and height setting in the field data for small passengers is the mid/mid setting, which
seems to be reasonable. There is also no concern that the data is biased by change of the seat setting after the
accident. Therefore, this setting is recommended as standard test position of the front passenger seat for an
updated test procedure with a dummy respecting a small occupant.

The preferred adjustment of the D-ring by small car occupants based on field data is the setting “fully down” for
both driver and passenger. Therefore, this setting could be recommended as a standard setting in tests with a
small dummy in the driver as well as in the passenger seat.

Limitations

The sled tests with Hybrid III small female and THOR-5F were done in a simplified generic test setup. The
generic test configuration can only reproduce the boundary conditions of a real vehicle to a limited extent. In
this study a rigid seat was used. No airbag or knee support was used. Depending on the fore-aft adjustment of
the seat, the feet-to-footrest contact and resulting feet support might change. The study should be repeated or
complemented by investigations using full-scale tests or tests in a more realistic generic seat environment
including other components like an airbag. In addition, the analysis of respective field data should be extended.

CONCLUSIONS AND RECOMMENDATIONS

The objective of this study was to provide recommendations to be considered in possible future updates to
procedures, e.g. consumer testing like Euro NCAP for an improved safety assessment of chest injury risk with
special focus on small (female) elderly occupants in frontal impact.

In conclusion the recommendations regarding seat and D-ring settings that were provided in previous studies
can be confirmed. To enable a meaningful evaluation of chest injury risk with the Hybrid III small female
dummy the D-ring should be set to the lowest position for the driver as well the passenger side. Furthermore, for
the passenger side the seat should be set to the midtrack position. The height of the seat should also be set to the
mid-position. These settings will result in a more meaningful belt routing on the dummy chest. Sled test with the
Hybrid IIT small female dummy have shown that theses setting results in a more meaningful dummy chest
deflection measurement. Furthermore, theses seat and D-ring settings are the most relevant preferred by small
occupants based on field data.

For additional improvement of a chest injury risk assessment procedure considering the specific needs of small
female occupants and further enhancement of the occupant protection level it is recommended to consider
improved ATDs like the THOR-5F with advanced multi-point chest injury criteria. The THOR-5F chest
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measurement have shown the potential for improved chest injury risk assessment as they might be less sensitive
to test parameters and resulting variation of belt routing.

However, to evaluate the potential of the THOR-5F to address the mentioned issues advanced multi-point
deflection-based chest injury criteria are necessary. Further research related to this is needed. A pre-requisite for
the development and reliable application of advanced multi-point chest deflection criteria is a sufficiently
repeatable and reproducible chest deflection response of the dummy. The repeatability of chest deflection
measurements in this test series looked promising. Repeatability and reproducibility of the chest deflection
response of the THOR-5F dummy related to the sensitivity of multi-point defection measurements should be
further investigated and improved if necessary.
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ABSTRACT

Research Question/Objective: A prerequisite for entering a dummy design into CFR Title 49, Part 572 is to
demonstrate that the specifications yield ATD units capable of implementation in a regulatory environment.
Specifications for the THOR-50M have produced units that are repeatable, reproducible, and durable in many test
conditions, including belted sled tests and qualification testing. Herein, two THOR-50M units are implemented in a
series of unbelted vehicle crash tests run in accordance with FMVSS No. 208 procedures, and evaluated based on
usability, durability, and the successful collection of sensor data for use in injury risk prediction.

Methods and Data Sources: Two THOR-50M units, both conforming to NHTSA's 2018 THOR-50M design and
qualification specifications, were run in a series of unbelted crash tests. Nineteen tests were run with four 2020-21
vehicle models: Honda Accord, Mazda CX-5, Chevy Equinox, Ford Escape. Four were run against a full-frontal
barrier and fourteen against an angled barrier in accordance with FMVSS No. 208 procedures, with the exception of
using NHTSA's THOR 50th Percentile Male Dummy Seating Procedure instead of using FMVSS No. 208 seating.
Dummy qualifications were performed periodically throughout the test series following NHTSA's THOR-50M
Qualification Procedures.

Results: The two units held up well to the rigors of the crash tests. Both were fully instrumented, one of which
included an internal DAS system. Sensor anomalies and failures during tests were traced to cable damage, which
was repaired between tests. The parts and assemblies within both units did not sustain any damage beyond scuffs
and cuts to exterior vinyl components. There were no parts that needed to be replaced. Dummy qualifications posed
no issues. The test lab was able to maintain a testing schedule typical of other regulatory tests with other types of
dummies.

Discussion and Limitations: This test series demonstrated that the THOR-50M could be implemented in vehicle
crash testing consistent with regulatory compliance testing in that the ATDs showed sufficient usability and
durability. Both units successfully collected sensor data for use in injury risk prediction. The minor sensor anomalies
that did occur were mostly isolated to the ATD without the internal DAS system. A limitation of this study was that
only four vehicle models were tested and all tests were run at a single lab.

Conclusions and Relevance to Session Submitted: In a series of FMVSS No. 208 unbelted frontal rigid barrier crash
tests, two THOR-50M units were implemented and successfully completed the test series. Scripted procedures for
dummy assembly, qualification, and handling were followed without issue, and the seating procedures resulted in
highly uniform positioning. Sensor anomalies observed over the course of testing were consistent with those
common in dummies already in Part 572. There were no broken parts or part replacements throughout testing.
Based on the experiences of this testing series, the THOR-50M appears fit for use in standardized testing.

INTRODUCTION

NHTSA has performed many types of research tests using the Test Device for Human Occupant Restraint 50th
percentile male (THOR-50M) anthropomorphic test device (ATD). These include belted THOR-50M in the front
and rear seat in both full vehicle and sled tests and different types of frontal research crash testing to develop new
test procedures [1][2]. This included vehicle-to-vehicle with overlaps from 20 percent to 100 percent overlap and at
different impact angles [3]. It also included tests involving moving deformable barriers into the front of a vehicle in
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overlap and oblique conditions [4]. In addition, the durability of the THOR-50M has been observed in a wide array
of component, sled, and vehicle crash test conditions [5][6].

More recently, NHTSA used the THOR-50M in crash tests in a new series of tests that were very similar to those
specified in FMVSS No. 208, Occupant Crash Protection. The most recent series included unbelted THOR-50M
positioned in the front seat of a vehicle into a rigid barrier. The THOR-50M had been tested previously in the driver
seat in the frontal rigid barrier test procedure and in unbelted sled test conditions. But until the new test series
discussed herein, the dummy had not been included in unbelted vehicle crash tests following the FMVSS No. 208
test procedures.

An objective of the unbelted test series was to evaluate the fitness of the THOR-50M in a standardized testing
environment for codification within CFR Title 49, Part 572, Anthropomorphic Test Devices. This paper
summarizes the THOR-50M testing experience under conditions similar to the way Part 572 ATDs are used by
NHTSA to carry out regulatory tests. This includes how the THOR-50M qualified before and after testing, any
damage to the THOR-50M, instrumentation performance, and any issues with performing the tests.

METHODOLOGY

Overview

Two THOR-50M units, both conforming to NHTSA's 2018 THOR-50M design specifications [7][8], were run in a
series of unbelted crash tests. Nineteen full-scale vehicle crash tests were run with four 2020-21 models: Honda
Accord, Mazda CX-5, Chevy Equinox, Ford Escape. Four were run against a full-frontal rigid barrier and the others
were run against an angled, rigid barrier. Details of the tests are discussed below.

Unbelted Rigid Barrier Tests

The nineteen tests were run by following FMVSS No. 208 procedures for the unbelted driver and right front
passenger seating positions [9]. For reference, the FMVSS No. 208 unbelted crash configurations are shown in
Figure 1.

Figure 1. FMVSS No. 208, unbelted crash test configurations:

a) Left side impact with the rigid barrier angle set at 30°.

b) Full frontal impact with the rigid barrier angle set at 0°.

c¢) Right side impact with the rigid barrier angle set at 30°.
Impact speed: 32-40 km/hr for all three configurations
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Each crash test was performed following the test procedure specified in FMVSS No. 208, with the following
exceptions:

* THOR-50M units were used in the driver and front passenger seating positions, and they were positioned
according to the Revised THOR 50th Percentile Male Dummy Seating Procedure [10].

* In FMVSS No. 208, the vehicle impact speed specified for these tests is 32-40 km/hr (20-25 mph), but all tests run
in this test series described herein were run at either 40 km/hr or 48 km/hr. Although 48 km/hr is above the
maximum regulatory speed, six tests were run at the higher speed to assess the integrity of the THOR-50M when
exposed to energy levels above and beyond those prescribed by the standard.

Table A-1 in the Appendix provides a list of summary information for each of the nineteen crash tests.

THOR-50M Units Tested

During this test series, two different THOR-50M ATDs were used, identified by their serial numbers: DO9799 and
EG2595. Both were manufactured by Humanetics in accordance with NHTSA's Parts List and Drawings [7]. After
EG2595 was delivered to NHTSA in 2018, the dummy was sent to Diversified Technical Systems, Inc. (DTS) for
installation of an in-dummy data acquisition system (DAS) based on the SLICE6 DAS modules.

Both dummies were instrumented and assembled at NHTSA's Dummy Management Laboratory (DML) at the
Vehicle Research and Test Center (VRTC) in Ohio prior to delivery to the crash test lab, Applus-Idiada-Karco
Engineering, Adelanto, CA. Final assembly (including joint torque settings), wire harness routing, and
instrumentation polarity checks were fulfilled at Applus-Idiada-Karco by following NHTSA's THOR-50M
Procedures for Assembly, Disassembly, and Inspection (PADI) [11]. For EG2595, NHTSA provided a DTS Mini
Distributor with cables and PSU to facilitate download and storage of test data by Applus-Idiada-Karco.

The instrumentation included head accelerometers, head angular rate sensors, upper and lower neck load cells, T1
and T6 accelerometers, chest and abdomen 3D IR-TRACC assemblies, thoracic spine load cell, ASIS load cells,
acetabulum load cells, and femur load cells (about 130 channels in all). All of these instruments are specified within
the drawing package, with installation instructions included in the PADI. Additionally, both units were
instrumented with sensors to measure the internal temperature before, during, and after testing. The full list of
instrumentation is provided in the individual vehicle test reports.

THOR-50M Qualification and Inspection

Prior to the initial vehicle crash test at Applus-Idiada-Karco, a full set of qualification tests was conducted on each
THOR-50M at NHTSA's DML Thereafter, a partial qualification test series was conducted after each vehicle crash
test by Applus-Idiada-Karco on the THOR-50M units(s) that were used in the crash.

The partial set included most of the full-body test modes as shown in Table 1. A full qualification test series was
also conducted on each THOR-50M halfway through the test series at Applus-Idiada-Karco. All qualification tests
were carried out in accordance with NHTSA's THOR-50M Qualification Procedures [8]. Also, before every test, a
full polarity check was performed to assure that all sensors were working properly.

After every crash test, the THOR-50M unit(s) underwent a physical inspection at Applus-Idiada-Karco. Each body
region was examined by partially disassembling the dummy. An approximate 60-point visual inspection was carried
out. Photographic images of any and all damage are documented in each test report.

As part of the inspection, each sensor was scrutinized for its overall condition and functionality. This was
determined by examining crash test signal data channels for any sensor anomalies, such as clipping, unexpected
drops, or flat signals. Instruments were also inspected for any physical evidence of damage. If any damage or sensor
anomalies were found, the instruments were closely inspected to determine the source of the anomaly (typically, a
loose wire) and repaired where possible.
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Table 1. THOR-50M Qualification Tests and Requirements.

Dummy test assembly Body region i‘;;;ig;g{;
Full dummy Face 2
Full dummy Head* 2
Full dummy Upper thorax* 4
Full dummy Lower thorax* 2
Full dummy Lower abdomen* 3
Full dummy Upper leg (R and L)* 3
Head/neck sub-assembly Neck extension 4
Head/neck sub-assembly Neck flexion 4
Head/neck sub-assembly Neck lateral flexion (R, L) 3
Neck assembly only Neck torsion (R and L) 3
Knee assembly only Knee (R and L) 2
Lower leg only (no shoe) Ankle eversion (R and L) 3
Lower leg only (no shoe) Ankle inversion (R and L) 3
Lower leg only (incl. shoe) Heel (R and L) 1
Lower leg only (incl. shoe) Ball of foot (R and L) 3

*Included in Partial set of qualifications

THOR-50M Crash Test Exposures

For the three FMVSS No. 208 unbelted test configurations (right 30° angle, left 30° angle, frontal 0°), the two
THOR-50M units were subjected to multiple crash exposure modes — near-side, 0° full, and far-side — as shown in
Table 2. Each configuration exposed the dummy to a different loading condition. Multiple tests were run in each
condition to assure that the dummy was thoroughly exercised in each exposure mode. Each set of exposures
represents a test with a different vehicle. For example, the three 30° Near Driver exposures represents three left 30°
angle tests with three different vehicle models. Also, both THOR-50M units are respesented in each exposure set.

Additionally, the near side and far side modes were exposed to a limited number of 48 km/hr tests. At the regulatory
speed of 40 km/hr, the longitudinal acceleration of a vehicle in the angled test is typically less than that of the 0°
impact. The added 48 km/hr crashes allowed the THOR-50M units to be exercised more thoroughly in the 30°

angled mode.

Table 2. THOR-50M test exposures (19 total tests).

Seat position, THOR- | Testsat40 | Tests at 48
50M Exposure km/hr km/hr
30° Near Driver 3 2

0° Full Driver 4 0
30° Far Driver 2 1
30° Near Passenger 2 2
0° Full Passenger 4 0
30° Far Passenger 2 1
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THOR-50M injury risk: baseline comparative values

Injury Assessment Reference Values (IARVs) typically refer to the limits for a given injury criterion calculated
based on crash test results. For regulatory purposes, [ARVs are defined in the regulation that describes the crash test
modes, such as FMVSS No. 208. As the THOR-50M is not currently included in FMVSS No. 208, a set of baseline
comparative values were selected for the purposes of the current study (Table 3).

To guide the selection of baseline values, we referred to injury criteria specific to the THOR-50M [12]. Generally,
we selected reference values that represent a 50% risk of either Abbreviated Injury Scale (AIS) 2+ or 3+ injury
severity, depending on the body region. When metrics were used that correspond to risk levels other than 50%, we
selected values with risk levels that correspond to IARVs defined for the Hybrid III 50th percentile male in FMVSS
No. 208.'

Table 3. THOR-50M baseline comparative reference values

Measurement or Baseline
Body Region o Units Comparative | Injury severity, risk level
criterion Ref
Head HIC15 none 700%* AIS 2+, 11%
BriC none 0.96 AIS 3+, 50%
Neck Nij none 0.88%* AIS 2+, 30%
3ms Clip g 60%* Unreported
Chest -
Deflection mm 51.4 AIS 3+, 50%
Pelvic Acetabulum Force N 3381 AIS 2+, 50%
Femur Peak Compression N 9450* AIS 2+, 30%
Lower Leg Revised Tibia Index none 1.23 AIS 2+, 50%

*The reference value for THOR-50M corresponds to the same risk level as specified in FMVSS No. 208 for the HIII-50M

Test Schedule

Table 4 summarizes the schedule of testing. All crash tests were run at the same lab, Applus-Idiada-Karco. The
nineteen tests were run between September 2020 and September 2021, with a four-month gap between mid-January
to mid-May 2021 in which no testing was performed due to other NHTSA priorities. A NHTSA test number is
denoted for each test, from which test reports, photos, videos, and instrumentation data may be found by searching
within NHTSA's Crash Test Database”. Each report provides all test signals from the crash tests, pre- and post-test
measurements of the vehicle, pre-test measurements of the occupant positions, qualification testing results
performed before the crash test on each of the THOR-50M unit(s), and post-test inspection of the THOR-50M
unit(s).

The one-year, nineteen-test schedule is typical of the schedule at a given test lab that supports NHTSA's regulatory
and consumer information programs. For comparison purposes, consider a recent timeline NHTSA followed to
support the New Car Assessment Program (NCAP). From January 2020 through September 2021, Applus-Idiada-
Karco ran fourteen frontal crash tests to support NCAP. The NCAP tests were run at 56 km/hr using belted Hybrid
IIT dummies in which a similar schedule was followed. That is, between full vehicle tests, the ATDs underwent
qualification testing, partial tear-down for inspection purposes, and other handlings and delays similar to those

! Values reported in Table 3 have been chosen for comparative purposes only, as reported herein. Table 3 should not be interpreted as a NHTSA
determination of injury assessment reference values for a future regulatory implementation of the THOR-50M.

2NHTSA's Vehicle Crash Test Database, https://www.nhtsa.gov/research-data/research-testing-databases#/vehicle.
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experienced in the THOR-50M test series described herein. (During this time period, Applus-Idiada-Karco did not
run any FMVSS No. 208 tests under NHTSA's compliance program.)

RESULTS

Table 4. Testing Schedule

Crash test EG2595 DO9799
date Test no. Pre-test qualif Pre-test qualif
start/stop dates start/stop dates
9/9/2020 | v11284 n/a 7/16 - 7/23 Full'
9/25/2020 | v11285 7/14 - 7/22 Full' n/a
10/1/2020 | v11286 n/a 9/15 - 9/16 Partial
10/9/2020 | v11287 10/6 - 10/8 Partial n/a
10/21/2020 | v11245 n/a 10/9 - 10/12 Partial
12/7/2020 | v11246 10/14 - 11/24 Full n/a
12/15/2020 | v11362 n/a 10/28 - 11/17 Full
12/18/2020 | v11363 12/16 - 12/17 Partial n/a
1/8/2021 | v11361 12/23 - 1/6 Partial 12/23 - 1/5 Partial
1/15/2021 | v11364 1/12 - 1/14 Partial 1/12 - 1/13 Parial®
BREAK IN TESTING
5/21/2021 | v11630 5/13 - 5/19 Full n/a
6/7/2021 | v11637 5/28 - 6/1 Partial n/a
6/24/2021 | v11629 6/14 - 6/15 Partial n/a
7/2/2021 | v11628 6/30 - 6/30 Partial n/a
7/30/2021 | v11635 7/12 - 7/29 Partial n/a
8/13/2021 | v11636 8/12 - 8/12 Partial n/a
9/17/2021 | v11639 8/20 - 8/26 Partial 6/24 - 7/22 Partial'
9/22/2021 | v11665 no pre-test qualif no pre-test qualif
9/24/2021 | v11638 10/11 - 10/21 Full® 10/12 - 10/20 Full®

! Qualification tests performed by NHTSA at DML
2D09799 temporarily returned to DML for other NHTSA purposes.
? Post-test qualifications performed after test v11638.

Qualification tests

Throughout the test series, there were six sets of full qualification tests carried out, and fifteen partial sets. In all but
one instance, every qualification target was met. The one instance occurred with the neck of DO9799. After a break
in testing from January-May 2021 (during which time NHTSA employed DO9799 for other research investigations),
the dummy was shipped back to Applus-Idiada-Karco without a fully qualified neck. Specifically, neck axial force
in the neck extension test was slightly above the target. Nonetheless, we proceeded with the final two vehicle tests

with the neck because we had no qualified spares to swap into the dummy.
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Aside from loose cables and connectors on instrumentation on the non-DAS unit, DO9799 (discussed in the next
section), neither of the two units had any parts replaced. Only routine adjustments were needed in order to meet all
the qualification criteria during crash testing.

Moreover, post-test qualifications performed at Applus-Ididia-Karco were consistent with the pre-test qualifications
performed at NHTSA's DML. That is, all tests met the qualification requirements with the exception of neck axial
force in the extension test. There were no instances in which either of the THOR-50M units fell out of compliance
after being subjected to any of the nineteen crash tests, despite being subjected to fairly high crash forces (as judged
by proximity to injury references seen later on in Figs. 6 and 7). Even in the one instance in which the qualification
target was not met (axial force in the neck extension test on DO9799), the Applus-Ididia-Karco result was very
consistent with the DML: the axial force was over the 3210 N limit by about 200 N at both labs.

In summary, the qualification schedule followed in this series is typical of how an ATD is used in NHTSA’s
FMVSS compliance program. That is, between qualifications, the ATD undergoes a full vehicle test, partial tear-
down for inspection purposes, and other handlings and delays.

Seating procedure

The THOR-50M seating procedure, cited earlier, was followed in all tests. There were tests with four different
vehicles and two seating positions. Among the tests, a 2020 Honda Accord was used more often than the other three
models. For the Accord tests, there were five in which a THOR-50M unit was seated in the driver seat. Below is a
diagram derived from the Accord vehicle reports that indicates the relative uniformity of the dummy positioning. It
shows the x- and z- coordinates relative to the door lock striker on the driver side of the vehicle. Coordinates of
high interest are shown in the figure, including the outboard H-point. Both of the THOR-50M units are represented
in this figure: three with EG2595, two with DO9799.

-600

HEAD CG

-400

-200

%

SHOULDER

STEERING
WHEEL

200

400 T
Scale of H-pt.
(blue circle 20 mm dia.)

600

1200 1000 800 600 400 200 0 -200

Figure 2. THOR-50M Driver: Seated coordinates in five Honda Accord tests

For comparative purposes, a circle with a diameter of 20 mm is drawn around the average H-point, and shows that
all H-points are enclosed by the circle. This corresponds to the positioning requirement for the THOR-50M (and
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HIII-50M as specified in FMVSS No. 208) wherein the H-point of the dummy must lie within +/- 10 mm of the H-
point determined by the SAE J826 manikin in the x- and z-directions. Other measurements, such as pelvis angle and
tilt sensor readings were all within the target tolerances specified by the seating procedure.

The steering wheel is provided as a reference on the relative variability seen from one vehicle to another,
independent of any variability associated with THOR-50M units. Other sources of variability among the five
THOR-50M positioning observations included the seat back angle (varied by 2°), head restraint post angle (also
varied by 2°), and seat track position (varied by 10 mm).

Temperature control.

According to NHTSA's Qualification Procedures, the temperature of the dummy must be soaked in a controlled
environment that is 20.5° to 22.2° C (69° to 72° F) and has a relative humidity from 10 to 70% for at least 4 hours
prior to a test. This requirement has been put in place because the dummy response is temperature dependent. The
damping material that covers the ribs is particularly sensitive to temperature.

For the DAS-equipped unit, EG2595, the heat generated by the DAS battery pack will warm the internal ribs once it
is switched "ON." During full-dummy qualification testing, an added step was taken to assure that the actual rib
surface temperature was between 20.6° to 22.2° C at the time of the pendulum impacts. This was accomplished by
applying a thermocouple to monitor the temperature of rib number 2 while using a portable fume extractor’ to
maintain the temperature range. This device provides air movement, forcing the hot air out of the ATD via a suction
hose that is easily inserted into the jacket. Subsequently, cool ambient air is pulled through existing openings in the
jacket around the neck and arms, over the spine box, DAS battery pack, and thorax ribs.

For FMVSS No. 208 crash testing, the ATD soak requirement is also 20.5° to 22.2° C . In tests with the EG2595,
we were routinely able to maintain this range without the need for a fume extractor by limiting the "ON" time of the
DAS unit. The thermocouple remained in place on rib number 2 to ensure that temperature was maintained at 20.5°
to 22.2° C at the time of the crash.

There were, however, exceptions in which the rib temperature was slightly elevated at the time of the crash. One
such test occurred on September 24, 2021 (Figure 3). This was the very last test in the entire test series. Both
THOR-50M units were seated in the vehicle: EG2595 (with the internal DAS) and DO9799 (no internal DAS). The
rib temperature of DO9799 may be treated as a benchmark. At approximately 0740 hours, DO9799 was removed
from the dummy calibration lab, which was set to a slightly lower temperature, and brought into the vehicle bay.
EG2595, on the other hand, had been brought into the vehicle bay the day before.

For EG2595, the rib temperature at the time of the crash was over the limit by 0.1 degrees C. Two factors
contributed to this: 1) a slightly longer than usual time lapse between the final switching "ON" of the DAS unit (just
over 30 minutes); and 2) the outside air temperature. At the lab where the tests occurred (Applus Idiada Karco), bay
doors to the lab are opened just prior to the test, the vehicle is released, and the actual crash occurs outdoors. During
this test, the slightly longer than usual delay between the bay door opening and the barrier impact allowed the hot
outside air temperature (32.8° C, 91° F) to warm the dummy.

This exercise demonstrates the need for diligence on maintaining the temperature when using any DAS-equipped
dummy. It is not a situation that is unique to the THOR-50M. In another recent NHTSA test series using the
WorldSID-50M dummy (which also has an internal DAS) [13], we used the fume extractor during the immediate
pre-crash exercises to ensure that the rib temperatures are maintained within the specified range.

3 Weller Tools, https://www.weller-tools.com.
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Test No. Q20215417 Outside Ambient Temp

Sept. 24, 2021 32.8°C/91°F
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Figure 3. THOR-50M Rib No. 2 Temperature Timeline Prior to Crash Test v11638.

Crash Tests - General rigor

To assess the degree to which the THOR-50M units were exposed to a harsh testing environment, we examined
various dummy metrics. Figures 4 and 5 indicate the proximity to baseline comparative values (Table 3) for the
driver and passenger exposures, respectively. The colors in the plots indicate the ratio of the respective THOR-50M
metric to the comparative value:

Dark green: <=40% -
Light green: > 40 and <= 60%
Yellow: > 60 and <= 80%

Brown: > 80 and <= 100%
Red: > 100%

For example, in Figure 4 there were five crashes for 30° near-side driver exposures, three at 40 km/hr (involving an
Accord, a CX-5, and an Equinox), two at 48 km/hr (involving a CX-5 and an Accord). Two of the 40 km/hr crashes
produced a BrIC score between 80-100% (brown) of the baseline reference of 0.96. The other crash was between
60-80% (yellow), as were the two 48 km/hr tests.

Figures 4 and 5 help show the degree to which the various body regions of the dummy were exposed to injurious
conditions. In the majority of crash configurations, each body region had at least one high-risk exposure for both the
driver and passenger positions. Nonetheless, neither of the THOR-50M units sustained damage, with the exception
of sensor connector and cable problems in DO9799. Notably, the DAS unit, EG2595, did not sustain any connector
or cable breaks.

In summary, the crash test series demonstrated how the dummy stood up to the rigors of crash testing. Additionally,
the following observations were made:
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* The 30° near-side crashes were generally more injurious for neck injuries.

* The 48 km/hr tests were more rigorous for all injury metrics and for all crash configurations.

* The Head Injury Criterion (HIC) has comparatively low injury values for all conditions.

* Abdominal deflections were universally low and are not included in Figs. 4 and 5 (all well below 63 mm, which
corresponds to 10% risk of AIS 3+ injury). This was not surprising, as there was no lap belt loading to the abdomen

in these unbelted tests, and the frontal airbags distributed the restraint force over the entire torso.

| 48 km/hr

EQUINOX

E
~
(=)
= |— | —
5115z z Sz |z
=z |2 = z £ | =
12121 S
HIC BrIC Neck Nij Chest Disp Chest Gs Pelvis Femur Lower Leg
Figure 4. THOR-50M Driver: Comparitive injury metrics by exposure.
(*CX-5 was used in two duplicate 30° near side crash tests.)
% CX-5
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ZIE|E]|2|2]< ZIZIE((2|2|E||2[E|€||2|2|€|]|2]|2]|5
sl sl e e s NN Y I N N N N N N N I EY I N S
AN il BN E R E NS
HIC BrIC Neck Nij Chest Disp Chest Gs Pelvis Femur Lower Leg

Figure 5. THOR-50M Passenger: Comparitive injury metrics by exposure.

Note: In Figs. 4 and 5, for Pelvis, Femur, and Lower Leg, the maximum of the right and left measurement
is represented in the charts. Additionally, for Lower Leg, the maximum of the upper and lower tibia index

is represented.
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Dummy kinematics

NHTSA had not previously exercised the THOR-50M in unbelted vehicle crash tests, and in this series we observed
body motions that were not seen in the previous studies cited in the Introduction. The most noteworthy observation
occurred in several cases where vaulting over the airbag caused head contact with the windshield and header. An
example of this occurred in test v11287 on the passenger side head of a right 30° angled (near side), 48 km/hr crash
test with EG2595. The contact is shown in Figure 6. This resulted in fairly high compressive loads in the upper
neck load cell (4808 N), which yielded an Nij value of 1.56 (red bar in Fig. 5) in the compression-extension mode.
Additionally, HIC15 (629) and BrIC (0.84) were elevated (brown bars in Fig. 5). This was the worst-case test for
passenger-side compressive neck loading, though other tests showed similar dummy kinematics for both the driver
and the passenger. Nonetheless, the post-test inspection of the dummy revealed no unusual damage. Subsequently,
the dummy underwent a full series of qualification tests; all qualification targets were attained without issue.

Figure 6. Passenger-side head impact with the windshield in test v11287, right 30° angled (near side), 48 km/hr.

Dummy inspections

The two THOR-50M ATDs were inspected throughout the test series. Other than instrumentation, no parts were
found to have become damaged and in need of replacement. Aside from minor wear and tear such as head skin
abrasions, there was no damage to either THOR-50M unit. Sensor anomalies and damage to the THOR-50M ATDs
are summarized in the Appendix. Note that some instrumentation (for example, the right acetabulum X-axis force
channel) was not functioning prior to the beginning of this test series.

DISCUSSION
Availability of replacement parts

The test series served as a "dry run" for the THOR-50M as it would be used in a regulatory environment using two
serialized dummies, EG2595 and DO9799. During the test series, there were no part replacements in either of the
units. However, this is not necessarily how the dummy will be used. NHTSA treats each of our THOR-50M units
not so much as a serialized dummy, but as a set of serialized parts and sub-assemblies that are disassembled and
reassembled at regular intervals. These sub-assemblies undergo routine maintenance on separate schedules, unlike
what was done in the test series described herein.
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When a THOR-50M unit is returned to NHTSA's DML after testing, it undergoes a routine breakdown and
inspection. When the dummy is reassembled, a different set of parts may be introduced. Pre-qualified sub-
assemblies may also be introduced. For example, a head and neck assembly may be taken out of service at regular
intervals and set aside to await preventative maintenance. At a later time, a full inspection and re-qualification takes
place. This process may or may not include the replacement of bumpers (also serialized), cables, or other
components. However, it takes place under a separate schedule. Once cleared for use, the sub-assembly may end up
in another serialized dummy. Thus, a serialized dummy does not typically define the dummy well because different
parts are constantly being swapped in and out in regular intervals.

However, for the test series described herein, there were no spare parts or sub-assemblies available, so there were no
part swaps. For this reason, EG2595 was delivered by the DML to Applus-Idiada-Karco — and the entire tests series
was run — without a fully functioning acetabulum load cell (right X-force was not operating) and with a non-
functioning occipital condyle potentiometer. Also, during a break in testing from January-May 2021, NHTSA
employed DO9799 for other research investigations. When the dummy was being prepared for shipment back to
Applus-Idiada-Karco, the DML discovered that the neck did not fully pass the qualification tests. We knowingly
proceeded with the final two vehicles tests with the neck because we had no qualified spares to swap into the
dummy.

Once the THOR-50M design is adopted in 49 CFR Part 572 and the dummy begins use in FMVSS compliance
testing, an investment by NHTSA into an inventory of dummies with a full supply of spare parts may become a
higher priority.

Qualification frequency

For the same reasons as stated above, we chose to run the full set of qualification tests on the THOR-50M after each
crash test. This was confirmed midway through the series by a second set of full qualification tests. This, however,
did not compromise the crash test results, as all qualification targets were met, with the exception of the neck tension
on DO9799 in the neck extension test (upon return from the DML, as noted earlier). Nonetheless, in our future
regulatory program, NHTSA may exercise added vigilance and opt to run a full set of qualification tests before
every crash test. If crash tests are scheduled within a few days (with both tests preceded by a full set of qualification
tests), sub-assembly swaps (or swapping out of the complete dummy) may be needed.

It is also notable that Applus-Idiada-Karco did not have substantial experience with THOR-50M qualification
testing before this test series. They were *not* one of the laboratories included in the original lab-to-lab
qualification testing used to develop the qualification specifications. Additionally, EG2595, a relatively new unit,
was not included in the original ATD-to-ATD or lab-to-lab qualification test series. Thus, Applus-Idiada-Karco's
experience has provided NHTSA with additional evidence that the qualification tests are reproducible and that
NHTSA’s THOR-50M design specifications have produced highly uniform and durable units.

Channel counts

During the test series describe herein, both dummies were fully instrumented with over 130 channels, including 40
channels in the lower legs alone. For future regulatory use, the channel count will likely be reduced. Many of the
signal problems identified during this test series would probably be among channels that would be omitted from
regulatory use: accelerometers on the pelvis, tibia shaft, and anterior superior iliac spine; femur moment channels.
Thus, the time we devoted to repairing or replacing these instruments would not be experienced in future regulatory
testing. NHTSA also recorded other data during this test series that are not typically gathered in regulatory tests.
These include toepan intrusion measurements and 6-axis vehicle vs dummy measurements that are needed to track
head kinematics.

Vehicle assessment

With regard to vehicle safety and how the four vehicle models compare with one another, no firm conclusions can
be drawn due to the small sample size and the lack of repeat tests under identical conditions. Injury metrics are
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reported herein in order to demonstrate that the THOR-50M was exoposed to rigorous testing, not to evaluate or
compare the safety of the vehicles tested.

LIMITATIONS

A limitation of this study was that only four vehicle models were tested and all tests were run at a single lab. The
usability experience at other labs may vary. It may also vary with other vehicle models.

CONCLUSIONS

In a series of 19 FMVSS No. 208 unbelted frontal rigid barrier crash tests, two THOR-50M units were implemented
and successfully completed the test series. Scripted procedures for dummy assembly, qualification, and handling
were followed without issue, and the seating procedures resulted in highly uniform positioning. Sensor anomalies
observed over the course of testing were consistent with those common in dummies already in Part 572. Aside from
minor abrasions on the head skin of one of the units, there were no broken parts or part replacements throughout
testing. Based on the experiences of this testing series, the THOR-50M appears fit for use in standardized testing.
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APPENDIX

Table A-1. Summary information of unbelted tests series

Test Date Make and Model g(::isil; (Ell::;:ﬁ) Driver RF Pass Test No.
9/9/2020 2020 Honda Accord 30°L 48 DO9799 HIII-50M v11284
9/25/2020 2020 Honda Accord 30°R 48 EG2595 HIII-50M v11285
10/1/2020 2020 Honda Accord 30°L 48 HIII-50M DO9799 v11286
10/9/2020 2020 Honda Accord 30°R 48 HIII-50M EG2595 v11287
10/21/2020 2020 Mazda CX-5 30°L 48 DO9799 HIII-50M v11345
12/7/2020 2020 Mazda CX-5 30°R 40 EG2595 HIII-50M v11346
12/15/2020 2020 Mazda CX-5 30°L 48 HIII-50M DO0O9799 v11362
12/18/2020 2020 Mazda CX-5 30°R 40 HIII-50M EG2595 v11363
1/8/2021 2020 Honda Accord 0° 40 DO9799 EG2595 v11361
1/15/2021 2020 Mazda CX-5 0° 40 DO9799 EG2595 v11364
5/21/2021 2020 Mazda CX-5 30°L 40 EG2595 HIII-50M v11630
6/7/2021 2020 Mazda CX-5 30°L 40 HIII-50M EG2595 v11637
6/24/2021 2020 Honda Accord 30°L 40 EG2595 HIII-50M v11629
7/2/2021 2020 Honda Accord 30°R 40 EG2595 HIII-50M v11628
7/30/2021 2020 Honda Accord 30°L 40 HIII-50M EG2595 v11635
8/13/2021 2020 Honda Accord 30°R 40 HIII-50M EG2595 v11636
9/17/2021 2021 Chevrolet Equinox 0° 40 EG2595 DO9799 v11639
9/22/2021 2021 Ford Escape 0° 40 EG2595 DO9799 v11665
9/24/2021 2020 Mazda CX-5 30°L 40 DO9799 EG2595 v11638

Table A-2. EG2595 inspection: instrumentation anomalies and damage

Date Test No. Sensor Anomaly Description Repaired

The channel was found to be inoperable upon receipt of the dummy from

Acetabulum LC, Right, X- the DML. Cause of malfunction was unknown. A replacement load cell NA
9/25/2020 force was not available and a timely repair was not feasible. All crash testing
conducted without this signal.
Before 1st V1285
test Occipital Condyle, Rotary Dummy arrived from DML with OC unwired. A special connector needed
’ for the SLICEG6 system was not readily available. All crash testing NA

Potentiometer conducted without this signal.
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Table A-3. D0O9799 inspection: instrumentation anomalies and damage

Date Test No. | Sensor Anomaly Description Repaired
i~ - The channel was found to be inoperable upon receipt of the dummy from
Tibia, Lef t, Mid-shaft, X- the DML. Cable damage at accelerometer was found, too close to No
acceleration . . . L
accelerometer to fix. All crash testing conducted without this signal.
THOR-50M was delivered by DML with tears in the face foam. All face
Tears in face foam qualification tests passed nonetheless. All crash testing conducted with No
9/912020 foam in this condition.
Ist test V11284 . This channel recorded an intermittent signal. The cause was undetermined.
Abdomen, Right, DGIR, X- . . . . . . .
. The intermittent signal did not occur in the rest of the qualification and NA
displacement . .
vehicle testing.
No data recorded due to damage to cable despite operability during
Upper Chest, Left, DGIR, Z- | qualification and pre-test polarity checks. It was determined that a wire was Yes
rotation damaged. Cause of damage was unknown; may have occurred pre-test since L
there was no data at time t=0. The wire was repaired after the test.
Scrapes on top of head skin Abrasions to head covering were presumed to have occurred during testing. No
No data recorded due to damage to cable despite operability during pre-test
10/1/2020 : . Caus . as - mav hs ;
V11286 Femur, Left, Y-moment polarity checks. Cause of damage was unknown; may have occurred pre- Yes
2nd test test. The wire was repaired after the test.
Tibia, Right, Mid-shaft, X- No d?:lt’d recorded due to damage to cable despite operability during pre-test
: polarity checks. Cause of damage was unknown; may have occurred pre-test Yes
acceleration . . . .
since there was no data at time t=0. The wire was repaired after the test.
T1. X-acceleration Inte:.rmltte?nt signal reco.rded. .Cau.se was not readily obvious. Continued NA
12/15/2020 testing without further investigation.
v11362
4th test No data recorded due to damage to cable despite operability during pre-test
Pelvis, Z-acceleration polarity checks. Cause of damage was unknown; may have occurred pre-test Yes
since there was no data at time t=0. The wire was repaired after the test.
AS.LS.. Left, Y-Moment The channel failed during the crash tests, with an mt.ermlttent signal due to a Yes
broken cable. The connector was resoldered to repair.
912212021 . The channel failed during the crash tests when the signal dropped off due to
v11665 Femur, Right, Z-moment . Yes
a broken cable. The connector was resoldered to repair.
S8th test
Sensor failed between 68.3 to 76.9 ms. Channel was inspected; cause of the
Upper Tibia, Left, X-Force failure is unknown. Channel was retested without issue. Continued testing NA
without further investigation.
No data recorded despite operability during pre-test polarity checks. Cable
AS.LS.. Left, Y-Moment problem found in post—u‘est inspection; cause of damage was unkn9wn; may Yes
have occurred pre-test since there was no data at time t=0. The wire was
9/24/2021 repaired after the test.
th (last) | V11638 _ , ,
test Acetabulum, Right Y-Force. | The channel failed at 78 ms during the last crash test. Yes
No data recorded despite operability during pre-test polarity checks. Cause
Femur, Right, Y-Force of damage was unknown; may have occurred pre-test since there was no Yes

data at time t=0. The wire was repaired after the test.
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WORLDSID-50M FITNESS ASSESSMENT IN FMVSS NO. 214 MOVING DEFORMABLE BARRIER
AND OBLIQUE POLE CRASHTESTS
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USA

Paper Number23-0340

ABSTRACT

A prerequisite for entering an anthropometric test device (ATD) design into the Code of Federal Regulations (CFR)
Title 49, Part 572 is to demonstrate that the specifications yield units capable of implementationin a regulatory
environment. Specifications for the WorldSID 50th percentile male (WorldSID-50M) ATD have produced units that
are repeatable, reproducible, and durable in many test conditions, including qualification, sled, and crash testing.
Herein, three WorldSID-50M units are implemented in a series of vehicle crash tests run in accordance with the
FederalMotor Vehicle Safety Standard (FMVSS) No. 214 procedures, and evaluated based on usability, durability,
and the successful collection of sensor data for use in injury risk prediction.

Methods and Data Sources: The National Highway Traffic Safety Administration (NHTSA) investigated WorldSID-
50M performance in FMVSS No. 214 moving deformable barrier (MDB) and oblique pole tests. Performance
metrics assessed included uniformity in periodic qualification testing during the crash test series, the durability of
the ATD, successful collectionof sensor data, and general usability. Allqualification and crash tests were run at one
lab with three WorldSID-50M units. Each ATD was the standard build level F with an in-dummy data acquisition
system (IDDAS) setup (DTS G5 units), a RibEye Multi-Point Deflection Measurement System, thorax pads,
modified shoulder pads, and a sleeveless suit. Before thetest series, each ATD was fully qualified per NHTSA’s
WorldSID 50th Percentile Male Qualification Procedures Manual, and additional qualification tests were conducted
throughout thecrash series. Eighteen crash tests (seven MDB and eleven oblique pole) with modelyear2019and
2020 vehicles were ultimately conducted.

Results: Thethree WorldSID-50M units met qualification testrequirements throughout the crash testseries with
minimalissues. Results were within performance specifications a fter tightening loose bolts in the upperand lumbar
spine priorto beingused in the crashtests. The WorldSID-50M Dummy Seating Procedure was followed and
resulted in repeatable and reproducible seating positions. In crash tests, the WorldSID-50M ATDs were durable and
successfully collected sensor data. Apart from a broken ankle in one test, no permanentdamage was seenon any
ATD. One pole test resulted in loss of the maximum thorax rib deflection dueto a RibEye LED blockage by another
rib. The issue wasresolved byrelocating the rib’s LEDs. The WorldSID-50M posed no other difficulties in
performingthe crashtests.

Conclusion and Limitations: This controlled study ofthe WorldSID-50M in FMVSS No. 214 testing showed that
the ATDis durable andsuccessfully collects sensor data in both qualification and crashtesting. There were few
sensoranomalies throughout thetest series, and any instrumentation issues were quickly resolved. Collectively, this
series of crash tests demonstrates that the design of the WorldSID-50M appears robust and provides a tool suitable
foruse in standardized side impact testing. A limitation of this study is that all tests were conducted at a single lab.
Further, few small, compact, and sub-compact size vehicles were included in this test series. Additional analysis of

data from ongoing crash tests encompassing a more comprehensive vehicle fleet will yield more wholistic results
assessingthe WorldSID-50M.

INTRODUCTION

NHTSA has performed research tests usinganadvanced side impact ATD, the WorldSID-50M, since 2005. This
ATD is an alternative to the ES2re, where the WorldSID provides better biofidelity (quantitatively shownusing
NHTSA’s Biofidelity Ranking System) and enhanced injury assessment capability [1]. To date, the WorldSID-50M
hasbeen assessedin over 70 crashtests and 1,800 component-level tests torefine the ATD design.
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Foran ATD design to be entered into CFR Title 49, Part 572, the specifications must yield units capable of
implementation in a regulatory environment. In December2015, NHTSA issued a Request for Comments (RFC)
that included implementing the WorldSID-50M into current New Car Assessment Program (NCAP) side test
protocols [2]. Subsequently in 2016, NHTSA conducted a series of research crash tests includingnine NCAP MDB
tests and nine FMVSS No. 214 obliquepole tests using the then current version of the WorldSID-50M?. Further, in
2019, NHTSA conducted repeatability and reproducibility (R&R) tests at three crash labs includingboth NCAP
MDB and FMVSS No. 214 oblique pole tests with a 2018 Honda Accord and the WorldSID-50M?. The WorldSID-
50M hasadditionally beenutilized in qualification and sled testing environments to evaluate R&R [3]and durability
[4]. RibEye performance was evaluated in linear impactor, sled, and crash conditions [5]. During all series of
testing, the WorldSID-50M seating procedures, test procedures incorporating the IDDAS, and the RibEye were
evaluated andupdated, amongothers, as appropriate.

NHTSA recently announcedits intent to enter the WorldSID-50M into CFR Title 49, Part 572 (RIN: 2127-AM22)
and subsequently into FMVSS No. 214 asan ATD option (RIN:2127-AM23). Considering that updates to the
WorldSID-50M design and associated procedures have been made since the RFC in 2015, theobjectiveof this
research was to evaluate thelatest version ofthe WorldSID-50M based on usability, durability, and the successful
collection of sensor data when exposed to qualification tests and FMVSS No. 214 MDB and oblique pole crash
tests.

METHODOLOGY
Overview

NHTSA conducteda series of eighteen full-scale vehicle crash tests from September 2020 through June2022 that
epitomizes the WorldSID-50M envisioned use in a regulatory setting— a crash testseries of FMVSS No.214 MDB
and oblique pole tests including qualification tests. Ten distinct2019-2020 model year vehicles were used in testing:
the Chevrolet Malibu, Ford Ranger, GMC Terrain, Hyundai Santa Fe, Hyundai Veloster, Kia Soul, Mini Cooper S
convertible, Nissan Rogue, Ram 1500, and Toyota Tacoma. Details of the tests are discussed below.

FMVSS No. 214 Tests

The eighteen crash tests were run by following FMVSS No. 214 procedures for either the driver (for left-side
vehicle impacts) or the front passenger (forright-side vehicle impacts). Forreference, the FMVSS No. 214 crash
configurations are depicted in Figure 1. Eleven pole tests were conducted in accordance with the latest FMVSS No.
214 test procedure, TP-214P-01, dated September2012. The first test of the series was conducted with a higher
NCAP target test speed of 32.2 £0.8 km/h. Following this test, allthe remaining ten pole tests were run at the
compliance targettest speed of 31.0 £0.9 km/h. Seven MDB tests were conducted in accordance with the latest
FMVSS No. 214 test procedure, TP-214D-09, dated September 2012, and allrun at the compliance targettest speed
0f52.9+0.8 km/h*.

Ihttps://www.ecfr.gov/current/title-49/subtitle-B/chapter-V/part-572 ?toc=1
2https://www.nhtsa.gov/research-data/research-testing-databases#/vehicle [Test Numbers 9780-9791, 10051 -
10056]

3https://www.nhtsa.gov/sites/nhtsa.gov/files/documents/nhtsas_rr_evaluation_of the_wordsid_50th_male_atd

tag.pdf
4 https://www.nhtsa.gov/vehicle-manufacturers/test-procedures
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Figure 1. (L) Impact by the MDB, and (R) oblique impact with the rigid pole.

In alltests, the WorldSID-50M was positioned per the WorldSID 50" Percentile Male Dummy Seating Procedure
EvaluationandRevision[6]. Performance metrics assessed included uniformity in periodic qualification testing
duringthe crash testseries, the durability of the ATD, successful collection of sensor data, and generalusability.

WorldSID-50M Units Tested

During this test series, three different WorldSID-50M ATDs were used, all conformingto NHTSA’s WorldSID-
50M design specifications. Each unit was manufactured by Humanetics in accordance with NHTSA’s Parts List and
Drawings [7]. The WorldSID-50Ms were also notably equipped with a Diversified Technical Systems, Inc. (DTS)
G5 IDDAS, a RibEye Multi-Point Deflection Measurement System, thorax pads, modified shoulderpads,and a
sleeveless suit.

All ATDs were instrumented and assembled (including wire harness routing and instrumentation polarity checks) at
NHTSA's Dummy Management Laboratory (DML) atthe Vehicle Research and Test Center (VRTC) in Ohio prior
to delivery to the crash testlab, Transportation Research Center, Inc. (TRC). Finalinspections, setup (including joint
torque settings), and qualification tests [8] were fulfilled at TRC by following NHTSA's WorldSID-50M Procedures
for Assembly, Disassembly, and Inspection (PADI)[7].

Two WorldSID-50M units were configured for left side impacts while the third was configured forright side
impacts. They will henceforthbe referred to as WS-L1, WS-L2,and WS-R, respectively. Each ATD was
instrumented with head accelerometers, head angularrate sensors, upperand lowerneck load cells, shoulder load
cells, T1/T4/T12 accelerometers, lumbarload cells, pelvic accelerometers, pubic load cells, left and right sacroiliac
load cells,and femur/femoralneck load cells. All these instruments are specified within the drawing package, with
installation instructions included in the PADI [7]. Additionally, allunits were instrumented with sensors to measure
the internal ATD temperature before, during, and after testing.

WorldSID-50M Configurations
DTS G5 In-Dummy Data Acquisition System (IDDAS)

The WorldSID-50M contains provisions for IDDAS up to 128 channels depending on the specific configuration, and
the DAS units canbe installed in a variety of locations throughout the ATD thorax, pelvis, orupper legs. The design
used in this test series utilizes the two 32-channel DTS G5 IDDAS installed in the thorax/spinefora quantity of 64
channels. In addition, the ATDs are also equipped with a separate IDDAS controller forthe RibEyesystem that is
installed on thenon-struck side of the spine box.

RibEye Multipoint Deflection Measurement System

RibEye, manufactured by Boxboro Systems®, is a multipoint optical measurement system that is capable of
measuring 3D rib deflection at multiple points on each of the six independent ribs of the WorldSID-50M. The
RibEye consists of two groups ofthree sensors (receivers) mounted on the impact-side of the spine box, one ateach
rib level, as depicted in Figure 2(a). On the opposite side ateachrib level are three LEDs perrib, mounted onthe

5 https://www.boxborosystems.com/ribeye.html
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inner surface of the innerrib, as shown in Figure 2(b). The LEDs are mounted at front, middle, and rear locations on
eachrib, spacedat35 mm apart, as determined by an optimization study [9] (Figure 3). Further,eachLED hasa
specific mounting method, vertical position, orientation, and angle for positioning on the ribs [7]. This combination
of optical sensors and LEDs makes RibEye capable of measuring both lateral and obliquerib deflections, a distinct
advantage over other systems such as the IR-TRACC, whenthe ATD is subjected to the obliqueloading that
sometimes occurs in side impacts.

Figure 3. Schematic showing front, middle, andrear RibEye LED locations on a WorldSID-50M rib.

Given that RibEye isa novel optical measurement system, there are some distinct and notable traits when compared
to othersystems. Each sensoron the RibEyehas a finite measurement range, so if an LED moves outsidethe
detectable range, its position cannot be measured. When this occurs, the RibEye system produces an ‘error code’
indicatingas such. From previous tests conductedby NHTSA, LEDs going out of range are often inconsequential if
atleastoneLED on a rib does notexceed therange of thesensor. An error code is also produced when one ormore
sensors are blocked from the LEDs orif too much ambient light is detected by a sensor. An example of this is when
one rib deflects more than an adjacentrib, blocking the path from an LED to a sensor. When this situation occurs,
the rib with the most deflection is often measured, rendering the blocked LED insignificant.
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Thorax Pads

The original WorldSID-50M build has a single thorax pad between the outside of theribs andjacket. Because
NHTSA witnessed these pads tearing during evaluation testing, it was thoughtthatit would be beneficial to split the
single pad into pads foreachindividualrib as depicted in Figure 4(a). The split pad design was used in the first
sixteen crashtests of this series. In parallel, a new probe face was developed within the ISO WorldSID 50" Task
Group for qualification testing. This development proved to significantly reducethe risk fortearing of the single
thorax pad during qualificationtests, which had been impetus for developing the split pad concept. With the new
probe face greatly alleviating pad durability concerns, NHTSA choseto revertto the original one-piece thorax pad
asdepictedin Figure 4(b), harmonizing with the ISO group. The lasttwo tests ofthe series were conducted with this
single pad design.

(b)
Figure 4. WorldSID-50M (a) splitand (b) single thoraxpads.
Shoulder Pads

The original design of the WorldSID-50M shoulder pad by Humanetics was a soft vinyland foam pad. During
testingin 2016 with the original foam shoulder padand RibEye, it was observed that the shoulder pad would
protrudeinto the shoulderrib cavity during impactcausing shoulder LED blockages. Therefore, prior to this series
of testing,a new shoulder pad designed by VRTC (Figure 5) with a similar footprint but hollowed-out underside,
with stiffening qualities that preventit from being pushedinto theshoulderrib cavity of the ATD was developed,
tested, and evaluated by NHTSA in the 2018-2019 R&R crash test series.

[T e

(b)
Figure 5. Top (a) and bottom (b) view of VRTC’s prototype WordSID-50M shoulder pad design.

Forthis crash test series, in the first few crashtests, VRTC’s prototype design was used with a screw attachment at
the shoulderrib. However, during the testseries, it was noted that the aluminum screw mounting blocks molded into
the shoulder pads were tearingout ofthe pads during testing. Therefore, the design wasmodified mid-series with a
minorchange where the screw was replaced by a single pin at the shoulderrib clamp. This new design was
implemented to improve theease of useof theshoulder pads, along with improving the durability of the shoulder
pads.
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Sleeveless Suit

The original WorldSID-50M skinsuit included sleeves for the anmms and contained a sizeable hole underthe amm to
facilitate arm motion. However, in this configuration, the sleeve fabric could bunch together during shoulder flexion
and the hole provided a path for external light to enter the thoracic cavity, potentially interfering with the RibEye
functionality. Therefore, a sleeveless skinsuit design has been adopted by NHTSA as depicted in Figure 6. The
sleeveless suit provides improved freedom of arm motion withoutbunching and eliminates the potential light path
underthe am.

Figure 6. WorldSID-50M dressedin its sleeveless skinsuit.
WorldSIDS50-M Qualifications and Inspections

Prior to the initial vehicle crash test foreach WorldSID-50M, a full set of qualification tests was conductedat
NHTSA's DML at VRTC orat TRC (Appendix A details the qualification location). Thereafter, a full set of
qualificationtests were conducted at TRC a fter every third crash test. Partial qualification tests were conducted a fter
some vehicle crashtests onthe WorldSID-50M units if there were instrumentation issues or dummy damage at both
VRTC DML and TRCDML. Allqualification tests were carried out in accordance with NHTSA's draft WorldSID-
50M Qualification Procedures [8]. Additionally, before every qualificationtest, a polarity check and sensor checkout
were performed to assure that all sensors were oriented and working properly.

Afterevery crashtest, the tested WorldSID-50M unit underwent a physical inspection. Each body region was
examined by partially disassemblingthe ATD, and a visual inspection was carried out. Photographic images ofany
damage aredocumented in eachtest report.

As part of the inspection, each ATD sensor was scrutinized forits overall condition and functionality. This was
determined by examining crash test signal data channels for any sensor anomalies, such as clipping, unexpected
drops, or flat signals. Instruments were also inspected forany physical evidence of damage. I f damage was found,
the instruments were closely inspected to determine the source of the anomaly and repaired where possible.

Crash Test Exposuresand Schedule

Forthe two FMVSS No. 214 test modes (MDB and oblique pole), thethree WorldSID-50M units were subjected to
multiple crashexposures as shown in Table 1. Each testtype exposedthe ATD to a different loading condition.
Multiple tests were run in each condition to assure the ATD was thoroughly exercised in each exposuremode.
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Table 1. WorldSID-50M crash test exposures (n=18).

Vehicle .
NE;ZA Test Date Model Vl\igllzlee Vehicle Model | Test Type Worl(iJSIIIiIt)-S M
Year
Primary Testing Series
11600 | 9/25/2020 2019 Chevrolet Malibu L Pole WS-L1
11601 | 10/22/2020 2020 Nissan Rogue L Pole WS-L1
11603 | 12/15/2020 2020 Hyundai Santa Fe L Pole WS-L1
11604 | 1/14/2021 2020 Hyundai Veloster L Pole WS-L1
11605 | 1/28/2021 2020 Hyundai SantaFe L MDB WS-L1
11606 | 2/4/2021 2020 GMC Terrain L MDB WS-L1
11607 | 2/11/2021 2020 Hyundai Veloster L MDB WS-L1
11608 | 3/11/2021 2020 Nissan Rogue L MDB WS-L1
11609 | 3/18/2021 2020 Ford Ranger L MDB WS-L1
11610 | 3/23/2021 2019 Chevrolet Malibu L MDB WS-L1
11611 | 4/1/2021 2020 GMC Terrain L Pole WS-L1
11612 | 4/8/2021 2020 Ford Ranger L Pole WS-L1
11613 | 4/15/2021 2019 Ram 1500 R Pole WS-R
11614 | 4/22/2021 2019 Mini CooperS Con. R Pole WS-R
11615 | 4/29/2021 2020 Mini CooperS Con. R MDB WS-R
Secondary Testing Series
11656 | 9/15/2021 2019 Mini Cooper S Con. R Pole WS-R
14356 | 6/8/2022 2020 Toyota Tacoma L Pole WS-L2
14355 | 6/15/2022 2020 Kia Soul L Pole WS-L2

All crash tests were run at TRC pertheschedule of testing summarized in Table 1. The eighteen tests were run
between September 2020 and June 2022, with five- and nine-month gaps between April to September2021 and
September2021 to June 2022, respectively, in which no testing was performed due to RibEye LED enhancement
efforts, which are discussed subsequently.

A NHTSA test numberis denoted foreach test, from which test reports may be found by searching within NHTSA’s
Crash Test Database®. Each report provides all test signals from the crash tests. It also includes the pre- and post-test
qualification testing results performed on each of the WorldSID-50M units, as wellas a post-test inspection of the
ATD. NHTSA Test numbers 11600— 11615 are henceforth referredto as ‘the primary testing series,” while numbers
11656,14356,and 14355 are referred toas ‘the secondary testing series.’

WorldSID-50M Injury Assessment

Injury Assessment Reference Values (IARVs)typically referto the limits fora given injury criterion calculated
based oncrash testresults. Forregulatory purposes, IAR Vs are defined in the regulation thatdescribes thecrash test
modes, suchas FMVSS No.214. The WorldSID-50M does not currently have specified AR Vs. Therefore, for the
purpose ofthis research paper, a set of baseline comparative values were selected for the purposes ofthe current
study.

To guide the selection ofbaselinevalues, existing injury criteria specific to the WorldSID-50M were referenced.
Generally, reference values were selected based on current European NCAP metrics with the additionof BrIC, as
displayedin Table 2.

5 https://www.nhtsa.gov/research-data/research-testing-databases# /vehicle
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Table 2. WorldSID-50M EuroNCA Preference values for injury assessment.

Body Region | Criterion/ Measurement | Units | EuroNCAP Reference Value
Head HICI15 none 700
BriC none 0.96
Chest Shoulder Force N 3,000
es Thoracic Rib Deflection mm 50
Abdomen Abdominal Rib Deflection | mm 65
Pelvis Pubic Force N 2,800
RESULTS AND DISCUSSION
Qualification Tests

Each WorldSID-50M was fully qualified before thetest series, and additional qualifications (some full, some partial)
were conducted throughout thetest series as described below (see Appendix fora full test summary). All
qualifications were performed and processed according to the Dra ft NHTSA WorldSID-50M Qualification Manual
[8], and thecorridors contained therein.

WS-L1

From September2020to April2021, WS-L1 went through six full qualifications. In five of thesix full qualification
tests, the WorldSID-50M passed in its entirety. During the fourth qualification, which occurred a fter test 11607, the
WorldSID-50M did notinitially pass thethorax with arm test. After some troubleshooting, aninspectionrevealed
loose bolts on top ofthe spine box which were simply tightened to remedy the failure. It isunclearat whatpoint
these bolts began coming loose since full qualification tests were only being performed a fter every third crash test.
The bolts were tightened and the thorax with amm test was conducted a gain resultingin a passing test.

WS-R

From January2021to April2021, WS-R went through two full qualifications. During the first full qualification test,
the WorldSID-50M did not pass the thorax with amm test in its initial impacts. After several additional a ttempted
thorax with arm tests, inspectionrevealed there were loosebolts that connect the lumbar mounting wedge to the
rubber lumbarspine. Again here, simply tightening the bolts remedied the failure. It is unclear when the bolts began
to loosen due to different troubleshooting methods executedby VRTCand TRC (e.g., replacingribs and additional
qualifications).

The post-primary-test-series qualification (the second full qualification), which occurred aftertest 11615, passedall
test modes except forthe pelvis. The lateral sacroiliac force result was low (1812 N) compared to thedraft
specificationof 1860-2280 N. Because this was a post-series qualification, the testresult was documented and
accepted.

However, during the secondary testseries pre-test qualifications (thethird full qualification), there were additional
difficulties in attaining passing results on the pelvis qualification testmode. After four attempts, the pelvis results
not meeting the proposed criterion were accepted due to this beinga newly proposed criterion. While a high
impactor forcewas encountered in one of the attempts, the primary failing parameter was the sacroiliac lateral force,
which was consistently low. This result was like the result in the second full qualification.

Following crash test 11656, the fourth full qualification was performed. WS-R underwent troubleshooting and
additional testing to resolve the pelvis issues. Prior to any tests being performed, the rubber umbar component wa s
replacedasa first attempt toremedy the problem. The tests that followed no longer exhibited any abnormalities with
the sacroiliac force; however, thenew issue became low pubic forceresponses. Multiple parts were swapped outand
tested to identify the cause of these issues. At the time of manuscript preparation, theseissues are stillunresolved,
and investigation is ongoing.
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WS-1.2

Due to the pelvisissues discussed in WS-R, a third WorldSID-50M unit was introduced, WS-L2.InMay 2022, a
full qualification was performed with passingresults prior to the lasttwo oblique pole crashtests (14355 and
14356). A fullpost-test qualification was conducted in July 2022, andthe ATD passedall test modes.

Seating Procedure

The WorldSID-50M seating procedure was followed to position the ATD in each crashtest. The procedureplaces
the seat panatmid-angle, atthe lowest height position, and typically at midtrack, barringany lowerbody
interference with the trim panels of the vehicle dashboard. Amongthe vehicles used in the test series,a 2019 Mini
Cooper S convertible wasused more often than the other vehicle models. A WorldSID-50M unit was seated in the
front passenger seatin three Mini Cooper tests. Figure 7 displays a stick figure derived from the Mini Cooper
vehicle reports that indicates the relative uniformity of the ATD positioning (WorldSID-50M unit WS-R in all
cases). [t shows thex-andz- coordinates relativeto thedoorlock striker on thepassengerside of the vehicle.
Coordinates of high interestare shown in the figure, including the outboard H-point.
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Figure 7. WorldSID-50M Front Passenger: Seated coordinates in three Mini Cooper S convertible tests.

Oblique Pole Tests

All the seats were able to be positioned atmidtrack withoutany interference with the vehicle interiorin alleleven
oblique pole tests. The seating procedure specifies tilt sensorranges (+/- 2.5 degrees) forboth thepelvisand head
position along with an H-Pointtarget locationrange of +/- 10mm. The Ford Ranger drivertest position was the only
test where the neck was adjusted out ofthe zero-degree position. In this test, the neck was adjusted 3 notches,
rotatingthechin upward. On average, in the oblique pole tests, the measured position of the H-point was -0.2 mm
rearward and 5.4 mm below the projected H-point. There were no majorissues with seatingthe ATDs in the pole
tests, thoughtherewere a few deviations or noteworthy observations that are detailed in the sections below.
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MDB Tests

The seats were able to be positioned at midtrack withoutany interference with the vehicle interior in six of the seven
MDB tests. On the Nissan Rogue MDB test, theknees of WS-L1 were meeting the undersideof thedash, leadingto
the seat being placed rearward of midtrack — this is discussed in further detail below. The GMC Terrain MDB test
was the only test wherethe neck was adjusted out of the zero-degree position— on this test, the neck was adjusted 1
notch, rotatingthechin upward. On average, in the MDB tests, the measured position of the H-point was 0.2 mm
rearward and 5.7 mm below the projected H-point. There were no majorissues with seatingthe ATDs in the MDB
tests, thoughthere were a few deviations or noteworthy observations that are detailed in the sections below.

FootPlacement

The seating procedure was developed to help placethe WorldSID-50M feetin a similarmannerin a variety of
vehicles, with the right foot placementbased on pedal typeand the left foot dependent onthe presenceof a footrest
and if it elevated the heel.

Right Foot

Throughoutthe test series, the heel point was markedat200 mm from thepedal center pointdepending on thetype
of pedal (hinged orhanging). For many tests, the right foot was within the range established of +/-10mmin the
fore/aft position. It was not always clearif the heel point was taken based on the center of the shoe. When
comparingright foot placement in the GMC Terrain MDB and pole tests, it was noted thatthe right heel point for
the MDB test was incorrectly established using 250 mm from the pedal center pointinstead ofthe 200 mm distance
specified in the seating procedure. Because of this, the right heel was positioned roughly 40 mm rearward from
where the right heel was positioned in the GMC Terrain pole test.

Left Foot

Throughoutthe test series, the left footwas often positioned in such that it was only partially on the footrest. On two
(Chevrolet Malibu and Hyundai Veloster) of the six left-side pole tests and onthree (Hyundai Santa Fe, Chevrolet
Malibu, and Ford Ranger) of the six left-side MDB tests, the left foot was placed so thatthe foot was partially on the
footrest.

In discussing this with the test lab, their interpretation of the seating procedure was thatthe foot did not need to be
positionedso thatit was completely onthe footrest. They either misinterpreted the equidistantspacingmarking
based onthe centerline of the seatand the right foot placement, which would make the foot sit partially on the
footrest, orthe ATD ankle structure prevented the foot from fully engaging with the footrest. Because of these
scenarios, NHTSA is investigating the section ofthe seating procedure dealing with the placement of theleft foot.

Temperature Control

Accordingto NHTSA's Qualification Procedures and for FMVSS No. 214 crash testing, the temperature of the
WorldSID-50M mustbe soakedin a controlled environment that is 20.5-22.2 C (69-72°F)and has a relative
humidity from 10-70%foratleast four hours priorto a test. The IDDAS, RibEye, and trigger systems all produce
heat whenactive and thus can increase theinternal temperature of an ATD, especially when operating
simultaneously. Thedamping material thatcovers theribs is particularly sensitiveto temperature, so the internal
temperature ofthe WorldSID-50M ATDs were monitored on testday. Perthe Qualification Procedures, the ribs
shallnotreacha temperaturehigherthan23.9C (75°F) [8]. The WorldSID-50M ATDs had temperature sensors
installed on top of the RibEye controller (non-struck side) and onthe thorax rib 2 damping materialnear thespine
box (impactside).

Indeed, elevatedrib temperatures were observed in the first three crashtests ofthis series. There were a few
instances where the rib temperature was close to exceeding or did exceed the established upper temperature
threshold 0f23.9 C. One such test, 11601, in which the rib temperature was slightly elevated at the timeof thecrash
is shown in Figure 8. The black solid line is the ambient temperatureof thelab, thesolid blue line is the temperature
onthe RibEye DAS, andtheblue dashed line is the temperature of the second thorax rib (impact side). The final
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switching ‘ON’ of the DAS unit in this test occurred ~2:15pm, and the RibEye controller and rib temperatures began
to rise. At the lab where the tests occurred, thedoors to thesetup lab were opened prior to the test, which occurred
justafter3:00pm. The colder external air temperature slightly cooledthe ATD betweenbay dooropeningand firing
of the test, but overall temperatures remained elevated due to the DAS. The WorldSID-50M rib temperature at the
time of the crash was overthe limit by 0.4°C.
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Figure 8. WorldSID-50M Rib Temperature Timeline for Crash Test 11601.

Without any countermeasures, when the temperature exceeds the limit, it is advisable to delay the test until the
temperature drops back below the threshold, if feasible. To reduce the amount oftimeneeded for the WorldSID-
50M to cooldown, and to prevent it from overheating in the first place, a fume extractor’ was usedin many ofthe
remaining crashtests to cooland maintain the internal ATD temperature pre-crash, as depicted in Figure 9. This
device provides airmovement, forcing the hot airoutofthe ATD via a suctionhosethatis easily inserted intothe
suit opening below the abdomen ribs. Subsequently, coolambientairis pulled through existing openings in the suit
around theneckandarms, overthespine box, RibEye controller, and ribs.

7 Weller Fume Extractor
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Figure 9. The implemented ATD fume extractor, shown (a) outside of a test vehicle and (b) with its connection to
the WorldSID-50M.

The Hyundai Veloster pole test, 11604, was the first test that the fume extractorwasusedin to cooldownthe
WorldSID-50M following trigger check. It was extremely effective in cutting down the time required forthe ATD to
cooldown. On subsequent tests, including 1 1606 as seen in Figure 10, the fume extractor was implemented
whenever there was any sortof delay with the ATD DAS turned on. As displayed in Figure 10, the final switching
‘ON’ of the DAS unit occurred ~3:3 7pm, and the fume extractor was activated ~4:00pm. This prevented therib
temperature (dashed blueline) from exceedingthe limit, also preventing any additional temperature related delays.
Throughoutthe remainder of thetest series, this device demonstrated good effectiveness atreducing the WorldSID-
50M internal temperature in a shortperiod oftime.

48/24 km/h 90° MDB Side Impact - 2020 GMC Terrain RN

2021-02-04
24

aF

26

Temperature [C7)

21

Tirme

—'WorldsiD-500 [DDAS Temp — =WorldSiD-500 Rib Temp —Dinizite Temp

Figure 10. WorldSID-50M Rib Temperature Timeline for Crash Test 11606.
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Itis notable that if the IDDAS, RibEye, and trigger systems are tested the day before a crashtest and there are no
system issues theday of thetest, the WorldSID-50M can generally be kept within thetarget temperature range
without the use ofa fume extractor. The testlab was routinely able to maintain theappropriate WorldSID-50M
temperature range without theneed fora fumeextractorby limitingthe "ON" time of the IDDAS units.

Durability

The WorldSID-50M was inspected a fter each crash test fordamage. Throughoutthe crashtest series and
qualifications, none ofthe WorldSID-50M units sustained irreparable breakage. There were a few part repairs and/or
replacements as enumerated below.

RibEye Multipoint Deflection Measurement System

During the first few crash tests (1 1600-11603 and 11605), there were some intermittent LED signals, which could
have stemmed from how the wiring harness was installed and manufactured. While WS-L1 was undergoingits
fourth set of qualification tests, which occurred after eight crashtests(when theloose bolts on top ofthe spinebox
were identified), loose LED connector pins were found. Following inspectionofall RibEye connectors and
discussion, allthe LEDs and their connector pins were ultimately replaced in a new manufactured wiringharness.
Additionally, a partial qualification was conducted onthe body to verify thatchanging the LEDs resulted in similar
responses prior to theswap. [t was also noted that the shrink wrap around the LEDs may need to be checked
periodically to identify loose or broken connections at the LED.

During the final post-testinspectionof WS-L1 (after the thirteenth crash test, 1 1612), it was found that the rear LED
on the left abdomen 2 rib had become detached from its mount. This was fixed by simply gluingit back in place.

Shoulder Rib Stiffeners

Afterthe first crash test, the WorldSID-50M shoulderrib stiffeners were foundto be bent. This damage hadalso
been observed duringa previous WorldSID-50M R&R crash test series in 2019. New, undeformed stiffeners lay
flush against the outer shoulderrib band, but post-testthere was a gap between the rib band and stiffeners. Despite
this deformation, the WorldSID-50M passed shoulder and thorax with arm qualification tests, so the next crash test
proceeded with the bent stiffeners. The stiffeners were howeverreplaced during the next set of qualification tests
aftercrash test 11601. Followingthe replacement, it was decided thatif the ATD continued passing qualifications,
the rib stiffeners would not continue to bereplaced unless there was significant damage.

Ankle Z-Axis Radial Limit Screw

Inboth GMCTerraintests, 1 1606 and 1 1611, theright footof WS-L1 was found after the test tohave rotated
significantly about its Z-axis as depicted in Figure 11(a). Upon closer inspection, it was found that the z-a xis radial
limit screw had beenshearedas shown in Figure 11(b). Visually inspecting the footwell, there were no unusual
characteristics thatstood out as possible causes of the damage. A high-speed camera was placed in the footwell on
the GMC Terrain pole test (11611),and subsequently on the Ford Ranger pole test to gain a betterunderstanding of
the foot interaction through the impact event. It appears that the foot engages thebrakepedal of the GMC Terrain a
bit more behindthe face ofthe pedal compared to how it enga ges with the Ford Ranger’s brake pedal. It is possible
thatthisallows the footto roll off the Ranger’s brake pedal before enough force builds up to shearthe bolt, whereas
the Terrain’s brakepedal does not allow fora similarmotionto occur.
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Figure 11. WorldSID-50M ankle damage as observedin both GMC Terraintests, 11606 and 11611. (a) Right foot
rotation aboutthe z-axis, and (b) the sheared z-axis radial limit screw.

Loose Bolts

Difficulties encountered during qualification of both World SID-50M led to additional troubleshooting and
inspection. In both instances, the primary difficulty was performing a passing thorax with arm test.

On WS-L1,the five bolts at thetop of thespine box that secure the Upper Bracket Weldment — Spine Box tothe
spine box side plates were found to be loose. Tightening these bolts alleviated theissues preventing a passing
qualification.

On WS-R, the bolts attaching the rubber lumbar spine to the lumbar mounting wedge were loose when the ATD was
inspected followingtheinitial qualification attempts. After tightening these bolts, the ATD was able to be qualified
successfully.

Debrisin Pelvis

There were multiple instances later in the test series where bits of glass and other debris were noted down inside of
the pelvis of the WorldSID-50M. This debris was removed from the pelvisusinga shop vacuum to preventthe
debris from flyingup and obstructingthe LEDs and sensors of the RibEye System in subsequent tests.

Arm Flesh

Following the Ford Rangerpole test (test 1 1612), inspection of WS-L1 revealed that the flesh of theright arm had

pulled away from the internal plastic structure at the top of thearm. It isunclear if this damage occurred during the
impacteventorduringremoval of the ATD fromthevehicle followingthe test. Since this was thelast planned test
of the series with WS-L 1, this was simply noted, and no further action was taken.

Crash Tests— General Rigor

To assess the degree to which the WorldSID-50M units were exposed to a rigorous testing series, ATD injury
metrics were assessed after crash testing. Figure 12 indicates the proximity of observed injury metrics to baseline
comparative values (Table 2). The coloration ofthe figure indicates the ratio ofthe respective WorldSID-50M injury
metrics observedin this crash testseries to EuroNCAP values:

Table 3. Coloration indicating the ratio of metrics to their comparative values.

Dark green: <=40%
Light green: >40and <=60%
Yellow: >60and<=80%

Brown: >80and<=100%
Red: >100%
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Forexample, of the nine pole tests, the HIC in four crashes was less than 40% (dark green) of the EuroNCAP
reference value of 700. Four of the pole tests produced a HIC scorebetween41 — 60% (light green) of the
EuroNCAP value, andthe remaining pole tests produceda HIC score between 61— 80% (gold) of thereference
value.

Figure 12 displays the degreeto which the various body regions of the WorldSID-50M were exposed to injurious
conditions. In both crash configurations, eachbody region had at least a couple moderate-risk exposures. By
considering Figure 12, it can be concluded that thepole tests were universally more injurious. While maximum
thoracic rib deflection was the greatest injury metric in pole tests, the maximum lateral shoulder force was greatest
in the MDB tests. In both crash configurations, the pubic symphysis lateral force yieldsa comparatively low injury
metric to allothers.

Despite numerous moderate- to high-risk crashtest exposures, none of the WorldSID-50M sustained irreparable

damage. Therefore, this crash test series demonstrates how the WorldSID-50M cansustain therigors of current
FMVSS No. 214 crashtesting.

MDB

Test No

ORLrNWRARUONOOD P N W b U1 OO

-3 .

Max. A-Ribs 1-2

POLE

HIC
BRIC

Shoulder Lateral Force
Max. T-Ribs 1
Deflection
Deflection
Pubic Symphysis Lateral
Force

m04 m06 W08 m1 m>1

Figure 12. WorldSID-50M: Comparativeinjury metrics by exposure.
Crash Tests— RibEye Response

RibEye software measures the position of LEDs overtime throughout a crashtestevent and computes rib
deflections. It also displays error codes in the data when the sensors exhibit blockages, oran LED has moved out of
range. Althoughmost error codes observedin crashtests havebeeninconsequential and have not affected the ability
of RibEye to measure maximum thorax and abdomen deflections, theerror codes aid in understanding what might
have caused sensorblockages if they occur.
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MDB

Of the seven MDB tests performed in this series only two tests resulted in error codes - the Hyundai Santa Fe
(11605)and theMiniCooper S Convertible (1 1615). Afteranalyzingthedata, the error codes onthesetwo tests
were determined to be insignificantand neither a ffected the ability of RibEye to measure the maximum deflection of
the thorax orabdomenribs. Therefore, the maximum deflection ofthe thorax and abdomen ribs was successfully
capturedin allthe MDB tests performed. The subsections below detail each of the scenarios causingtheerror codes
that occurred in these MDB tests.

LED Traveled Out of Range

The front LED of theshoulderrib traveled out of range duringthe Mini Cooper S Convertible MDB test. Because
the maximum shoulderrib deflection was able to be measured by the rear LED, the front LED goingout ofrange
was inconsequential.

Intermittent LED Power Connection

During the Hyundai Santa Fe MDB test, themiddle LED on thoraxrib 1 displayed an error code indicating this LED
was blocked from allthree sensors. Uponreviewing the data and inspectingthe ATD, faulty connector pins were
discoveredin the connectors ofthe individual LED power circuits. Once the power connector and wire harness were
replaced, there were no additional issues stemming from these power connections. Because the front LED on thorax
rib 1 measured the maximum deflection onthatrib (and for the thorax body region), the intermittent signal from the
middle LED on thoraxrib 1 was inconsequential.

Oblique Pole

There were two oblique pole tests where the RibEye system did not record any error codes, the Hyundai Veloster
and the GMC Terrain. Of the nine tests where the RibEye system recorded error codes, the Mini Cooper S
Convertible (11614)was the only test where measurement of the maximum deflection ofthe thorax andabdomen
body regions wasnot obtained. Additionally, there was onetest that resulted in a maximum shoulder deflection that
could not be captured dueto excessive shoulderrib movement. The subsections below detail each of the scenarios
causingthe error codes that occurred in these pole tests.

LED Traveled Out of Range

There were seven instances of LEDs travelling out of range during the pole tests. Six of these instances were
recorded onthe shoulderrib, which is not uncommon in the pole testcondition where peak deflection s typically
captured by the front orrear LED. When the front LED, for example, measuresthe maximum deflection ofa rib, it

is common fortherear LED on that rib to go out of range simply because its starting position is closer to the edge of
the range toward which therib is moving (Figure 13).

Of the six instances where an LED traveled out ofrange, only one resulted in the maximum shoulder deflection of
the test not being captured. In the Chevrolet Malibu test(11600), the front LED of theshoulder rib went out of
range. This location onthe rib would have measured the maximum shoulder deflection. It is notable that the front
LEDhad already measured 53 mm ofdeflectionbeforeit went out of range, so the shoulder was loaded
substantially. The instance of a non-shoulderrib LED travelling out ofrange occurred in the Nissan Roguetest
(11601). In this test, the front LED of thoraxrib 1 travelled outside of thecalibrated range, but therear LED
successfully captured maximum deflection, so this was inconsequential.
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Figure 13. RibEye range plotforthe HyundaiSanta Fe oblique polecrashtest, 11603.

Intermittent LED Power Connection

Each of the first threepole tests recorded error codes indicating the thorax rib 2 front LED was blocked from all
three sensors. Uponreviewing the data and inspectingthe ATD, faulty connector pins were discovered in the
connector of the LED power circuit. Once the LED and wire harness were replaced, there were no additional issues
stemming from this power connection.

Thorax Rib 2 Blocked by Thorax Rib 1

There were five tests thatrecorded error codes indicating at least one LED on thorax rib 2 was blocked from thetop
sensor. These blockages were allcaused by thoraxrib 1 deflecting between the LED andthe top sensor. This
blockage is somewhat common butis inconsequential since this is an indication of thorax rib 1 havinghigherrib
deflectionthan thorax rib 2 which rules out thoraxrib 2 as possibly having the maximum overallrib deflection.

Thorax Rib 3 Blocked by Abdomen Rib 1

There were two tests that recorded error codes indicatingan LED on thorax rib 3 was blocked from thebottom
sensor. These blockages were both caused by abdomen rib 1 deflecting betweenthe LED and thebottom sensor.
Unlike thoraxrib 1 blockingthorax rib 2, these blockages include ribs from both the thorax and abdomenbody
regions. In these two tests, thorax rib 3 would not have measured the maximum thorax deflection, so these blockages
were inconsequential. However, if blocked LEDs on thorax rib 3 would have measured the maximum thorax
deflection, then these blockages would have been consequential. In this test series, the maximum thorax and
abdomenbody region deflections were successfully captured regardless ofthese blockages.

Thorax Rib 1 Blocked by the Shoulder

During the MiniCooper S Convertible pole test (11614), the shoulderrib traveled inward and downward a
significant amount due to airbag and intrusion interactions. A still image from the crashtest close tothe point of
maximum shoulderdeflectionis depictedin Figure 14. The shoulderrib displaced to the extentthatit fully blocked
therear LED and partially blocked themiddle LED of thoraxrib 1 from thetop sensoras shownviaa CAD model
renderingin Figure 15.If the thoraxrib 1 LEDs had notbeenblocked, it would have measured the maximum thorax
deflection. Therefore, this blockage prevented the maximum thorax deflection from beingrecorded. This is the only
test, includingall past NHTSA WorldSID-50M crash tests, where the maximum thorax body region deflection was
not captured.
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Figure 14. Stillimage of the WorldSID-50M from the 2019 Mini Cooper Convertible crash test (11614) showing
ATDinteraction with the combination head/torso airbag and intrusion which causedthe arm, shoulder rib, and
thorax ribs to experiencesimilarloading.

Top sensor Shoulder Rib

Bottom sensor =%

Figure 15.3D CAD model ofthe rib motion during crashtest 11614 in whichthe rear LED onthoraxrib 1 is
blocked by the shoulder rib. NOTE: Model is shown as a left side impact, but, the test was a right-sideimpact.

Relocation of RibEye LEDs

Relative to the other tests in this series, the Mini Cooperpole test (116 14) yielded high shoulderrib deflection (60
mm),andit was this shoulderrib deflection that blocked the thorax rib 1 LEDs from the top sensor. With the LEDs
ofthorax rib 1 beingblocked by the shoulderrib, it marks the first test wherethe maximum thorax deflection was
not captured by the RibEye system, which raised concernregarding the possibility ofthis to occurin future crash
testing.

Inresponse, the 2019 MiniCooper S convertible was retested in a pole condition with a WorldSID-50M that had
updated LED locations. To allow more clearance from therib above, and potentially prevent future LED blockages,
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the LEDs on thoraxrib 1 were relocated from the centerline of therib to the bottom edge ofthe rib, and themiddle
LED wasrotated to be oriented horizontally (Figure 16).

Figure 16. LEDs onthorax rib 1 of the WorldSID-50M after relocation from the centerline to the bottom edge
where only the center LED is horizontally oriented.

Once this adjustment was made, test 1 1656 was conducted as a repeatof theright-side pole teston a 2019 Mini
Cooper S convertible with the updated LED locations. An identical 2019 Mini Cooper Convertible was used with all
the test setup parameters matchingthe previous test as closely as possible. Thoraxrib 1 did not record any error
codesin the repeatpole test,andthethoraxrib 1 LEDs were clearly visible to the top sensor, as depicted in the
belowrendering (Figure 17). By overlaying the rib deflection data of these two tests, it was confirmed that therib
response was nearly identical. Therefore, it can be concluded thatthe relocation ofthe thoraxrib 1 LEDsresolved
the blockage that occurred in the first Mini Coopertest, and themaximum thorax deflection was successtully
recorded in the repeat test.

| CAD model @ 35.5 ms

Shoulder
Load Cell

Shoulder Rib

Thx Rib 1

Thx Rib 2

Figure 17.3D CAD model ofthe rib motion during crashtest 11656 in whichthe LEDs onthoraxrib 1 are
visible to the top sensor at maximum deflection.

Afterthis test, the RibEye LED locations were furtherrefined to allow for more deflection of theadjacentribs where
blockages mightoccur. In this iteration, the LEDs on both thorax rib 1 and abdomenrib 1 were movedto thebottom
of'therib from centeras depicted in Figure 18. The LEDs were also allrotated to be oriented horizontally rather than
vertically. To evaluatethese LED location adjustments, the2020 Toyota Tacomaand 2020 Kia Soul were selected
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assubsequenttest vehicles based on their previous NCAP pole crash test performance. NCAP results on these
vehicle modelsusing the Side Impact Dummy (SID)-11s showed elevatedrib deflections and iliac forces.

Figure 18. LEDs onthorax rib 1 of the WorldSID-50M after relocation from the centerline tothe bottom edge
where all the LEDs are horizontally oriented (viewis looking down onto the top of the rib).

In the tests of these vehicles— 14356 and 14355, respectively — themaximum deflection of the thorax and abdomen
body regions were recorded successfully. Relocationofthe LEDs on thorax rib 1 andabdomenrib 1 allowed for
more clearance and movementof the shoulderrib andthorax rib 3 to prevent LED blockages. These results serveas
preliminary validation ofthe RibEye LED relocations. More RibEye evaluation is underway to further support these
updates.

LIMITATIONS

This study had minor limitations in that the vehicle fleet was limited. Few small, compact, and sub-compact size
vehicles were included in this test series. Further, crash tests were only conductedatonelab. Theupdated RibEye
LED placement was only utilized in three vehicle tests. In addition, the current IDDAS being evaluatedis the DTS
G5 which is oldertechnology,andthe older minidistributer yielded minorissues throughout this crash testseries. A
more up-to-date minidistributor model would allow for lower battery inputvoltage. Further, the TDAS Control
software used in this test series has been superseded by DTS DataPro software.

CONCLUSIONS

In this crash series of FMVSS No. 214 MDB and obliquepole tests, the WorldSID-50M successfully completed the
crash test series and was durable. Scripted procedures for WorldSID-50M assembly, qualification, and handling
were followed withoutissue, and the seating procedures resulted in highly uniform positioning. The WorldSID-50M
passed many qualification tests withoutanissue regarding the testsetup orresponse specifications. The pelvis
qualificationtest is an ongoing exception, dueto evolving proposed specifications. Thethorax with arm test yielded
failures, but theresults were in specification a fter tightening loose bolts in the upper and lumbar spine. Throughout
the eighteen crashtests, the WorldSID-50M exhibited few sensor anomalies, allof which couldbe attributed to
identifiable causes and were inconsequential. No major damage was observed in WorldSID-50M aside from a
broken ankle rotationstopyielded from a single vehicle model. RibEyewas durable and worked well, achieving
maximum thorax andabdomen deflections in allbut one test, which was subsequently remedied.
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APPENDIX
Table A-4 Qualification Summaryof WS-L1.

Qualification ATD Start/End | VRTC or | Full or Partial Additional Info
Number Qualified Dates TRC
1 WS-L1 9/1/20- VRTC Full Qual No Issues
9/10/20
2 WS-L1 10/26/20- TRC Full Qual Noted shoulderrib stiffeners were
11/6/20 deformed following previous crash test.
Shoulderrib possibly deformed as well.
2a WS-L1 10/29/20- TRC PartialQual | These tests were performed due to
11/10/20 replacementof shoulderrib
Shldr, stiffeners and shoulderrib.
Thrx w/Arm
3 WS-L1 1/15/21- TRC Full Qual No Issues
1/21/21
4 WS-L1 2/23/21- TRC Full Qual Following this qual, it was determined to
2/25/21 replace the LED set dueto intermittent
connections— ATD transferredto VRTC for
LED swap (no tests performed at VRTC).
4a WS-L1 3/8/21- TRC PartialQual | Partialqualperformed toverify LED
3/10/21 replacements didn’t affect ATD
Shldr, performance; hadissues passing Thorax w/
Thrx w/Arm, | Arm - afterinspecting, it was determined that
Thrx w/o Arm, | the plate that attaches to thetop of thespine
Abdomen box was loose, tightened bolts and passed
qualification
5 WS-L1 3/25/21- TRC Full Qual No Issues
3/29/21
6 WS-L1 4/14/21- TRC Full Qual No Issues
4/20/21
Table A-2 Qualification Summary of WS-L2.
Qualification ATD Start/End | VRTC or Full or Additional Info
Number Qualified Dates TRC Partial
1 WS-L2 4/19/22- VRTC Full Qual No Issues
5/4/22
2 WS-L2 7/18/22- VRTC Full Qual No Issues
7/21/22
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Table A-3 Qualification Summaryof WS-R.

Qualification
Number

ATD
Qualified

Start/End
Dates

VRTC or
TRC

Full or
Partial

Additional Info

1

WS-R

1/26/21-
2/12/21

TRC

Full Qual

Thoraxw/andw/o Arm were failing.
Suspected stiffribs, returned to
VRTC forinvestigation.

la

WS-R

2/25/2021

VRTC

Thoraxw/o
Arm Only

Attempted2 Thorax w/o Arm to
confirm failingresults from TRC.
Following this, the 3 thorax ribs
were replaced due to a suspicionof
stiff thoraxribs.

1b

WS-R

3/11/21-
3/15/21

TRC

Partial Qual

Shldr,
Thrx w/ Arm,
Thrx w/o Arm

Afterreplacingthe 3 thoraxribs,
ATD returned to TRC to get partial
qual, validatingresults ofthe rib
replacement. Thorax w/ Arm still
wouldn’t pass. ATD returned to
VRTC for further investigation.

lc

WS-R

3/25/21-
3/31/21

VRTC

Partial Qual

Shldr,
Thrx w/ Arm,
Thrx w/o Arm,
Abdomen

Furtherinvestigation: 4 screws that
connect thelumbar mounting wedge
to the rubber lumbar spine were
foundto be loose. Aftertightening
and reassembly, this qual was
performedto verify fix.

WS-R

5/4/21-
5/10/21

TRC

Full Qual

After3 attempts, couldnotget the
pelvistest to pass. Acceptedthe
results asis since this is a post-test
qualification.

WS-R

8/3/21-
9/9/21

VRTC

Full Qual

All body hits were performed dueto
the ATD beingstripped down for
instrumentation calibration. Pelvis
impacts were performed while
attempting to troubleshoot the pelvis
issues. These tests were performed
with a variety oflowerbody
components swapped out. The pelvis
was ultimately accepted as is with
the failing qualifications to

prevent significantdelays with the
crash test.

WS-R

9/29/21-
10/5/21

TRC

Full Qual

Because this was a post-test qual, the
lab only neededto perform 1 hit with
passinginputs. Both lateralneck
tests had low headform angularrate.
Thoraxwith armhadlowrib 2 def.,
and pelvishadboth lowpelvisaccel
and low pubic force.
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