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ABSTRACT

Crash test dummy kinematics is commonly obtained from high-speed video recordings or other optical methods
which are processed to provide displacements as functions of time. This study presents an open-source software
that can provide motion data from sensors in the dummy. Sensors needed for this analysis are a combination of
gyros and accelerometers. The evaluation was done using the crash tests dummies SET v0.2 50F and 50M,
developed for low severity rear impacts and equipped with gyros at four locations, one inside the head and at
three locations along the spine. The tests were done in two different seats in 16 km/h rear impact sled tests. The
analysis showed good agreement between high-speed film analysis using Tema and the motion from the sensors.
The motion in focus in this study is the loading to the neck caused by the head and the torso (the first thoracis
vertebrae). Motion data from sensors could provide a more direct approach to identify which seats provide the
lowest load on the neck, in testing, due to relative motion between the head and the torso, without requiring
time-consuming camera setup and manual analysis. Furthermore, sensors have the potential to provide higher
resolution results and measurements of movements that are difficult to capture through optical methods.

Keywords: Crash tests, Injury prevention, Dummy instrumentation, Dummy motion analysis, Gyros, Sensor
analysis software

1. INTRODUCTION

Motor vehicle crashes resulting in soft tissue neck injuries, referred to as whiplash injuries, remain a major
concern. These injuries are still the most common and costly of the disabling injuries of vehicle occupants
(Kullgren et al. 2020). For the latest car year models (2010-2019) in Kullgren et al. (2020), soft tissue neck
injuries accounted for 43% of all injuries resulting in long-term consequences. These injuries most often occur
at low impact speeds, between 10 and 25 km/h (Eischberger et al. 1996, Hell et al. 1998 and Krafft et al. 2005),
and the majority occur in rear impacts (among others Lundell et al. 1998, Krafft 1998 and Watanabe et al.
2000). Different occupant types have been shown to obtain different levels of protection against whiplash
injuries (among others Kihlberg 1969; O’Neill et al. 1972; Otremski et al. 1989; Morris and Thomas 1996;
Temming and Zobel 1998; Chapline et al., 2000; Krafft et al., 2003; Storvik et al., 2009; Kullgren et al. 2020).
Furthermore, protection from whiplash injuries of different seats has been shown to vary for different occupant
types (Kullgren et al. 2013).

Crash test dummies are used to predict human responses in different crash configurations. Crash test
dummy kinematics are commonly obtained from high-speed video recordings or other optical methods and then
processed to provide displacements as functions of time. This is a time-consuming method for obtaining motion
as a function of time, for different parts of the crash test dummy, in a test. Therefore, developing a method that
can provide motion data as a function of time from sensor data would be beneficial. Whiplash injuries are
related to loading to the neck, caused by relative motion between the head and the torso, hence being able to
obtain this motion from sensor data is particularly important. This option is currently not commercially available
in any crash test dummy on the market.

The aim of this study is to present an open-source software, that can provide motion data through a
combination of gyro and accelerometer sensors in the crash dummies used in tests, representing severities
exposing occupants to injuries, comprising two different occupant types in two different occupant seats.
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2. METHODS

The evaluation of motion data, from sensors and manual motion analysis, was extracted from tests with the
crash tests dummies SET v0.2 50F and 50M, based on the SET v0.1 50F and 50M (Karemyr et al. 2022),
developed for low severity rear impacts in two different car seats. The sensors required for analysis are a
combination of gyros and accelerometers. Subsequently, output data were processed by the developed software,
OS-DEMA by Hjort, provided open-source. In addition, traditional motion analysis of a high-speed video
recording of the dummy equipped with targets for high-speed video film analysis was carried out using the
motion analysis software Tema.

Rear impact sled tests were carried out according to the European New Car Assessment Programme (Euro
NCAP) protocol for the mid severity whiplash test at a delta-v of 16 km/h. The two selected seats have shown
significant differences in field accident protection outcomes for different occupant groups in real world injury
data.

2.1. The Seats

Two seats were chosen based on their protection performance of females compared to males in real-world
accident data from Folksam Insurance (as per data used in Kullgren et al. 2013). The first seat has been shown
to provide better protection against injuries leading to permanent medical impairment (PMI) for males compared
to females, the Saab 9-3 (year model 1998-2002 with a reactive head restraint (RHR)), and the second seat,
conversely, has been shown to provide better protection for females compared to males, the Audi A4 (year
model 1995-2000). The risk figures are shown in Table 1. Due to changes in the classification of long-term
consequences used by Swedish medical experts for the duration of the data collection, weight factors for
calculating the number (n) of PMIs in Table 1 were used (described in detail in Kullgren et al. 2013). This
resulted in n PMI becoming a decimal number.

Table 1.
Risk of PMI for females and males in the two seats used, Saab 9-3 and Audi A4
(based on the data used in Kullgren et al., 2013).

Folksam injury data - Females Folksam injury data — Males
Seat/car model N nPMI Risk PMI 95% CI N nPMI Risk PMI 95% CI
Saab 9-3, 98-02, RHR 163 7.8 4.8% 3.3% 80 0 0.0% 0.0%
Audi A4, 95-00 486 7.3 1.5% 11%| 413 10.4 2.5% 1.5%

2.2. The Tests

The two different seats (Table 1) were exposed to the Euro NCAP mid severity whiplash testing
acceleration pulse described in the protocol for dynamic testing version 4.2 (Euro NCAP, 2023). The sled tests
were run on the Inverse Crash System by Mannesmann-Rexroth, at Autoliv, Sweden. The dummies used were
the SET v0.2 50F and 50M, equipped with gyros and accelerometers at four locations. The sensors, each
integrating gyros together with three accelerometers (TE Connectivity model 633 six degrees of freedom (6-
DOF) sensor), placed at three levels on the spine (T1, T8 and pelvis) and inside the head. The 633 6-DOF sensor
is an analogue sensor including outputs of three gyroscope/rate sensors and three accelerometers in one package.
The signals were sampled at 10 kHz and filtered according to the SAE J211 recommendations. The gyros and
accelerometers were aligned orthogonally to each other, allowing the user to measure motion in all 6-DOF. This
process facilitates obtaining the angular displacement from the measurement, as well as horizontal and vertical
displacement through further processing of the sensor output data.

Seats within the year range of the car models (Table 1) were acquired from car dismantling facilities in
Sweden and were in good condition without any visible damages. Each seat was tested only once. The seats
were positioned in accordance with the Euro NCAP protocol (Euro NCAP, 2023). The head restraint position,
seat back and height adjustment, were positioned in accordance with the same protocol. To position the SET
v0.2 50M and 50F on the seat, they were lowered onto the seat from above and guided backwards into the seat
back. The head was adjusted to mimic a forward-viewing position. The SETs were restrained with a
conventional three-point seat belt. On-board high-speed video cameras recorded the tests at 1,000 fps. The SETs
had high-speed film motion capture targets placed on the head, the first thoracic vertebra (T1) and pelvis.

2.3. The OS-DEMA by Hjort software

The developed software for dummy sensor motion analysis, OS-DEMA by Hjort (Dummy sEnsor Motion
Analysis (DEMA)), uses output signals from four individual 6-DOF sensors, which track the angular velocities
and accelerations of the head and three additional positions, along the dummy spine. Additional data from video
analysis can also be imported, allowing for comparison of different data sources. The peak acceleration level for
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the SET test cases was typically around 10 g, which is at the very low end of the sensor measurement range
(2000 g). Thus, thermally induced variation of the sensor zero offset, and likely also sensitivity, could be
significant and must be compensated for. This was done individually for each test by offsetting all sensor signals
to their expected values during the recorded 0.3 seconds before impact. For the rate gyros, the expected value
would be zero, while the accelerometer readings should correspond to those induced by the gravitational force.
Thus, the sensor orientation pre-crash must be known, and entered into the programme. These can be accurately
estimated by temporarily attaching pins to the sensors, protruding out of the dummy. Next, all signals were
filtered through a CFC180 low pass filter before being used. The change of coordinate systems from sensor-
local to a global fixed system was made using quaternion formulation to minimise numerical problems. This
process results in spatial orientations as well as accelerations expressed in a fixed coordinate system. The
velocity and spatial position of each sensor can then be determined by integrating fixed-system acceleration one
and two times, respectively. For the movement in the vertical direction, the acceleration level must be adjusted
by one g to account for the gravitational acceleration acting on the sensors. Signal integration was performed
using the trapezoidal method, after comparison with the Simpson method, showed no observable differences.
All accelerations, velocities, spatial positions and orientations were also further low pass filtered through a
CFCo60 filter, for plots and evaluations. The OS-DEMA by Hjort is available open-source at www.openvt/set.

3. RESULTS

The results have been separated into four sections. Sections 3.1 and 3.2 feature the horizontal (x) and
angular displacements of the head and T1 vertebra obtained by sensor analysis, compared to those obtained by
video analysis. Because all test setups showed similar results in these comparisons, the SET 50F-Audi setup was
chosen here to exemplify the results. All test results are available in Appendices A-F.

Section 3.3 provides sensor and video comparison of the SET 50F pelvis motion in both seats (video
analysis of the SET 50M pelvis was not available). Finally, Section 3.4 focuses on a comparison of the relative
displacement of the head and T1 vertebra, between all four combinations of dummy and seat setups, using
sensor data only.

3.1. X-displacement of Head and T1

Figure 1 shows the x-displacements for the head, T1, and head relative to T1, obtained by sensor analysis
compared to video analysis. The results show a high concordance between the two analysis methods. Comparing
the head relative to T1 x-displacement (bottom graph, Figure 1), both minimums occur within three milliseconds
(at 115-118 ms), with an absolute difference between minimums of 6.3 mm.
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Figure 1. Sensor versus video x-displacement of the head, T1, and head relative to T1 for SET 50F in the Audi seat.
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3.2. Angular Displacement of Head and T1

Figure 2 shows the angular displacements of the head, T1, and head relative to T1 obtained by sensor
analysis compared to video analysis.
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Figure 2. Sensor versus video angular displacement of the head, T1, and head relative to T1 for SET 50F in the Audi
seat.

3.3. X- and Angular Displacement of Pelvis

Video analysis of the pelvis motion was available for the SET 50F tests, enabling comparison with the
sensor analysis concerning x-displacement and angular displacement. Figure 3 shows the x-displacements of the
pelvis for both seats. The results show that sensor and video analysis give very similar results. For the Audi seat,
a slight discrepancy can be noticed starting at around 80 ms, though the absolute difference at any time step is at
most 8.8 mm. For the Saab seat, a less pronounced discrepancy can be noticed starting at around 125 ms.
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Figure 3. Sensor versus video x-displacement of the pelvis for SET 50F in both the Audi seat and the Saab seat.

Figure 4 shows that sensor and video graphs of the angular displacement of the pelvis are very similar, as
well. Only minor discrepancies were noted at around 145 ms and 75 ms for the Audi and Saab seat, respectively.
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Figure 4. Sensor versus video angular displacement of the pelvis for SET 50F in both the Audi seat and the Saab seat.

3.4. Head Relative to T1 Displacements for Different Test Setups

The results in Sections 3.1, 3.2, 3.3 and Appendices A—F show high conformity between the sensor and
video analysis results. Thus, focusing on the sensor results for ease of exposition, the dummy responses between
different test setups have been explored. In Figure 5. Differences in head relative to T1 x-displacements for the
four different dummy-seat setups. the difference in head relative to T1 x-displacement is compared for the two
different dummy setups and for the Audi seat (left graph) and Saab seat (right graph), respectively.

150 - 150 -
125 | Head relative T1 x-displacement [mm] 125 | Head relative T1 x-displacement [mm]
100 Sensor SETA0F Audi 100 A Sensor SETA0F Saab
----- Sensor SET50M Audi === Sensor SETS0M Saab P

75 75 e

50 50 s

25 25

0 0 - -

- -

25 25 4 TS s

50 50 Seae”

75 75
-100 - \ e -100 -

Rt 125
125 - ms] 12 [ms]
-150 . x x x . . 150 . . x . x .
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Figure 5. Differences in head relative to T1 x-displacements for the four different dummy-seat setups.

Figure 5 shows that the shape of the response curve is different for SET SOF compared to SET 50M in the
Saab seat (right graph). Similar differences are seen when considering the angular displacements, depicted in
Figure 6.
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Figure 6. Differences in head relative to T1 angle-displacements for the four different dummy-seat setups.
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4. DISCUSSION

The analyses of the comparison between the motion analysis based on sensor data and film analysis showed
good agreement between the two different ways of obtaining motion data from a crash test. As expected, minor
differences presented in the responses, however, substantial differences were not distinguished in any of the
cases.

The results show that motion data from sensors can be used to identify the characteristics of the relative
motion between the head and the torso in different seats. Sensors, could therefore, provide a more direct
approach compared to optical methods, that require time-consuming camera setup and analysis. Furthermore,
sensors have the potential to provide higher resolution results and measurements of movement, such as rotation,
that can be difficult to capture with optical methods. Conversely, one possible drawback of sensor analysis, is
that the motion obtained is based on twice integrated accelerometer data. Longer crash durations, than those
relevant for this study, could potentially cause a deviation as a function of time. Further evaluation testing would
be beneficial to evaluate to what extent the dummy kinematics can be accurately obtained from the gyro and
accelerometer combination, also for longer test durations. However, as shown in the results and Appendices A—
F, for the duration of 300 ms, no noticeable difference was recorded between the two methods.

When comparing the angular and linear displacements, the best agreement between the analysis methods
was observed for the angular displacement. This outcome was expected, partly due to rotations being less
sensitive to uncertainties of the initial orientation of the dummies than accelerations, when transforming to fixed
coordinates. In addition, determining angular displacement only requires one integration step, while linear
displacement requires two.

To adjust for possible thermally induced variations in sensor sensitivity, it is possible to apply individual
scale factors for each signal when importing the measurement data. At this stage, this function was only used for
evaluating the impact of thermal variations but could also be used as a fine adjustment tool of the sensor
sensitivity when high accuracy video-based reference data is available.

The two seats used to compare dummy readings extracted from the SETs with real-world performance, were
selected from the dataset used in the study by Kullgren et al. (2013). In that study, the Saab 9-3 (Model Year
(MY) 1998-2002) seat showed better protection for males compared to females, while the Audi A4 (MY 1995-
2000) seat, conversely, showed better protection for females. The Saab 9-3 has a reactive head restraint,
(Wiklund et al. 1998) that pushes forwards and upwards when the body presses against the seat back, while the
Audi A4 (95-00) was launched before whiplash protection systems were introduced and is not equipped with a
specific protection system. In comparison of the head relative to the torso, motion differences in the motion
pattern were found as shown in Figure 5. This study provides examples of differences in dynamic response
between the two different seats and types of occupants tested, related to differences in loading of the structures
of the neck. The results in Figure 5 illustrate the difference in occupant responses in the two seats, as well as the
female and male models (SET 50F and SET 50M). In the Saab seat, the SET 50F showed an initial forward head
motion which was not present in the SET 50M. In the Audi seat, the SET 5S0F head relative to T1 motion was
reduced compared to the SET S0M, where the seat back angulated backwards delaying the head-to-head
restraint contact. This study comprises the results of two different seats at one impact severity.

In a rear impact, as it is most often described in the literature, the torso is pushed forward by the seat. The
unsupported head tends to lag behind the torso motion. In this sequence, initially the neck goes into retraction,
as the head is moving straight rearward relative to the torso. If the seatback is equipped with a head restraint on
the setback, close behind the head, it will eventually interact with the head and give it support. This process will
stop the retraction motion and protect the neck vertebral column from excessive bending and loading. In case
the head is pushed forward relative to the torso, a corresponding forward head motion relative to the torso will
be produced, referred to as protraction motion. Protraction can also occur in a rear impact in case the seat back
cushion is relatively softer than the head restraint. In this situation the torso will lag behind the forward motion
of the car itself, while the head restraint will move further forward in pace with the car. In this case the head
restraint will instead push the head forward and initiate a neck protraction motion, as was found in the Saab seat
for the SET 50F, Figure 5. Such protraction motion may lead to excessive local bending and loading in the neck
vertebral column. Thus, in the event of a rear impact, both retraction and protraction can occur.

The reason for evaluating the sensors and software performance in sled tests (instead of simpler test set-
ups), is because the test applied in this study is used by Euro NCAP to assess the whiplash injury protection
provided by car seats in rear impacts. Exploring the influence of the magnitude of the acceleration of the sled
pulse and duration of the event on the occupant is examples of where the sensors and software could provide
additional insights in future testing. The response of the two types of dummies in the seats shows details in the
interaction between the occupant and the seats that would not be obtainable with only one of the dummies. This
study demonstrates that the dummies in combination with the sensor system, provide something new and
requested in the area of the assessment of occupant protection performance.
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There are several advantages to being able to obtain motion data from sensors. This technique presents the
opportunity to measure points inside the dummy that are not traceable visually, such as motion of the thoracic
and lumbar spine or the attachment of the femur to the pelvis. Furthermore, the displacements derived from the
OS-DEMA by Hjort are provided with higher sampling frequency than the sampling frequency of the high-
speed video, which typically is at 1000 Hz for crash testing. When validating finite element models of seats
intended for virtual safety assessment (planned to be conducted in the near future (Euro NCAP 2024 and ITHS
2023)), the higher sampling frequency feature is a strength. Another strength provided by the OS-DEMA, is
being able to trace more points on the dummies when the protection performances of different seats are
evaluated, such as rear impact whiplash injury protection assessment. Having access to additional details about
the response of the dummies, as well as two different occupant types (such as the SET 50F and 50M), it is
possible to achieve a higher resolution in the evaluation of the protection performance.

5. LIMITATIONS

The motion obtained from the sensor data is based on twice integrated accelerometer data. Longer crash
duration, than studied in this study, could potentially cause a deviation as a function of time. Further evaluation
testing at higher impact velocities is required, to evaluate to what extent the dummy kinematics can be
accurately obtained from the gyro and accelerometer combination, also for longer test durations.

This study comprises the analysis of the results of tests at one impact severity, 16 km/h and two different
car seats. Additional validation of the programme OS-DEMA by Hjort could be performed with the SETs at
different impact severities, such as the highest severity of the whiplash tests at 24 km/h (Euro NCAP, 2023) and
in other seat models.

6. CONCLUSIONS

This study has evaluated the novel open-source software, OS-DEMA by Hjort, that provides motion
analysis from gyro and acceleration sensors in a crash test dummy. The OS-DEMA by Hjort output was
compared to motion analysis of high-speed films in a use-case with the crash test dummies SET v0.2 50F and
50M, in two different seats in 16 km/h rear impact sled tests. The sensor analysis was able to replicate the
results obtained by the optical method showing differences in dynamic response between two different seats
(Audi and Saab) and two different occupant types (Female / Male), related to differences in loading of the
structures of the neck.

The analysis showed good agreement between the motion from the sensors and high-speed film analysis.
No substantial differences were found when comparing x-displacement and angular displacement of the head
and the first thoracis vertebra. Thus, the motion data from sensors can be used to identify which seats provide
the lowest load on the neck, due to relative motion between the head and the torso. The analysis also showed
good agreement between sensor and optical analysis of the displacement of the pelvis.

The sensor analysis showed the angular displacement accuracy was superior compared to the linear
displacement. This result is due to rotations being less sensitive to uncertainties of the initial orientation of the
dummies than accelerations, and rotational displacements only requiring one integration step instead of two. In
addition, the results also demonstrate the difference in dynamic performance between a female and a male
surrogate. The tests results reflect the difference in real world injury risk in the seats of the two selected car
models. These results indirectly demonstrate the need for both female and male average size surrogates in
whiplash injury protection assessment.
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Appendix A — Head x-displacements
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Figure A1. Sensor versus video x-displacement of the head for all four combinations of dummy-seat setups.

Appendix B - T1 x-displacements
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Figure B1. Sensor versus video x-displacement of T1 for all four combinations of dummy-seat setups.
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Appendix C — Head relative to T1 x-displacements

150 4
125 4
100 4
75 4
50 1
25 4
0
-25
A0
75 4
-100 4
-125 4

-150

150 4
125 4
100 4
75 4
50 4
25 4
04
25 4
50 4
75 4
-100 4
-125 4

-150

Head relative T1 x-displacement [mm]

Sensor SETS0F Audi
Video SET50F Audi

[ms]
50 100 150 200 250 300
Head relative T1 x-displacement [mm]
Sensor SET50M Audi
..... Video SET50M Audi
[ms]
50 100 160 200 260 300

150 -
125 -
100 -
75 4
50 4
25 4
0
25 4
A0
75
-100 4
-125 4

-150

150 -
125 -
100 -
75 4
50 4
25 4
0
25 4
50 4
75
-100 4
-125 4

-150

Head relative T1 x-displacement [mm]

Sensor SET50F Saab
Video SET50F Saab

[ms]
0 50 100 150 200 250 300
Head relative T1 x-displacement [mm] .
Sensor SET50M Saab .
----- Video SET50M Saab ,
[ms]
0 50 100 150 200 250 300

Figure C1. Sensor versus video x-displacement of the head relative to T1 for all four combinations of dummy-seat
setups.

Appendix D — Head angular displacements
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Figure D1. Sensor versus video angular displacement of the head for all four combinations of dummy-seat setups.

Hjort 10



Appendix E - T1 angular displacements
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Figure D1. Sensor versus video angular displacement of T1 for all four combinations of dummy-seat setups.

Appendix F — Head relative to T1 angular displacements
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Figure F1. Sensor versus video angular displacement of the head relative to T1 for all four combinations of dummy-
seat setups.
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