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ABSTRACT In the context of conducting a side-impact collision test without side airbag for a specific
vehicle model, an analysis of the injury value curve of the crash test dummy, when bench-marked against
results from whole-vehicle testing, sled test and sled simulation, reveals two issues with the sled results: a
delay in contact time and an excessively high peak value. This paper aims to analyze the problems arising
from the simplification of the whole-vehicle model to the side-impact sled model. For the first time, these
issues are addressed by correcting the sensor waveforms of the whole-vehicle test vehicle. Subsequently,
by adjusting the input curves of the sled simulation model based on benchmarking the injury values of
the side-impact sled dummy, a more accurate simulation of the dummy injury value curve is achieved
compared to the experimental results. This approach represents an improvement in the substructure method
for sled simulation, and its practicality and convenience have been validated through its application in a
specific development vehicle project. The total score of the dummy injury in the experiment is 15.66, and
the simulation is 15.76, the results are very close. The contact timing and peak value of chest, abdomen, and
pelvis injury in the simulation are basically consistent with the experimental results. It offers a novel method
for benchmarking dummy injuries, sled simulation, and sled testing in the context of side-impact collision
condition, providing a new avenue for research and development in the automotive industry.

INDEX TERMS Vehicle side impact test, side sled test, side sled simulation, sensor waveform, dummy
injury curve.

I. INTRODUCTION

In the early stages of automotive collision safety research,
vehicle collision tests, including whole vehicle collision tests,
sled tests, and component tests, are the primary methods
employed [1], [2], [3]. In 1989, Tsinghua University in China
established the first simplified whole vehicle collision test
laboratory and conducted a series of collision test studies,
achieving favorable results [4]. To reduce the cost of test
development, restraint system manufacturers began using
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sled tests to develop airbags and seatbelt products. Compared
to whole vehicle collision tests, this approach significantly
reduced costs [5], [6], [7]. The research on sled test methods
for side impact collisions began in the mid-1990s. Currently,
there are well-established suppliers in the market for side
impact sled test equipment, including Seattle Safety in the
United States, IST in the United Kingdom, DSD in Austria,
and Mitsubishi in Japan.

During side-impact collision tests, numerous factors affect-
ing occupant safety are considered, including the vehicle’s
side structure intrusion velocity, intrusion depth, intrusion
morphology, the stiffness of the door interior system, side
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restraint systems, and the occupant seat, among others. The
side-impact sled test device is mainly composed of a crash
pulse replicator, a door sled, and a seat sled [8].

Existing side-impact sled test devices from Seattle Safety
and IST had some limitations, making it challenging
to simulate whole vehicle collisions with low reliability.
In response to these issues, Ha and Lee addressed the
problem by modifying the structures of the door and seat
in the sled test [9]. Miller et al. improved a compact sled
system for linear impact, column impact, and side impact
testing [10]. Aekbote et al. discovered a dynamic sled-to-sled
testing method for simulating human responses in side-
impact collisions [11]. Ma et al. proposed a dual-speed sled
side-impact sled test method that was easy to implement in
engineering. Mathematical simulations demonstrated a high
correlation between injury values obtained from sled tests
using the dual-speed sled curve and those obtained directly
from door inner plate velocity curves [12]. Additionally, Gu et
al. proposed an accelerated sled test method for side-impact
column collisions based on multi-point intrusion [13].

The above various methods solved the problems that
existed in their respective projects at that time. However,
whether it was modifying the sled experimental equipment
or modifying the input curve, the time and price costs were
relatively high.

This study proposes an efficient correction method for
conducting benchmarking work to solve the problem of
contact time delay and high peak value of dummy injury
curve. On one hand, it can save costs by not requiring
alterations to the sled experimental equipment. On the other
hand, it saves time by avoiding significant changes to the
input curve of the experiment. By adjusting the input curves
of door sensors through two steps “translation and reduction
of peak values” the sled test and simulation input curves
can be effectively corrected. The method has been applied
to a project involving the development of side restraint
systems for a specific vehicle model, resulting in significant
improvements. This approach offers a highly efficient new
method for sled testing and simulation, providing a useful
contribution to the field.

Il. METHODOLOGY

In the regulations governing the assessment of automotive
collision safety performance, the rib deflection of the
front dummy is scored as not exceeding 22 millimeters
for 4 points, while exceeding this threshold resulted in a
score of O points, The total score for the front dummy is
16 points [14]. As shown in Figure 1, this pertains to the
side-impact MDBS50 test. Sled testing, also known as carriage
testing, is primarily utilized to substitute certain aspects of
whole vehicle collision tests for the development of vehicle
restraint systems. Due to the ability to conduct multiple
tests on the same vehicle structure without the concern of
damaging the overall vehicle structure during testing, couples
with the short preparation time required for testing, sled
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testing can effectively reduce the development cycle and cost
of restraint systems [15], [16], [17], [18].

FIGURE 1. MDB50 test.

FIGURE 2. Door collides with dummy.

Sled testing is primarily employed to analyze the per-
formance of vehicle components such as restraint systems,
side trim stiffness, and seats. To obtain a reasonably
simplified side-impact sled collision model, it is essential to
understand the force transmission structure, paths, and factors
influencing occupant safety in whole-vehicle side-impact
collisions. The side-impact sled test aims to replicate the
movement of the door inner panel on the sled, simulating the
real vehicle’s variable lateral displacement and the interaction
process between the door and the dummy during collision
tests [19].

Due to the uneven acceleration at various points on
the door panel, current test devices can only simulate the
movement of a specific point on the door inner panel.
In practical applications, side-impact sled test devices are
commonly used for side airbag development. On the other
hand, chest injury criteria are of particular concern compared
to other injury assessment metrics for side-impact dummies,
as meeting the regulatory requirements for side impacts
can be challenging. Consequently, the acceleration curve
corresponding to the rib position of the dummy on the door
inner panel is often chosen as the target curve for sled testing.
This approach aims to address chest injury criteria while
simultaneously considering injury response at other locations
on the dummy [20].

The sled test for side-impact collisions serves as a cost-
effective and time-efficient tool in the development of vehicle
side restraint systems. Utilizing simulation methods allows
for more rapid guidance in the design process, and the
substructure method is a crucial means for optimizing the
design of side-impact restraint systems [21]. Currently, there
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FIGURE 4. Sled simulation model.

are two main approaches to simulating the substructure of a
simplified vehicle model in sled tests:

a. Extraction from whole vehicle side-impact simulation
model: In this first method, the sub-structure simulation
model is built based on the entire vehicle’s side-impact
simulation model. Information such as the deformation of the
entire vehicle’s door is extracted and used as input for the
substructure simulation model.

b. Physical sled test-based sled simulation model: The
second method involves building a sled simulation model
based on actual physical sled tests. The key difference
between these methods lies in the movement of the door and
seat. However, aspects such as modeling the vehicle floor
and positioning of the side-impact dummy remain consistent.
Both of these methods play a crucial role in guiding the
optimization design of side-impact restraint systems.

The second substructure method mentioned above typi-
cally involved using numerical values from sensor waveform
curves on the door inner panel and corresponding dummy
body parts as inputs for the simulation model. Comparative
analyses are conducted on the calculation results of the
whole vehicle model and substructure model after varying
the structural parameters of the restraint system. The
results indicates that the substructure model is suitable for
optimizing the analysis of materials such as fillers, door trim
panels, and door shapes [22].

This paper utilizes finite element simulation and experi-
mentation to benchmark the results of the sled test against
the whole vehicle test. The study focuses on comparing
the injury value curves of the dummy between the sled
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FIGURE 5. Flow chart of methodology.

test and the entire vehicle test. It identifies two issues,
namely contact time delay and excessively large peak values.
Through mathematical calculations and simulation solving,
the paper determines the root causes of these problems.
Subsequently, sensor velocity waveforms are adjusted to
address these issues. Finally, the feasibility and efficiency of
the proposed method are validated through simulation and
experimental benchmarking results in engineering projects.
The specific process is illustrated in Figure 5.

Ill. ISSUES ANALYSIS AND VERIFICATION OF SLED

COLLISION

A. ISSUES ANALYSIS

When benchmarking the injury value curves of dummy on

a sled simulation using the substructure method against a

vehicle model without side airbags, two issues are identified:
1. Contact time delay: In comparing the injury value curves

between the sled test and simulation, a delay in contact time
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is observed. As depicted in Figure 6, during the whole vehicle
MDB50 test, the door handle contacts the dummy’s abdomen
at 29 ms. However, in the sled simulation calculation at 30 ms,
the door handle has not made contact with the dummy’s
abdomen, and there is still a distance of approximately 30 cm.

FIGURE 6. Vehicle test at 29ms.

FIGURE 7. Simulation at 30ms.

2. When benchmarking the injury value curves of a dummy
between the sled test and simulation, the peak values are
observed to be higher compared to the whole vehicle test.
As shown in Figure 8, the injury value curve for the lower
rib of the dummy indicates that the peak values in the sled
test and sled simulation are higher than those in the whole
vehicle test.

— ™ Sled test

Vehicle test

35 b N\ i o
ks = == Sled simulation

Lower nib deflection (mm)

Time (ms)

FIGURE 8. Deflection comparison of dummy’s lower rib.

As shown in Figure 8, it depicts the deformation of the
dummy’s lower rib after colliding with the vehicle structure.
In this context, the contact time for the whole vehicle collision
occurs around 29 ms, while the contact time for the sled
collision and simulation models is around 35 ms, indicating
a delay of approximately 6 ms. The peak rib deformation
in the whole vehicle test is approximately 22 mm, whereas
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the deformation in the sled test and simulation is around
36 mm. Notably, both the peak deformations in the sled test
and simulation are higher compared to the whole vehicle test.

B. VERIFICATION OF CONTACT TIME DELAY ISSUE

The analysis of the whole vehicle’s side-impact test MDB50
involves solving a partial differential equation problem with
unknown boundary conditions. This is a typical dynamic
contact problem [23], [24], as illustrated in the simplified
model shown in Figure 9. In the context of the whole
vehicle side-impact collision, the collision motion between
the movable barrier and the test vehicle follows the principle
of energy conservation. The initial kinetic energy of the
barrier vehicle is transformed into the deformation energy
of the collision-avoidance vehicle and the car, as well as the
internal energy related to friction between the floor and the
vehicle, adhering to the energy conservation theorem [25].

m
3
@ 2 ™,

FIGURE 9. Side impact simplified diagram.

When the barrier vehicle collides with the test vehicle at
an initial speed of 50 km/h, according to the law of energy
conservation:

EO:Zki+Zui (D

i=0 i=0
1 2
Ey = Eml"o 2)
1 2 1 2 1 2 1 2
Emlvo = Eml"l + Emzvz + §m3v3
+ U1 + Uz + Uz + Upriction 3)

my is the mass of the moving barrier vehicle, m; is the mass
of the test vehicle, m3 is the total mass of the dummy and
seat, vq is the initial velocity of the moving barrier vehicle
(50 km/h), v; is the velocity of moving barrier vehicle after
collision, v, is the velocity of car after the collision, v3 is the
velocity of dummy after the collision, ; is the deformation
energy of the barrier vehicle’s honeycomb aluminum, U; is
the deformation energy of the car, 3 is the deformation energy
of the dummy, Uficrion is the frictional energy between the
floor and the barrier vehicle, and the floor and the car.

In the early stages of the whole vehicle collision, due to
the inertia of the dummy and the lateral bending movement
of the seat connected to the floor, the dummy undergoes
lateral movement relative to the direction of the door before
contacting the door trim. Figure 10 shows a video frame
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FIGURE 10. The dummy moves towards the door.

35 ms after the start of the vehicle MDBS50 test. At the
midpoint of the seat, 35 ms after the barrier starts colliding
with the test vehicle, it can be observed that the dummy
has already experienced lateral movement relative to the
door before contact. In contrast, in the sled collision test
and sled simulation models, the dummy remains stationary
before contacting the door trim because the seat and collision
structure are disconnected, and there is no force transmitted
from the seat structure to the dummy, as shown in Figure 11.

FIGURE 11. Seat structure schematic diagram of sled test.

Before the door collides with the dummy and seat as a
whole, due to the inertia of the dummy and the lateral bending
movement of the seat connected to the floor, the dummy
undergoes lateral movement toward the direction of the door.
Therefore, the actual velocity of the dummy relative to the
door is corrected by adding the speed on the door sensor to
the dummy’s relative movement speed towards the door

Vactual = V2 + V3 4)

Vactual 18 the actual speed between the car door and the
dummy, v, is the sensor speed of the vehicle door inner
panel, v3 is the speed at which the dummy moves towards
the car door. In the whole vehicle collision MDBS50 test,
the dummy’s lateral movement relative to the door causes
the actual collision velocity to be greater than the speed
recorded by the door sensor. In contrast, in the sled test and
sled simulation models, the dummy remains stationary before
the door collides with it. There is no relative movement of
the dummy towards the door. This discrepancy results in the
sled test’s dummy injury value curve waveform and the door
contact time being delayed compared to the actual vehicle.
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C. THE ISSUE OF HIGH INJURY VALUE

In the side-impact test of the deformable moving barrier
vehicle (MDB50), the B-pillar and sill are two main force
transmission paths. The force transmission through the
B-pillar follows a vertical path, moving upward to transmit
to the roof longitudinal beam and then laterally transferring
through the roof support crossbeam. On the other hand,
the sill serves as a longitudinal force transmission path,
forwarding force to the A-pillar in the front and to the C-pillar
in the rear [26], [27], [28].1t also transmits laterally through
the floor support beams, as illustrated in the diagram12 below.

FIGURE 12. Force transmission path.

The side-impact sled test device primarily consists of a
waveform reproducer, a door sled, and a seat sled, as shown
in Figure 3, representing the sled test device for a particular
vehicle model. Because the sled model lacks the sill structure,
and in the energy distribution results of the side-impact
MDBS50 simulation for the entire vehicle, the sill beam
and B-pillar absorbs about 20% of the energy in the entire
system. Therefore, the sill beam and B-pillar are crucial
structures in side-impact collisions [29], [30]. If the sensor
waveform curves from the entire vehicle collision are used
as input values for the sled simulation, neglecting the energy
absorption by the sill, it may lead to an overestimation of the
dummy injury values.

D. VERIFICATION OF HIGH INJURY VALUE

In both the whole vehicle collision test and the sled collision
test, the forces acting on the door are variable and not directly
measurable. However, in the whole vehicle collision (as
shown in Figure 13) and the sled simulation model (as shown
in Figure 7), the kinetic and internal energy of the door trim
can be obtained from the corresponding simulation results,
as illustrated in Figure 14 below.

Due to the similarity between the input velocity of the door
in the simulation model and the acceleration sensor values in
the actual vehicle, and the general consistency between the
simplified model of the door and the actual vehicle model,
the difference in kinetic energy of the door is not significant.
However, the force transmission between the floor and seat
affects the energy distribution in the entire vehicle system.
As a result, the internal energy of the door trim is different
between the whole vehicle model and the sled model.
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FIGURE 13. Vehicle MDB50 simulation model.
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FIGURE 14. Comparison of door energy.

In the simulation model of the sled, the adoption of the
““,boundary-prescribed-motion” enforced loading method is
causing a violation of the energy conservation principle [31].
Additionally, excessive deformation energy is observed in the
interior of the car door. Comparing the internal energy of the
door trim from Figure 14, it can be observed that the internal
energy of the door trim in the sled model is 240.29J, while in
the whole vehicle model, it is 66.75 J. The internal energy of
the door trim in the sled model is approximately four times
that of the whole vehicle model. In the experimental setup for
the sled (shown as figure 11), the absence of force-absorbing
structures such as threshold beams results in an excessive
force impact on the crash test dummy directly by the car door.
In short, these issues arise from simplifications made in the
model and leads to an overestimation of the peak value in the
dummy’s chest injury value curve.

IV. CORRECT SENSOR WAVEFORM CURVE

TO SOLVE ISSUES

Through the analysis and validation of the two issues
mentioned above, to address these problems, this paper
proposes a solution by modifying the waveform curve of the
entire vehicle collision sensor to correct the sled simulation
model. The waveform curve of the entire vehicle collision is
generally obtained from the acceleration sensors attached to
the door inner panel and B-pillar inner panel, where the red
dots represent the sensor placement points. Ribl represents
the upper rib, Rib2 represents the middle rib, and Rib3
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represents the lower rib, the locations of the arms, abdomen,
pelvis, and tibia are shown in Figure 15.

- )

FIGURE 15. Vehicle side impact test sensor position.

The accelerometer sensor value corresponding to the
position of the dummy’s lower rib is taken, using CFC 60 to
filter door acceleration and CFC 180 to filter lower rib injury
curve with EVA test software. After filtering and integration
processing, the sensor velocity curve of the door inner panel
is obtained, as shown in Figure 16, the lower rib injury curve
is obtained, as shown in Figure 19, the blue one.

Vehicle collision sensor curve

Velocity (m/s)

0 1 1 1 1 1 1 1 1 1 J
0 10 20 30 40 50 60 70 8 90 100
Time (ms)

FIGURE 16. Door inner panel sensor speed curve.

A. MATHEMATICAL ANALYSIS OF CURVE CORRECTION

The velocity input curve for the sled simulation is shown in
the above figure 17. Typically, the sensor curve at 100 ms
is taken as the input backup. Although the finite element
software Ls-dyna calculates up to 80 ms, and the curve
beyond that is not invoked, it is convenient for later use after
shifting. In the MDB50 side-impact test of the entire vehicle
model, the dummy collides with the door at 30 ms. The timing
of door contact for the sled test and sled simulation is delayed,
and the displacement difference can be solved by shifting
the sensor curve. In the first step, a 10 ms shift is applied to
position a, where the velocity curves for the sled test and sled
simulation start from 0. Position c, at 40 ms, represents the
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FIGURE 17. Speed curve correction diagram.

moment when the dummy collides with the door in the sled
test and sled simulation.

t=a t=b t=c
Sa:/vdt,Shz/vdt,SC:/vdt 5)
t=0 t=0 t=
t=c I=a
D:SC—sz/vdt—/vdt 6)
t=b t=0

The distance D between the door and the dummy can
be obtained by integrating the velocity curve. The typical
range for the shift value a is within 2-15 ms. For instance,
If the dummy injury value curve experiences a contact
time delay of 5 ms, then shifting a by 5 ms should be
sufficient.

After translating the speed curve, the injury value of the
dummy is too large. The second step is to reduce the contact
force between door and dummy.

F =ma @)
av
a= 5 ()

The above formula indicates that to reduce the contact force
F, it is sufficient to decrease the velocity of the car door.
To reduce the velocity curve of the door, you can multiply
the shifted curve in the c-e interval by a scaling factor. The
specific scaling factor is determined based on the peak values
of the injury value curves.

B. SLED SIMULATION AND BENCHMARKING
VERIFICATION

For the corresponding correction of the whole vehicle
collision test curve waveform, the first step is to adjust
the contact time between the dummy and the door trim.
According to the analysis of the contact time delay mentioned
earlier, the contact time in the whole vehicle collision occurs
around 29 ms, while for the sled collision and simulation
models, the contact time is around 35 ms, with a delay of
approximately 6 ms. To correct this, a shift of 6 ms (a value
of 6) is applied, as shown in Figure 18.
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Vehicle collision sensor curve
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FIGURE 18. Contact time adjustment.

Utilize the pre-processing software Ansa to set up a sub-
structure method simulation model. Employ the ‘““*boundary-
prescribed-motion” keyword and conduct calculations using
the finite element method software Ls-dyna. A curve
representing the injury values of the dummy’s lower ribs will
be obtained from the result files. The injury value curve of
the dummy’s lower rib deflection obtained after adjusting the
contact time is shown in Figure 19.

---- Sled simulation correlation

— Vebhicle test

Lower rib deflection (mm)
b
:

Time (ms)

FIGURE 19. Deflection of lower rib after adjusting contact time.

Building upon the previous step, the next stage involves
reducing the kinetic energy of the collision between the
door and the dummy. The peak rib deformation value in
the whole vehicle test is approximately 22 mm, while for
the sled test and simulation, the deformation is around
36 mm. After dividing and taking the square root, a factor
of 0.83 is obtained. Therefore, the velocity curve of the
door sensor after 35 ms is multiplied by a factor of 0.83,
as shown in Figure 20. This reduction in energy transferred
to the dummy results in a corresponding decrease in the
peak value of the dummy’s injury curve. Finally, by fine-
tuning the contact position corresponding to the injury
location on the dummy with the door, the simulation model’s
injury value curve aligns with that of the whole vehicle
collision test, completing the simulation benchmark analysis
of dummy injury values. The obtained results are shown
in Figure 21.

After correcting the waveform curves of the door inner
panel sensors corresponding to other parts of the dummy
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FIGURE 20. Injury value adjustment.

——~ Sled simulation correlation
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FIGURE 21. Deflection of lower ribs after adjusting peak value.

TABLE 1. Results comparison of dummy injury values.

3ms clip 44.8 57.3
Head HIC36 98.1 114.5
Upper rib V*¥C (m/s) 0.17 0.15

Middle rib V*C (m/s) 0.16 0.16

Chest Lower rib V*C (m/s) 0.16 0.19
Upper rib deflection (mm) 18.9 19.0

Middle rib deflection (mm) 19.0 21.0

Lower rib deflection (mm) 21.7 22.0

Back place Fy (KN) 0.28 0.22
Ti2 Fy (KN) 1.08 0.58
Ti2 Mx (N*m) 119.8 34.1
Abdomen Fy (KN) 1.13 1.09
Pelvis Fy (KN) 1.31 1.33
Conclusion Driver scores 15.66 15.76

according to the above method, the injury value comparison
as table 1 below is obtained.

V. CONCLUSION
This paper efficiently completes the simulation benchmark-
ing of the dummy injury values in the side impact MDBS50
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test of a certain sedan by correcting the sensor input curves.
The following conclusions are drawn:

(1) Analyzing the results of the whole vehicle test and the
simulation on the sled, the force on the dummy’s abdomen in
the whole vehicle test is 1.13 kN, and in the sled simulation,
it is 1.09 kN. For the pelvis force in test, the whole vehicle
test result is 1.31 kN, and the simulation result is 1.33 kN.
This indicates that the simulation model at the abdomen and
pelvic regions is well benchmarked against the test model.
The improved sub-structure method successfully addresses
the significant differences in injury indicators at the abdomen
and pelvic regions before model correction.

(2) Compared with previous modifications to the sled seat
structure, which simulates the rotation and movement of the
seat in whole vehicle collisions, the substructure method
of modifying the sensor curve waveform in whole vehicle
tests is more practical. It provides a balance between time
and modification costs, as well as calculation accuracy. For
injuries to the lower ribs of the chest, the MDBS50 test is
22mm. Prior to implementing this method, the simulation
calculation yields a result of 37mm, which deviates from the
experimental result by 68.18%. However, after employing
this method, the simulation calculation results in 21.7mm,
with a deviation from the experimental results of only 1.36%.
This method has led to a notable increase in the accuracy of
the simulation calculation results by 66.82%. This conclusion
is further validated by comparing the other results of dummy
injury values in the simulation benchmarking against whole
vehicle tests shown as the table 1.

(3) The simulation benchmarking and validation on the
sled demonstrate that this method can be applied to sled tests.
It provides a new approach for benchmarking and testing
dummy injuries in side-impact sled simulations and tests for
automobiles.
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