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ABSTRACT

In order to efficiently reduce traffic fatal accidents, it is important that all parties involved in traffic safety
(traffic participants, road infrastructure, and vehicles) work in unison to implement countermeasures. For this
purpose, it is necessary to analyze the reduction effects of vehicle safety measures, the limitations of vehicle safety
measures, and the accident patterns that remain after the vehicle safety measures are taken. In this study, the fatal
accident reduction effect of vehicle safety measures combined with active and passive safety technologies was
estimated for the accidents involving pedestrians, which are the most common type of fatal traffic accidents in
Japan. In addition, the characteristics of fatal accidents in which vehicle safety measures are not currently
addressed are summarized.

First, we estimated the extent to which pedestrian fatalities can be reduced through the AEB for pedestrians and
improvement of pedestrian head protection performance. For the remaining fatal accidents, we estimated the
number of fatal accidents that could be reduced by expanding AEB functions (additional fatal accident reduction
effects are expected by increasing AEB corresponding scenarios) and by other vehicle safety measures (advanced
emergency steering systems, etc.). This clarifies the extent of fatal accidents that have not yet been addressed by
vehicle safety measures. This study used accident data collected by the Japan Institute for Traffic Accident
Research and Data Analysis (ITARDA) from year 2015 to 2017. The analysis assumed a vehicle safety measure
penetration rate of 100%.

It was found that the number of fatal accidents could be reduced by 20% and 29% by the AEB for pedestrians
and improving the performance of pedestrian head protection in the daytime and nighttime, respectively. It could
also be observed that AEB function expansion and devices other than AEB covered approximately 38% and 23%
in the daytime and nighttime, respectively. The results suggest that the accident reduction effect of AEB for
pedestrians is significant, but that 42% and 48% of accidents are left behind even when the functional
enhancements of AEB and other vehicle safety measures are added up in the daytime and nighttime, respectively.
In order to further reduce the number of accidents left behind, it is efficient to to promote not only vehicle safety
measures but also measures for the society as a whole.

PURPOSE

The number of traffic accident fatalities in Japan was 2,636 in 2021 [1], and although it is steadily declining,
the downward trend has slowed. In particular, the proportion of pedestrians in the number of traffic accident
fatalities is increasing, and under the safety concept of putting people first, the safety of pedestrians must be
ensured. To achieve a society without traffic accidents, more effective and efficient traffic safety measures must
be strongly promoted throughout all parties involved in traffic safety (traffic participants, road infrastructure, and
vehicles).

To that end, we first need to estimate the effect of currently anticipated measures (i.e., the number of traffic
accident fatalities reduction effect), then, organize the issues for reducing the number of accidents further after
the implementation of such measures, and propose new measures with a view towards cooperation that is based
not only on vehicles but on people and the road as well. In terms of vehicle safety measures, there are active safety
technologies and passive safety technologies, and when estimating the effects of such measures, the combination
of both technologies are assumed to produce continuous effects in light of the chronological flow of accidents
(Figure 1). Therefore, it is ideal to estimate accident reduction effects by combining the two technologies.
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However, there are only a few cases in which the effects of combining the two technologies were estimated.

The purpose of this study is to promote initiatives aimed at eliminating traffic accident fatalities. To that end,
we attempted an analysis to derive the traffic accident fatality reduction effect by combining active safety
technologies and passive safety technologies, with a focus on fatal accidents involving pedestrians. Furthermore,
we analyzed the characteristics of fatal accidents that are currently not addressed in vehicle safety, and organized
the perspectives for future safety measures.
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Figure 1. Concept of vehicle safety measures by combining active safety and passive safety with pedestrian
accidents

ANALYSIS METHOD

Overall policy

Figure 2 shows the basic concept of the analysis. In this study, we aimed to classify the areas that can be
addressed by vehicle safety measures and those that are difficult to address with vehicle safety measures, and
accidents corresponding to each area were aggregated using national traffic accident statistical data (macro
accident data). The areas that can be addressed by vehicle safety measures were further subdivided into three
areas: active safety measures (Advanced Emergency Brakes (AEB)), passive safety measures, and other vehicle
safety measures. For the reduction effects of active and passive safety measures, we targeted the typical equipment
in the pedestrian accident, and when estimating the reduction effect of passive safety measures, we aimed to avoid
overlap with the reduction effect of active safety measures. This method is described in detail in two next Section.
As for other vehicle measures, equipment that is not yet widespread but whose dissemination is expected in the
future was selected, and the areas of the target accidents were indicated.

Figure 3 shows the analysis flow for pedestrian accidents. First, we focused on AEB for pedestrian (henceforth,
“AEB”), a typical item of active safety measures for reductions that can be expected in vehicle safety measures
against pedestrian accidents. The accidents within the scope of AEB operation were classified into those for which
reductions can be expected and those for reductions would be difficult (fatal accidents that would be targeted by
AEB but for which reductions could not be achieved owing to the decreased performance of the AEB = reduction
difficulty). Next, we estimated the extent to which fatal accidents involving pedestrians among accidents for which
AEB reduction is difficult and accidents that are not targeted by the AEB could be reduced by designing vehicles
with improved pedestrian head protection performance. We also estimated the area of other vehicle safety
measures. Specifically, we estimated the number of fatal accidents that could be reduced by enhancing the AEB
functions (i.e., additional fatal accident reduction effects can be expected by widening the sensing range and
thereby diversifying the AEB response scenarios) or other vehicle safety measures (e.g., device for pedal
misapplication prevention, automatic high beam, Advanced emergency steering system). The remaining accidents
are currently unaddressed fatal accidents that cannot be addressed through vehicle safety measures.

In this estimation, we targeted accidents from 2015 to 2017, when the AEB had just begun to spread, and
assumed that the AEB dissemination rate was 0%. We estimated the number of fatal accidents that would be
reduced if the AEB were 100% disseminated.
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Figure 2. Accident classification method
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Figure 3. Pedestrian accident analysis flowchart

Estimation of fatal accident reduction effect of AEB
We used the macro accident data to estimate the effect of the AEB on fatal accident reduction. The basic idea

of estimating the accident reduction effect was to calculate the number of accidents that can be prevented by
equipping the vehicle with an AEB. The target AEB-installed vehicles were four-wheeled vehicles (ordinary
passenger + light(Kei) passenger + regular cargo + light(Kei) cargo) for which the Japan New Car Assessment
Program (JNCAP) started evaluation tests from FY2016 and future installation was expected. Figure 4 shows the
procedure for effect estimation. First, we extracted the accident scenes where accident reduction could be expected
by the AEB according to its function (i.e., accidents targeted by AEB). The commercially available AEB applies
brake control when the system determines that a collision is unavoidable based on the distance and speed of a
pedestrian crossing the road as the vehicle is traveling straight ahead, and the conditions for extracting a specific
accident were set as listed subsequently. Additionally, it is difficult to address scenes in which a pedestrian
suddenly rushes out of a blind spot. Therefore, in addition to the extraction conditions, accidents involving a
pedestrian “rushing out” in violation of the law were excluded as being out of the scope of support. Accidents
within the extraction conditions were aggregated, regardless of whether four-wheeled vehicles driver's fault or
not.

+ Accident type: pedestrian-to-vehicle accident(as pedestrian crosses road)

+ Action type: driving straight ahead

+ AEB Operating speed range: driving speed (hazard recognition speed for four-wheeled vehicles) not

exceeding 60 km/h
+ Pedestrian law violations: other than rushing out

The 2021 INCAP AEB for pedestrian test results indicate that most of the vehicle models tested earned perfect
scores. Therefore, it is assumed that AEB could prevent fatalities in all extracted accidents. However, the INCAP
results were obtained under limited conditions, and in an actual traffic environment, the AEB may not operate
normally even within the above extraction conditions (i.e., conditions in which it functions) owing to the weather
or the state of the detection target (i.e., when the contour of the entire pedestrian's body is vague, such as when
the pedestrian is slouching or wearing a raincoat) [2]. Excluding such conditions from the aggregate conditions
of the macro accident data, although desirable for more precise prediction of effects, is difficult. Therefore, in this
study, we estimated the extent to which the number of accidents were reduced after the introduction of AEB by
applying a coefficient for converting the INCAP evaluation results under limited conditions into performance
under the actual environment (i.e., traffic environment application coefficient).

The Ministry of Land, Infrastructure, Transport and Tourism [3] evaluated the degree to which accidents were
reduced by an AEB with average performance. In the study, macro accident data (2016) were used to estimate the
accident rate of vehicles with and without an AEB (number of accidents per 1,000 vehicles per year), as shown in
Table 1. The daytime accident reduction rate (which expresses the number of accidents that can be avoided by
equipping a vehicle with pedestrian AEB) were 35.7%. However, this value was attributed to not only the AEB
performance but traffic environment factors as well. Therefore, we investigated the JNCAP results, which
indicated the AEB performance, to extract traffic environment factors. The INCAP performance evaluation results
of AEB in the same period as the evaluation' period are summarized in Table 2. For example, at a test speed of 30
km/h, 95.8% of the vehicles successfully stop in front of the pedestrian target (=accident reduction rate); however,
at 60 km/h, the accidence reduction rate, at 33.3%, was different as a result of speed, and the range was 33.3—
95.8%. The accident avoidance rate of the AEB was applied to the accident data from 2015-2017 and it was found
that the AEB reduced the accident rate by 76.4% (=10687.39/13980) on the average. Therefore, the traffic
environment application coefficient was calculated as 0.467 (=0.357/0.764). Strictly speaking, it is possible that
the traffic environment application coefficients during the day are different from those at nighttime. However, in
this study, we assumed that they were the same.

Omoda 3



Table 3 shows the final reduction effect of the AEB. In 2015-2017, there were a total of 3,441 accidents
involving pedestrian fatalities, 1,855 of which were within the scope of AEB operation. Of this number, a total of
866.29 cases (=1855%0.467) were found to be reduction cases.
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Figure 4. Reduction effect estimation flowchart for AEB for pedestrian

Table 1. Average AEB for pedestrian accident reduction rate (daytime)[3]

Accident rate Equipped 0.09
(number of accidents per 1,000 vehicles per year) Unequipped 0.14
Accident reduction rate 35.7%

(Accident reduction rate) =1 - (Accident rate of equipped vehicle) / (Accident rate of unequipped vehicle)

Table 2. Test results of AEB for pedestrian in JNCAP (daytime) and estimated number of accident

reductions
Collision speed (km/h)
Collisi iti i
0 |.5'0"' <10 <20 <30 <40 <50 <60 Hazard recognition Number of Acmde.r\t
Avoidance speed (km/h) accidents  |reduction
- 10 55.6%|- - - - - <10 2097 931.07
Initial speed
(sHazard |22 0.0%| 18.1%|- - - - <20 3761]  3080.26
i - 30 1.4% 0.0% 2.8%|- - - <30 3741 3583.88
recognition
speed) <40 1.4% 11.1% 6.9% 4.2%|- - <40 3142 2400.49
(kmy/h) <50 0.0% 2.8% 8.3% 15.3% 12.5%|- <50 1004 613.44
60 0.0% 19.4% 6.9% 4.2% 4.2%| 31.9% <60 235 78.26
Total 13980 10687.39
Table 3. Fatal accident reduction effect of AEB for pedestrian
Hazard recognition speed [km/h] <10 <20 <30 <40 <50 <60 <70 <80 <90 <100 >100 | Others Total
Total number of pedestrian to veficle | 5491 357 76|  720] 921| 48| 195| 66| 15| 10 8 I
fatal accidents
AEB targeting fatal accidents 4 24 120 515 693 499 — — — — — — 1855
Fatal accidents reduction by AEB 1.87| 11.21| 56.04| 240.51| 323.63| 233.03 - - - - - - 866.29

Estimation of fatal accident reduction effect by pedestrian head protection performance improvement

A majority of injuries to pedestrians in fatal accidents are head injuries. Therefore, a shock-absorbing structure
for the front part of the vehicle, such as a bonnet hood, has been adopted as a technology for pedestrians as a
passive safety measure. In this study the reduction effect of this measure were analyzed.

Figure 5 shows the relationship between all pedestrian accidents and accidents where fatalities could be avoided
by improved pedestrian head protection performance. The reduction effect (s) was obtained by multiplying the
pedestrian head protection target accident (S) with the effect (E) arising from the improved pedestrian head
protection. Pedestrian head protection performance is considered effective in accidents where fatalities cannot be
prevented by the AEB. Therefore, it is crucial to prevent overlapping effects with AEB when estimating the effect
of improved pedestrian head protection on fatal accident reduction. We estimated the effect through the following
procedure.

1) Estimate the number of fatal accidents that could be prevented by improving head protection performance

(Satpy)
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2) Estimate the number of fatal accidents that were avoided with AEB that could be avoided by improving head
protection performance (sg)

3) Estimate the number of fatal accidents that could be avoided by improving head protection performance,
excluding the overlapping effect with AEB (Sq+p+y- Sp)

Of all pedestrian accidents, those that are targeted by head protection S,p+, were extracted by applying the
following restrictions.
+ collision site where a pedestrian collide : “front of four-wheeled vehicle”
* body part of a pedestrian mainly injured: “head”

Accidents where fatalities were prevented by the AEB and were subject to head protection (Sg) were obtained
by limiting the AEB accident reduction effects in the previous section to those subject to head protection.

For improvement of the pedestrian head protection performance, we estimated the degree to which fatal
accidents could be reduced if vehicles with performance equivalent to JNCAP Level 5 became widespread. The
effect is assumed to the difference in the fatality rate between the average performance of vehicles from 2010 to
2017 and the performance of vehicles that acquired JNCAP Level 5 during the same period. Figure 6 shows the
the results of fatality rates by speed (number of fatal accidents / (number of fatalities + serious injuries + minor
injuries)), and Figure 6(b) shows the fatality rate by speed, as estimated by logistic regression, based on Figure
6(a). It can be confirmed that INCAP Level 5 had a lower fatality rate over a wide speed range.

Table 4 shows the number of fatal accidents that were reduced by improving the pedestrian head protection
performance. The estimated result after excluding the overlap with the final AEB was 41.50 cases.

All fatal accidents involving pedestrians

Head protection performance targeting

fatal accidents S

Fatal accidents that could be avoided through

head protection performance improvement s
(where B is excluded as overlapping part)

reduction
by AEB

Figure 5. Relationship between AEB for pedestrian and number of fatal accidents that could be reduced by
pedestrian head protection performance
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Figure 6. Fatality rate by hazard recognition speed
Table 4. Reduction effect of improved head protection performance
Hazard recognition speed [km/h] <10 <20 <30 <40 <50 <60 <70 <80 <90 <100 Total
Number of fatal accidents Sarpry 38 81 75| 280 357] 254 89 34 8 4] 1220
Ss 1.40] 1.40] 15.41] 88.26] 125.16] 88.26 - - - —[ 319.90
Fatality rate reduction % E -0.41] -0.43] -0.01] 1.58] 4.92] 8.85] 10.43] 8.81] 5.96] 3.52 -
Sa++y(=Sarpsy<E) -0.16] -0.35] -0.01] 4.42] 17.56] 22.48] 9.28] 3.00[ o0.48] 0.14] 56.85
Fatal accident reduction sp(=SpxE) -0.01) -0.01) 0.00] 1.39] 6.16] 7.81 - - - - 15.35
Say(=Sa+pry~Sp) -0.15] -0.34] -0.01] 3.03] 11.41] 14.67[ 9.28] 3.00[ o0.48] 0.14] 41.50

Survey of other vehicle safety measures

In this section, we summarize the initiatives for vehicle safety measures other than AEB and pedestrian head
protection performance improvement. We made selections based on technologies that target pedestrian accidents
among the technologies summarized in the ASV (Advanced Safety Vehicle) Technologies Overview [4] as
initiatives of other vehicle safety measures. The selections were divided into two categories: enhancements of
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AEB function and devices other than AEB. Devices that are mainly intended to reduce driving-related burdens
(i.e., devices classified as driving load reduction control) were excluded from this study.

Enhancements of AEB function

In the ASV Technologies Overview, driving assistance technologies for passenger cars, which are positioned as
an accident avoidance support control function with a function for controlling braking devices include low-speed
vehicle peripheral collision mitigation braking devices (Peripheral sonar with brake) and rear obstacle collision
mitigation braking devices(Rear cross traffic advanced emergency brake). It was not clearly specified that the
target accident is a pedestrian-vehicle accident for any of the devices. However, it is expected that the devices will
be expanded in the future.

Current AEB were designed mainly to respond to events in which a vehicle equipped with this function traveling
“straight ahead” collides with a “pedestrian crossing the road” . However, improvements in pedestrian detection
performance can expand the events that can be handled. Meanwhile, the NCAP in each country has started to
evaluate AEB performance for bicycle accidents and intersection accidents [5], [6]. For example, if the device can
respond to rear-end collisions with bicycles, then it can be expected to reduce the number of collisions with
pedestrians facing or backing to a vehicle, and collisions when vehicle are overtaking or passing a pedestrian.
Additionally, the ability to respond to accidents at intersections is expected to detect pedestrians when the vehicle
is turning left or right at intersections. Table 5 shows the expected accident reduction areas by the AEB function
expansion.

Table 5. Areas expected to benefit from AEB function expansion

Device name Accident type Vehicle behavior type Vehicle speed range
Low-speed vehicle peripheral collision | - While working on road, + Other than backing up - Low-speed range
mitigation braking device + While playing on road
Rear obstacle collision mitigation | - Other than while lying on road + Backing up + Low-speed range
braking device
Expanded AEB pedestrian detection | -+ While crossing road, + Straight ahead, * Low- / medium-speed
range (rear-end collision)* + Facing to vehicle / back to vehicle, + Overtaking / passing, range

+ While standing on road + Changing course,

Expanded AEB pedestrian detection | + While crossing road + Left / right turn, + Low-speed range
range (intersection)* + Facing to vehicle / back to vehicle + While turning

+ While stationary on road

Low-speed range: 30 km/h or less; medium-speed range: 30 km/h —60 km/h; high-speed range: >60 km/h
*Not name of device

Devices other than AEB

Accident types that are difficult to address using AEB include “accidents in which the brake pedal is mistaken
for the accelerator” and “accidents when the speed range is high”. In both cases, there may be interference between
the AEB brake control and the driver’s operation, such that the device may be unable to actively intervene in
braking. To avoid interference with the driver’s operation, driving support system generally prioritize the intention
of the driver [7], and in the event of an accident in which the driver accidentally steps on the accelerator instead
of the brake, the device may prioritize the driver’s accelerator position. Therefore, it is difficult for the system to
intervene in braking even if the driver operates the accelerator pedal by mistake. Pedal misapplication prevention
device compatible with pedestrians detection is expected to spread in the future [8].

On high speed, avoidance by steering is more effective than avoidance by braking [9]; therefore, braking
interventions by the device are delayed to avoid interference with the driver’s steering avoidance operation. An
advanced emergency steering system, which was commercialized in 2017 [10], may be able to respond to
accidents in the high-speed range. The device enables pedestrian accident avoidance by intervening in steering
when pedestrians are in front of the vehicle and it is impossible to avoid an accident using AEB alone.

Another type of accident that is difficult for AEB to address is “the accidents when pedestrian lies on the road
(road-lying accidents)”. In road-lying accidents, the pedestrian who is lying on the road can have a variety of
postures, and it is currently considered technically difficult to respond to such pedestrians using AEB [11].
Advanced lights may enable drivers to better detect pedestrians, thus avoiding road-lying accidents. Advanced
lights include four devices related to headlights, high-intensity headlights, variable orientation headlights,
automatic switching headlights, and automatic anti-glare headlights. Among these devices, automatic anti-glare
headlights will reduce accidents, considering that the “majority of nighttime pedestrian accidents occurred while
driving with low beams, and that it has been indicated that in many cases, such accidents may possibly have been
avoided if driving with high beams” [12]. It is difficult to obtain the effects of high beams at low-speed ranges.
Therefore, there are many vehicle models in which the device operates at medium-speed ranges (over 30 km/h)
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and higher.

From the above results, the pedal misapplication prevention device, advanced emergency steering system, and
automatic anti-glare headlights are considered specifically effective for accident types that are difficult to address
using AEB. Table 6 shows the accident areas in which devices other than AEB are expected to have an effect. The
area where the effects of these devices are expected may overlap with the area of AEB function expansion.
However, in the case of overlap, we decided to prioritize the AEB function expansion.

Table 6. Areas where vehicle safety measures other than AEB are expected to be effective

Device name Accident type Vehicle behavior Speed range etc.
pattern

Pedal misapplication prevention | Unlimited Unlimited + Low-speed range

device * Operational error
Advanced emergency  steering | - Other than during crossing + Straight ahead * Medium-/high-speed range
system

Automatic anti-glare headlights + Lying on road + Straight ahead + Medium-/high-speed range

* Night

Low-speed range: 30 km/h or less, medium-speed range: between 30 km/h and 60 km/h, high-speed range: over 60 km/h

RESULTS AND DISCUSSION OF THE STATUS OF INITIATIVES TO REDUCE FATAL ACCIDENTS
INVOLVING PEDESTRIANS THROUGH VEHICLE SAFETY MEASURES

Results

Figure 7 shows the results of categorizing fatal accidents involving pedestrians according to daytime and
nighttime. These data were the total number of fatalities from 2015 to 2017. The accident reduction estimation
were carried out in case that the dissemination of AEB and improvement of pedestrian head protection
performance is 100%. Meanwhile, the areas of other vehicle safety measures are areas where not all accidents can
be reduced by the other vehicle safety.

Figure 7 shows that, the rate of fatal accidents can be reduced by approximately 20% and 29%, respectively, by
dissemination of AEB and improvement of pedestrian head protection performance in the daytime and nighttime.
It could also be observed that AEB function expansion and devices other than AEB covered approximately 38%
and 23% during the daytime and nighttime, respectively. Meanwhile, when combining the areas where accident
reduction with AEB is difficult and those that are not addressed (by current vehicle safety measures), the areas
that it is difficult for the vehicle safety measure to prevent fatal pedestrian accident are left approximately 42%
and 48% of fatal accidents in the daytime and nighttime, respectively.

Characteristics of non-addressed areas

Figure 8 shows the categorization of fatal accidents involving pedestrians by hazard recognition speed and by
day/night. Three areas with many accidents can be observed as characteristics of the “non-addressed” areas: (1)
low-speed range (30 km/h or less) in daytime; (2) high-speed range (over 60 km/h) at night; and (3) low-speed
range (30 km/h or less) at night. Therefore, we further analyzed the characteristics of accidents in each area
according to the accident location.

(1) Low-speed range in daytime

Figure 9 shows the number of fatal accidents in non-addressed areas according to accident location and speed
range. Figure 9(a) shows that there were 153 cases at the low-speed ranges of 30 km/h or less during the day,
which accounted for approximately 77% of the total. Of these, approximately 45% (=69/153) occurred in other
locations used for public traffic, which include parking lots of stores, as well as squares, vacant lots. In the future,
it is important to take measures against accidents that occur in such locations. However, in the macro accident
data classification, the types of accidents that occur in other locations used for public traffic are often classified
as “other”, which makes it difficult to glean details from such data.

(2) High-speed range at night

Figure 9(b) shows that there were 215 cases at high-speed ranges exceeding 60 km/h during the night, which
accounted for approximately 53% (=215/406) of the total. Of these, 205 occurred in areas equivalent to arterial
roads with a road width of 5.5 m or more (henceforth, referred to as “arterial road”). Furthermore, of the 205 cases,
67% (=138/205) occurred within the speed range of 60 km/h— 70 km/h; fatalities can be avoided by increasing the
operating speed range of the current AEB or by individual and technical approaches to make drivers keep speed
limit.
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(3) Low-speed range at night

During the nighttime, 119 cases within the low-speed ranges, accounting for approximately 31% (=119/385) of
the non-addressed areas at night. Furthermore, of the 119 cases, 73 were road-lying accidents, which are difficult
to address using the current AEB [11]. Fatal accidents can be further reduced by considering safety measures that
are not dependent on the vehicle only.

L1 AEB dissemination @ Head protection performance improvement
[ AEB function enhancement M Device other than AEB
O AEB reduction difficulty B Non-addressed at present

19.1%
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(a) Daytime (978) (b) Nighttime (2463)

Figure 7. Ratio of vehicle safety measures against pedestrian accidents (at 100% dissemination)
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Figure 8. Ratio of vehicle safety measures against pedestrian accidents by speed (at 100% dissemination)
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Figure 9. Non-addressed areas by accident occurrence location and speed range (speed range = other
excluded)
Low-speed range: 30 km/h or less; medium-speed range: 30 km/h— 60 km/h; high-speed range: > 60 km/h

Analysis issues

In this study, we expressed situations where the AEB could not operate normally owing to the weather or the
state of the detection target, even if the conditions are favorable, using the traffic environment application
coefficient that was calculated from the evaluation results of AEB. The results showed that there were many areas
(AEB reduction difficulty) where pedestrian accident reduction with AEB was difficult within the speed range of
30 km/h— 60 km/h. To investigate the safety measures in this area, it is important to investigate the actual
conditions under which these accidents occurred. It is necessary to collect data that enables the analysis of
situations where AEB does not function.

CONCLUSION

In this study, we organized the status of initiatives for vehicle safety measures for pedestrian traffic accidents
to promote not only vehicle safety measures but also measures for the society as a whole to achieve zero traffic
accident fatalities. The status of initiatives refers to such as AEB and pedestrian head protection performance, as
well as other vehicle safety measures whose effects are unknown but which are taken to reduce fatal accidents.
These were then organized by day/night and speed. These analyses showed that areas in which vehicle safety
measures are currently not implemented account for approximately 42% and 48% of fatal accidents in the daytime
and nighttime, respectively.

In the future, it is expected that such quantitative results serve as a basis for not only considering additional
vehicle safety measures but also for collaborations with such as road and traffic administrators, to efficiently
achieve goals toward zero fatalities. In particular, there are increasing expectations for safety measures that utilize
communication technology (vehicle to everything: V2X), and it is necessary to specifically investigate the
direction of measures that utilize V2X. Furthermore, although this study was the analysis of pedestrian accidents,
similar studies are necessary for bicycle accidents, which are also related to vulnerable road users.
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ABSTRACT

This register study, focusing on children from (0-17 years), aimed to investigate traffic injuries (AIS1-5)
among children on roads in Sweden between 2000 and 2019. The Swedish national database (STRADA) was
used. It includes road traffic crashes reported by the police and by emergency care centers. The data included
road user group, age, gender, injury type, AIS level, and use of seatbelt or child restraint. Descriptive statistical
analysis and simple linear regression were performed to investigate significant changes in injury distribution
between 2010 and 2019. A total of 14 731 registered crashes during the last 20 years involved 15 045 injured
children (0-17 years). Six thousand six hundred forty-three were girls and 8088 boys. The total number of
injuries decreased over time (40% since 2010). Most injured children (80%) sustained minor injuries (AIS1).
Most were 12 to 17 years old (80%). A change in injury distribution was found according to age; for 0-9-year-
olds, most injured children were pedestrians, while for 9-13 years old’s, bicyclists were most common. For 14-
16-year-old children, moped riders were most common. Most injured children (62%) were vulnerable road
users (2000-2019). A 15% increase in the proportion of injuries between 2010 and 2019 was found. A 24%
decrease in the proportion of injuries for children as vehicle occupants (excl. motorcycle and moped riders)
between 2010 and 2019 was found; still, in 2019, 35% of the injured children were vehicle passengers. The
most frequently injured body region was the head (26%), followed by the neck (19%). Eleven percent of the
injured children in cars were unbelted. Twenty-two percent of the 0-12 years old children did not use a proper
child restraint. The study confirms that Sweden's traffic safety for children (0-17 years) has improved since
2000. A 40% reduction in the number of injuries was found between 2010-2019 (including minor injuries that
account for 80% of all reported injuries). The study also highlights that for vulnerable road users, the
proportion of child injuries (0-17 years) increased by 15%, which was lower than vehicle occupants (24%
decrease). Moped riders account for the largest road user group (35%) (2000-2019). Therefore, it is important
to improve protection for children as vulnerable road users both regarding severe injuries as well as minor
injuries leading to long term consequences for a safe (sustainable) traffic environment.

INTRODUCTION

Traffic safety is on the global agenda. Target 3.6 in the UN Sustainability Development Goals state the
ambition to reduce fatalities and injuries by at least 50% by 2030 [1]. UNICEEF is the global custodian for
children, responsible for 7 of the UN sustainability goals [2]. Knowledge of accident and injury distribution is
important for designing a safe road transport system and prioritizing countermeasures that minimize the risk of
traffic accidents and injuries (e.g., recommendations on speed limits, separation of road user groups, helmets,
and restraint use). A total of 390 children were killed on European roads, and more than 6000 were seriously
injured in 2020 [3]. Children have physical and cognitive limitations that make them more at risk., Children are
less visible to drivers due to their small stature and when in traffic, have a lower field of view than adults.
Their posture and size also influence the type of injuries they sustain in crashes. Over the past decade (2011-



2020), road safety for children has improved more rapidly than road safety for the rest of the population (46%
and 36% decrease in mortality, respectively) [3]. Serious injuries for children in traffic crashes account for
approximately 5% of all serious road traffic injuries in the EU [3]. There are, however, large differences within
the EU countries. The mortality rate for children in traffic is ten times higher in Romania compared to Norway,
Cyprus, or Sweden [3]. The proportion of child road traffic deaths compared to all causes of death varies from
less than 2% in Norway to over 11% in Latvia, and about 10% in Israel, Czechia, and Romania [3]. In 2020 a
total of 204 road traffic fatalities occurred in Sweden, of which 15 were under the age of 18 [4]. Approximately
100 000 children are born each year in Sweden, and 23% of the Swedish population is under the age of 19.
Approximately 500 children under 19 died of any cause in Sweden in 2020, a decrease from 670 fatalities in
2000. Sweden has a strong safety culture manifested in national programs such as Vision Zero [5] and the
annual road traffic safety targets [6, 7]. Since 2005 children under 15 must use a helmet while biking. Since
2008 it has been mandatory to have a driving license for a moped, which can be obtained from the age of 15. A
driver’s license for cars can be obtained by age 18 (from 16, it is allowed to drive with an educated supervisor).
The use of child restraints has been regulated by law since 1988, and in 2007 a requirement to use child
restraints up to a height of 135 cm was implemented. Focused regional efforts have increased the awareness of
child safety in traffic [8, 9]. During the last decade, Sweden has had a 23% reduction in deaths on roads,
meaning that the national target of a 50% reduction over the period 2007-2020 has been reached [10]. Sweden
is now working towards target 3.6 adopted in the UN sustainability goals for 2030, targeting a 50% decrease in
mortality over the decade. Typically, mortality and serious injury rates are used as safety targets in the EU for
international comparison, e.g.,[1, 3, 11]. However, there is less knowledge regarding the development of minor
injuries. Moreover, many minor injuries could lead to long-term consequences [12]. Children, as a road user
group, are not analyzed separately on the same regularity as adults. Hence, this study takes advantage of 20
years (2000-2019) of data covering road traffic accidents in Sweden, where accident and injury distributions
are studied for children 0-17 years of age as various road users. This study thus targets children specifically,
includes all injury severity levels, and complements official statistics on fatality and serious injury rates. The
result can guide preventive actions for children of various ages and road user groups to reach the UN Agenda
2030 goals.

METHOD

Material

This study is based on the registry STRADA, the Swedish national system for traffic injury data collection (for
a full description of STRADA, see [13]. The Swedish Transport Agency hosts STRADA with restricted access.
For example, ethical approval is needed for access. STRADA includes information from two separate sources;
traffic accidents reported by the police and medical reports provided by Swedish emergency hospitals. Only
accidents within the road transport environment are included. The road environment is defined as a street,
pedestrian and cycle path, sidewalk, separate parking, market square, public transport stop, or petrol station. A
road accident is defined as a sudden event (collision) within the traffic environment that leads to a personal
injury. Fall (e.g., falling when walking on pavement) is typically not included within the dataset in line with
the international definition of an accident in the road system. The information in the registry is pseudonymized.
Extracted dataset for this study includes all unintentional injuries (i.e., excluding suicide) of children aged 0-17
years during the study period 2000-2019, which can be found in both data sources (police reports and hospital
data). For each injury, extracted variables from police reports include accident number, reference number,
accident date, accident description, seatbelt use, child restraint use, road characteristics, speed limit, road user
group (pedestrian, cyclist, moped rider, car occupant, bus occupant, light/heavy truck occupant, etc.), and
injury severity as set by the police in two categories (minor and serious injury). Extracted variables from
medical reports include accident number, reference number, accident date, diagnostic code, road user group
(the same categories as in the police report), injury type, AIS level, age, and gender. Body region was derived
from the injury diagnosis. One accident can include more than one child, and each child can sustain multiple
injuries. One child can be involved in several accidents during the study period. The Swedish ethical review
authority approved the research via the regional ethical board in Stockholm (DRnr 2018/711-31/5).

Analysis

The analysis was performed with descriptive statistics, including frequencies and proportion (percentages) of
all available variables for children 0-17 years old (excluding. suicide) for 2000-2019. The studied variables



were road user group, age, gender, injury type, body region, AIS level, seatbelt, and child restraint use. Excel
Power Pivot (v. 2108) and SAS Enterprise Guide (v. 8.3.0.103) were used for statistical analysis. 95%
confidence intervals (CI) were used to identify significant changes between variables, Eq. (1). The road user
groups included: pedestrians, cyclists, moped riders, car occupants, bus occupants, light/heavy truck occupants,
and others (tractors, snowmobiles, horse riders, off-road vehicles, etc.). The road user groups were also divided
into two categories according to their degree of protection in traffic; (1) vulnerable road users (VRU) include
unprotected road users such as pedestrians, cyclists, motorcycle riders, and moped riders, and (2) vehicle
occupants refer to passengers who are protected inside a car, bus, or heavy/ light vehicle. Changes over time
were highlighted by calculating relative change (Eq. 2) and by estimating the trend with simple linear
regression between 2010 and 2019 to ensure a none-overlapping 95% CI (Eq. 2). By 2010, all hospitals in
Sweden were included in STRADA and by excluding 2020, the covid pandemic year is accounted for in the
analysis.

95% confidence interval: cl (Eq. 1)

Relative change: ¢ = 22— %1

1

(Eq. 2)

RESULTS

During the study period, 2000-2019, a total of 13 139 registered traffic accidents occurred that involved 14 731
(unique) injured children (0-17 years old). Six thousand six hundred forty-three were girls, and 8088 were
boys. A total of 34 776 injuries are included in the data set. The descriptive statistics are presented (Figures 1
to 6), and corresponding frequencies include 95% CI for the included variables. A visualization of the simple
regression analysis is presented in the Appendix.

Age and gender distribution of injured children

The majority (80%) of the reported injured children between 2000 and 2019 (including all severity levels and
road user groups) were 12 to 17 years old, Figure 1. Over time, a general decline in injured children (0-17
years old) was found (2000-2019). Subsequent simple linear regression analyses for the accident years 2010 to
2019 (when all hospitals were included) estimates a significant negative trend for injured children in the 12 to
17 age group (a 40% decrease). The trend estimates a 95% CI for mean 2010 and 2019 is non-overlapping. See
Appendix, Figure Al.
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Figure 1. The number of injuries across age groups during the study period (2010-2019). The corresponding
table, including CI 95%, can be found in the Appendix, Table A2.

Children in the 0-5-year-old age group were most often injured as pedestrians (23%), while 9-13-year-olds
were mostly injured as bicyclists (22%). Between 12-17 years old, children were mostly injured as moped
riders (44%), Figure 2. The proportion of injured children as car occupants decreased by age: 0-5 years (68%),



7-11 years (55%), and 12-17 (28%). Boys accounted for 55% of the number of injured and girls 45%
(accidents 2000-2019). For moped riders, a larger proportion of boys were injured than girls (64% and 36%,
respectively).
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Figure 2. The Proportion of injured children per road user group by age. The corresponding table, including

[frequencies, proportions, and CI 95%, can be found in the Appendix, Table A3.

The distribution between different road user groups

A majority (62%) of the injured children 0-17 years old (including all severity levels) were injured as
vulnerable road users during the study period (2000-2019) Figure 3, where eight percent were traveling as
pedestrians, 13% as a bicyclist (13%), and 35% as moped riders. Children 0-17 years old traveling as vehicle
occupants (bus, car, light/heavy vehicle) accounted for 38% of all road traffic injuries during the study period
(2000-2019). Car occupants specifically accounted for 35% of all injuries. Simple linear regression analysis
estimated significant trends (decreases) for the following groups (children 0-17) between the accident year
2010 and 2019 (Appendix, Figures A2-AS5): vulnerable road users (30%), vehicle occupants (54%), car
occupants (57%), moped riders (35%). Indications of decreases in the number of injured children between
2010 and 2019 for pedestrians and bicyclists were found (not significant). Considering the proportion of
injuries among children as vulnerable road users and vehicle occupants between 2010 and 2019, a 15%
increase could be seen for vulnerable road users, during a 24% decrease in injuries for vehicle occupants.
Based on police data, the proportion of injured children using child restraints increased during the same period
(from 14% in 2010 to 25% in 2019). Nevertheless, 11% of the children injured as car occupants did not wear
the seatbelt, and as high as 14% of the 12-17 years old were unbelted. Twenty-two percent of 0-12-year-old
children did not use proper child restraint.
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Figure 3. The proportion of injured children per road user group and accident year. The corresponding table,

including frequencies, proportions, and 95% Cls, can be found in the Appendix, Table A4.

Injured body region

The main injured body regions for injured children aged 0-17 years (2000-2019), including all road user groups
and injury severity levels, were the leg and pelvis (35%), followed by upper extremities (22%) and head/face
(20%), Figure 4. However, the injury distribution varied according to the road user groups. For vulnerable road
users, the most injured body regions were leg and pelvis injuries (36%), followed by the arm (25%) and
head/face (22%). For pedestrians and bicyclists specifically, head/face (30-31%) is the second largest body
region. The major injured body regions for vehicle occupants were the head (26%) and neck (19%). No major
trends were found over 2010-2019 when comparing relative changes for injured body regions except for car
occupants. Head/throat injuries were reduced to a larger extent (300%) than other body regions (total mean of
176%).
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Figure 4. The overview of injured body regions per road user group, including all ages and severity levels. The

corresponding table with frequencies, proportions, and 95%Cls can be found in the Appendix, Table A5.

Injury severity level

Over the 20 years investigated, most injuries sustained by children (0-17 years old), including all road user
groups, were minor injuries (80%) (AIS1), Figure 5. Moderate to serious injuries (AIS 2+) accounted for 20 %.
Most of those receiving moderate to serious injury (AIS2+) were 15 years old or older. The injury severity for
children (0-17) varied among the road user groups during the study period (2000-2019). Motorcycle riders
sustained the most severe injuries (AIS3+: 9%). Large road user groups sustained moderate injuries (AIS2)
includes motorcycle riders (27%), moped riders (15%), pedestrians (18%). Only a small variation could be
seen in severity levels between vulnerable road users (AIS1: 80%; AIS2:16%; AIS3+4%) and vehicle
occupants (AIS1: 82%; AIS2: 13%, AIS3+: 5%). Over time, the number of injuries has decreased by 40% for
children (0-17 years) (2010-2019). However, a larger decrease is seen for minor injuries (AIS1: 47%) than
moderate to severe ones (AIS2+: 24%). The linear regression analysis indicated significant changes in the
estimated trends between 2010-2019 for minor injuries but not for moderate to severe injuries, see Appendix
Figure A10-Al11.
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Figure 5. The overview of the severity of injuries according to the AIS scale as reported by the hospitals
divided into road user groups (2000-2019). The corresponding table with frequencies, proportions, and 95%
ClIs can be found in the Appendix, Table A6.

Type of accident

The vulnerable road users were most often struck by a vehicle (73%), and approximately 20% were involved in
single-vehicle crashes (with no (human) counterpart). Forty-seven percent of vehicle crashes involved another
vehicle, and about 30% were single-vehicle crashes.

DISCUSSION

Over time, an overall decrease in road fatalities has been reported for children and adults[10, 11]. However,
this study shows a significant decrease in the number of injuries (including minor injuries) sustained by 12-17-
year-old children, while there is no significant trend for the other age groups. There may be many reasons for
this trend. Children travel increasingly independently as they age. Their choice of transportation changes
accordingly. This point is also reflected in the injury distribution of this study as in other studies on fatal child
injuries. Children in the 0-5-year-old age group were most often injured as pedestrians (23%), while 9-13-year-
olds were mostly injured as bicyclists (22%). Twelve to 17-year-olds were mostly injured as moped riders
(44%). Hence, the decrease in injuries for car occupants by age is probably a result of traveling by other means
of transportation. Therefore, it is important not to consider children (0-17) as one homogenous group. In this
study, moped riders are the most frequently injured road user group for children 0-17 years (35%) and as much
as 74% of the 15 years old children. A significant decline in the number of injuries when traveling by moped
was found during the study period (2010-2019). In 2008, a driver’s license was introduced for moped riders.
Despite that fact, moped riders were the largest road user group involved in crashes in 2019, indicating the
need for more preventive actions.

Official statistics on fatality rates for the year 2020 show that car occupants accounted for more than 50% of
the fatalities (106 out of 204), while the numbers for pedestrians and moped riders are lower (25 and 2,
respectively) [10, 11]. This study has shown that vulnerable road users account for the majority (62%) of the
injuries, while children injured as car occupants account for about 35%. Historically preventive actions for car
occupants have been prioritized. The national goals for reducing fatality rates among car occupants have been
fulfilled in Sweden. However, the fatality rates for vulnerable road users do not show the same positive trend.
This fact is also true for children. This study shows that 0-17-year-old children injured as vulnerable road users



increased by 15% during the study period 2010 to 2019, while children injured as car occupants decreased by
59%. Carlson et al. [14]showed that fatalities among 0-14-year-old children as passengers decreased by 83%
from 1980 to 2010, while for vulnerable road users, the decrease was only 30%. Another report[11] also
shows a mortality rate reduction between 29% and 74% for different road user groups over time. This study
shows the need for more preventive actions to reduce injuries sustained by children traveling as vulnerable
road users, especially as moped riders.

Knowledge of accident and injury distributions among road users and age groups for children is important to
design a safe road system and prioritize preventive actions. Sweden has successfully adopted the Vision Zero
program, a strategic approach for a safe system where no one should be fatally or seriously injured while using
the road transport system. This study identifies that motorcycle riders (AIS3+) are the largest group for serious
and sever injuries. The long-term national goal, Vision Zero, regarding a 50% reduction in fatality rates, has
been fulfilled for car occupants and children in cars. However, for vulnerable road users, the goals have not
been fulfilled, urging more preventive actions.

Even though 0-17-year-old children only represent 23% of Sweden’s population and only 4% of those people
were fatally injured in traffic in 2019, this study shows that an average of 750 children are injured each year,
and 80% are minor. In Sweden, a serious injury is defined as an injury leading to any kind of permanent
medical impairment. Out of all injuries (for all ages) leading to permanent medical impairment, 81% are
initially reported as minor by the police and regarded as minor according to the AIS scale [12]. The figure for
the corresponding proportion of injuries to children 0-12 years old is 67% [15]. Future studies must identify
injuries leading to permanent medical impairment for children as road users and in different age groups. This
information is important for finding effective preventive actions.

Limitations

The nationwide coverage of STRADA varies over time, and the inclusion process has changed (e.g., due to
GDPR 2018). The CovID pandemic (2020) influences the number of reported cases. This situation has been
accounted for in the analysis by (1) focusing on the last ten years of data (because by then, most hospitals had
been included in the data set) and (2) excluding the COVID pandemic year 2020. Furthermore, people suffering
from a minor injury requiring only primary care, without being directed to a hospital, are not recorded in
STRADA. However, road users with minor injuries known by the police are reported in STRADA. Fatalities
are excluded from the data set because the hospitals stopped reporting them in 2018. The injured road user
must be reported by the police and a hospital to be included in the analysis. In some cases, only one source
could report an injured road user. Therefore, the number of injured children presented is an underestimation of
the total number of injured children, especially from 2000-2010. Falls on the road system (e.g., a pedestrian
falling while walking on the pavement) are not typically included in STRADA because they are not covered by
the definition of traffic accidents and are, therefore, most often not reported. Studies have shown that falls are a
major pedestrian accident category (influencing perceived traffic safety). Including a fall as a road traffic
accident could impact the distribution of injuries among road user groups [16].

CONCLUSION

This study confirms that traffic safety for 0-17-year-old children in Sweden is improving over time, with a
40% reduction in the number of injuries (AIS1-AIS3) during the last decade. The improvement varies by age
and means of travel. Therefore, it is important not to consider 0-17-year-old children as one homogenous
group. Studies have shown that most fatally injured children are injured as car occupants. However, this study
shows that the majority of injured children were vulnerable road users (i.e., pedestrians, bicyclists, moped and
e-scooter, and horse riders). Moped riders were in 2019, despite the large reduction due to the introduction of a
driving license in 2008, the most frequently injured road user group for children. Even though there is a general
decline in the number of injured children, the proportion of vulnerable road users is increasing (15%) and does
not follow the same positive trend as vehicle occupants (24% decrease). Therefore, more effort is needed to
protect children as vulnerable road users to fulfill the UN sustainability and the national Swedish Vision Zero
goals. Future studies should identify injuries leading to permanent medical impairment for children as different
road users and in different age groups. This information is important for finding effective preventive actions.
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APPENDIX

Table Al. The overview of the total number of injured children from 2000-2020. One child can be injured

several times during the study period. Other vehicles include, e.g., tractors, snowmobiles, and 4-wheelers.

Vulnerable road users (VRU)

Vehicle occupants (excluding

Moped/MC)
Pedest | Cyclists | Mopeds | Motor | Cars Buses | Heavy | Other | Total
rians bikes /light | vehicl
vehicl | es
es

Age
0-5 179 48 9 2 540 2 6 5 791
6-11 447 501 25 13 1233 21 3 16 2259
12-17 1019 1585 5266 305 3380 125 19 386 12020
Gender
Girl 843 921 1958 48 2799 88 10 133 6268
Boy 800 1213 3341 272 2352 60 18 274 8058
Unbelted
0-5 9%
5-11 6%
12-17 13%
Child Restraint
0-5 10%
6-11 28%
12-17 10%

Table A2. The corresponding table to Figure 1. The number of injuries across age groups during the study

period (2010-2019), including frequencies and 95% Cls.

Number of injured children

% (C1 95%)

Year 0-5 6-11 12-17 0-17 0-5 6-11 12-17
2010 41 130 727 898 5+6.4% 15+6.0% 81%+2.9%
2011 38 100 678 816 5+6.7% 12+6.4% 83%+2.8%
2012 50 164 689 903 6£6.3% 18+5.9% 76%+3.2%
2013 53 140 571 764 7+£6.8% 18+6.4% 74%+3.6%
2014 40 129 579 748 5+7.0% 17+6.5% 77%+3.4%
2015 38 101 571 710 5+7.2% 14+6.8% 80%+3.3%
2016 47 101 526 674 7+7.3% 15+7.0% 78%+3.5%
2017 32 130 550 712 5+£7.2% 18+6.6% 77%+3.5%
2018 33 104 509 646 5+7.5% 16+7.1% 78%+3.6%
2019 30 82 426 538 6+£8.2% 15+7.8% 79%+3.9%
2000-

2020 414 1222 6090 7726 5.25% 15.01% 79.89%
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Table A3. The corresponding table to Figure 2. The proportion of injured children (0-17) by age group per

road user group for 2000-2020, including frequencies and 95% CIs. Other vehicles include, e.g., tractors,

snowmobiles, and 4-wheelers.

Number of injured children

% (CI95%)

0-5 6-11 12-17 0-17 0-5 6-11 12-17 0-17
Buses 2 21 125 148 03+7.0% 0.9+4.1% 0.9+1.8% 1£1.6%
Cyclists 48 496 1583 2127 6+6.8% 22+3.6%  22x1.6% 13+£1.5%
Pedestrians 179 456 1022 1655 23+6.1%  20+3.7%  20+1.6% 9+1.5%
Trucks 6 3 19 28 1+6.9% 0.1+4.1%  0.1x1.8%  0.2+1.6%
Mopeds 9 25 5269 5302 1+6.9% 1+4.1% 1+1.8% 44+1.3%
MCs 2 13 305 320 03x7.0% 0.6+4.1%  0.6+1.8% 3+1.6%
Cars 540 1233 3381 5152 68+3.9%  54+2.8%  55%x1.2% 28+1.3%
Other vehicles 5 13 382 400  0.6£7.0% 0.5+4.1%  0.6+1.8% 3+1.6%
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Table A4. The corresponding Table to Figure 3. The proportion of injured children per road user group and

accident year 2010-2019, including frequencies and 95% CIs. VRU refers to vulnerable road users not

protected by a vehicle (e.g., pedestrians, cyclists, and moped riders). Vehicle occupants include those people

who are protected inside a vehicle (e.g., buses, cars, trucks). Other vehicles include, e.g., tractors,

snowmobiles, and 4-wheelers.

Number of injured children

Vehicle Pedes

VRUs occupants Buses Cyclists trians Trucks Mopeds MCs Cars Others
2010 530 371 1 106 105 1 296 18 348 26
2011 528 288 9 113 96 1 290 25 262 20
2012 510 391 8 124 108 2 259 17 361 24
2013 465 300 9 127 98 1 221 15 274 21
2014 459 289 8 130 82 222 16 257 33
2015 413 298 9 117 77 1 205 12 258 33
2016 414 260 7 84 87 1 227 11 231 26
2017 450 262 11 122 102 2 194 26 211 44
2018 434 213 2 91 85 242 8 190 29
2019 370 169 4 93 66 2 191 16 141 26

% (CI95%)

2010 59+42% 41%5.0% 0+6.5% 12+6.1% 12+6.1% 0.1+6.5% 33+5.4% 2+6.5% 39+5.1% 3+6.4%
2011 65+4.1% 35+5.5% 1+6.8% 14+6.4% 12+64% 0.1+6.9% 36+5.5% 3+6.8% 32%5.7% 2+6.8%
2012 57+43% 43+49% 126.5% 1426.1% 12+6.1% 0.2+6.5% 29+5.5% 2+6.5% 40+5.1% 3+6.4%
2013 61+4.4% 39+55% 1+7.0% 17+6.5% 13+6.6% 0.1+7.1% 29+6.0% 2+7.0% 3625.7% 3+7.0%
2014 61+45% 39+5.6% 1+7.1% 17+6.5% 11+6.8% 0.040 30+6.0% 2+7.1% 34+5.8% 4+7.0%
2015 58+4.8% 42+5.6% 1+7.3% 16%6.7% 11+6.9% 0.1+7.4% 29+6.2% 2+7.3% 36+5.9% 5+7.2%
2016 61+4.7% 39+5.9% 1+7.5% 12+7.1% 13+7.0% 0.1£7.5% 34+6.1% 2+7.5% 3426.1% 4+7.4%
2017 63+4.5% 37+5.9% 2+73% 17+6.7% 14+6.8% 0.1£7.3% 27+6.3% 4+72% 30+6.2% 6+7.1%
2018 67+4.4% 33+58% 0+7.7% 14+7.1% 13+£72% 0.3+0 37+6.1% 1+7.7% 29+6.5% 4+7.5%
2019 69+4.7% 31+63% 1+8.4% 17+7.7% 12+7.9% 0.4+8.4% 36+6.8% 3+8.3% 2627.3% 5+8.2%
2000-
2020 63% 38%  0.98% 14.14% 11.00% 0.19% 35.24% 2.13% 34.24%
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Table AS. The corresponding Table to Figure 4. The overview of injured body regions per road user group,

including all ages and severity levels (2000-2020). One child can have multiple injuries. VRU refers to

vulnerable road users not protected by a vehicle (e.g., pedestrians, cyclists, and moped riders). Vehicle

occupants include those people who are protected inside a vehicle (e.g., buses, cars, trucks). Other vehicles

include, e.g., tractors, snowmobiles, and 4-wheelers.

Number of injuries

VRUs Vehicle Other
occupants  Buses Cyclists Pedestrians Trucks = Mopeds MC Cars vehicles
Head/face 4634 2723 77 1469 1262 17 1663 193 2363 313
Upper
extremity 6136 1617 48 1221 704 11 3944 233 1416 176
Leg and pelvis 10828 1536 43 1925 1714 29 6710 429 1320 194
Thorax 597 671 15 111 139 293 41 617 52
Thoracic spine 697 849 13 201 110 1 329 39 798 55
Abdomen 1013 663 15 229 176 1 566 33 612 44
Throat 70 141 21 7 2 37 133 4
Lumbar spine 208 248 4 58 38 1 102 6 224 23
Neck 680 1911 46 145 91 5 413 20 1785 86
External injury 299 144 3 73 57 1 154 15 113 27
% (CI95%)

Head/face 18+1.1% 21x1.5% 29+10.1% 27+2.3%  29+2.5%  25x20% 12%+1.5% 19%+5.5% 25+1.8% 29+5.2%
gﬁf;;ity 24+1.1% 15£1.8% 18+10.9% 22+23%  16x2.7% 16£21% 28+1.4%  23+54% 15x1.9% 18+5.7%
Leg and pelvis  43+0.9% 15x1.8%  17+11% 35+£2.1% 40+£23%  43x18% 47+12% 42+477% 14x1.9% 16+5.6%
Thorax 2+1.2%  6x1.9%  6x11.7% 2+2.6% 3+2.9% 0,00+0 2+1.6% 4+6% 7£2.0%  6+6.1%
Thoracic spine  3+129%  8x1.8%  5:11.7% 4%2.6%  3x3.0%  1+24%  2+1.6% 4£6%  9£1.9% 5+6.1%
Abdomen 4+12%  6x19%  6x11.7%  4+2.6% 4+2.9% 1+24% 3+1.6% 3+6.1%  6£2.0% 6+6.1%
Throat 03£1.2% 1x19%  0.8+12% 0.3+2.6% 0.2+3.0% 3+24% 0.3+1.6% 0.5+6.1% 1+2.0% 0.8+6.3%
Lumbar spine  0.8+1.2% 2+1.9% 1.5x11.9% 1+2.6% 0.9+3.0% 1£24% 0.7x1.6% 0.6£6.1% 2+2.0% 1+6.2%
Neck 27€1.2% 18+1.7% 17x109% 3+2.6% 2+3.0% 7+23% 3+1.6% 2+6.1%  19+1.8% 17+6%
External injury  1.2+1.2% 1x1.9% 1+11.9%  1+2.6% 1+3.0% 1+24% 1+1.6% 1+6.1%  1£2.0% 1£6.2%
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Table A6. The Corresponding Table to Figure 5. The overview of the severity of injury according to the AIS

scale reported by hospitals divided into road user groups from 2000-2020. VRU refers to vulnerable road users

not protected by a vehicle (e.g., pedestrians, cyclists, moped riders). Vehicle occupants include those people

who are protected inside a vehicle (e.g., buses, cars, trucks). Other vehicles include, e.g., tractors,

snowmobiles, and 4-wheelers.

Number of injuries

Vehicle
Buses Cyclists Pedestrians Trucks Mopeds  MCs Cars Othesr  VRUs  occupants
AlIS1 234 4504 3248 59 11483 640 7649 734 19986 8565
AIS2+ 31 935 1039 9 2701 373 1713 239 5122 1918
AIS3+ 14 212 267 584 99 463 72 1187 524
% (CI95%)
AlIS 1 88+4.2% 83x1.1% 76x1.48%  87+8.7% 81+0.7% 63+£3.7% 82+0.9% 75+£3.1% 79+0.5% 82+0.8%
AIS2 6£11.6% 13+2.47% 18+x2.71% 13+22.2% 15+1.5% 27+52% 13+x1.9% 17+5.7% 16x1.1% 13+£1.8%
AIS 3+  5£11.7% 4+2.61% 6+2.9% 0+0% 4+1.6% 10£5.8% 5£2%  T7+6.1% 5+1.3% 5+2.1%
Number of Injuries, age 12 - 17 years
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Figure Al. A simple linear regression analysis with an estimated trend for the number of injuries (2010-2019)

for children 0-17 years old.
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Figure A2. A simple linear regression analysis with an estimated trend for the number of injured VRU (2010-

2019) for children 0-17 years old.
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Figure A3. A simple linear regression analysis with an estimated trend for the number of injured vehicle

occupants (2010-2019) for children 0-17 years old.
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Number of injuries
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Figure A4. A simple linear regression analysis with an estimated trend for the number of injured children (0-

17) traveling by car (2010-2019).

Number of injuries

Number of Injuries, Moped
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Figure AS. A simple linear regression analysis with an estimated trend for the number of injured children (0-

17) traveling by moped (2010-2019).
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Number of Injuries, Minor
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Figure A6. A simple linear regression analysis with an estimated trend for the number of minor injuries (2010-

2019) for children 0-17 years old.
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Figure A7. A simple linear regression analysis with an estimated trend for the number of moderate to serious

injuries (2010-2019) for children 0-17 years old.
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Percentage of injuries
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Figure A8. A simple linear regression analysis with an estimated trend in the proportion of VRU injuries

(2010-2019) for children 0-17 years old.

Percentage of injuries

Proportion of Injuries in percent, Vehicle occupant

459, | Estimated Trend

vehicle_occupa8t= 17.0592 + -0.0083*year

o
40% —
o
o

35% Q

Observations 10 o

MSE 0.00
30% — R-Square 0.42

1 1 1 I 1

2010 2012 2014 2016 2018
Accident Year
[ @ 95% Confidence Limits Regression |

Figure A9. A simple linear regression analysis with an estimated trend of the proportion of vehicle occupant

injuries (2010-2019) for children 0-17 years old.
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Figure A10. A simple linear regression analysis with an estimated trend in the number of AISI injuries (2010-

2019) for children 0-17 years old.
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Figure All. A simple linear regression analysis with an estimated trend in the number of AIS2+ injuries

(2010-2019) for children 0-17 years old.
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ABSTRACT

World-wide test and assessment procedures for passive pedestrian protection have been in place for many years.
Passive safety requirements within global technical regulation no. 9 (UN-GTRO) are prescribed through tests to the
front ends of stationary vehicles with instrumented impactors representing the pedestrian’s head, pelvis and lower
extremities. However, no specific requirements are included for vehicles equipped with active bonnets and other
deployable pedestrian protection systems (DPPS). This paper describes the work of the UN informal working group
(IWG) to develop procedures on DPPS that are intended to be incorporated into UN-GTR9 and UN-RI127 as
amendments.

DPPS must work as intended during actual vehicle-to-pedestrian accidents. Therefore, test methods and conditions
need to reflect the challenges DPPS are facing during actual and representative accident scenarios, but without being
design restrictive. Several prerequisites need to be met in order to assure that DPPS operate properly and offer at
least the same level of pedestrian protection as conventional passive pedestrian protection systems. These
prerequisites include system requirements providing pedestrian detection and the timely and safe DPPS deployment.
Also, headform tests are run at impact speeds below the DPPS deployment threshold on the undeployed system to
confirm the undeployed bonnet is sufficiently safe.

Draft amendments intended for UN-GTR9 and UN-R127 are being finalized by the IWG on DPPS to harmonize
testing under the agreements of 1958 and 1998 while preserving contracting parties’ options for domestic standards.
Results reported herein include IWG investigations of: (1) An appropriate impactor to assure a pedestrian is detected
by the front-end sensing system; (2) Real world pedestrian accidents to determine the needed width of the detection
test area; (3) Qualification procedures for Human Body Models (HBM) for use in simulations to determine head
impact times (HIT) and impact locations; (4) An empirical formula to determine HIT in lieu of HBM computer
simulations; (5) Experimental determination of the total response time of the DPPS. Altogether, the amendments
provide for headform impact test conditions on deployable systems against established performance requirements to
reduce head injury risk.

A DPPS is expected to offer a sufficient level of pedestrian protection while preserving vehicle design freedom.
Several shortcomings of the developed procedure are discussed and limitations are identified which could reduce the
actual pedestrian protection during a crash: The FlexPLI does not mimic the hardest to detect pedestrian. The
detection test area does not fully account for all pedestrian impact trajectories. The bonnet clearance afforded by a
DPPS could be compromised by the upper body load. The deployment height and the oncoming speed of the
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deploying bonnet could differ between testing and real-world scenarios. A valid HIT determination using a HBM
simulation on a given vehicle model requires good CAE correlation with the actual vehicle. The alternatives,
experimental testing or an empirical formulation to determine HIT, could increase objectivity.

The draft procedures are being developed by the IWG for consideration as amendment to UN-GTR9 and UN-R127.
It will offer an approach for compliance testing of vehicles equipped with DPPS. Since UN-R127 and the European
New Car Assessment Programme (Euro NCAP) have extended their scopes to the head protection of bicyclists, the
DPPS head protection potential should be investigated accordingly in future studies.

INTRODUCTION

Test and assessment procedures for vehicle-related passive pedestrian protection have been in place internatio-
nally for many years. These procedures evolved from Working Groups 10 and 17 of the European Enhanced
Vehicle-safety Committee (EEVC, 2002) and the pedestrian working group within the International Harmoni-
zation of Research Activities (IHRA) (Mizuno, 2001). Then, the European Directive 2003/102/EC introduced
the first mandatory requirements with effect from October 2005 (European Union, 2003). These were followed
by Regulation (EC) No 78/2009 on pedestrian protection in January 2009 (European Union, 2009). The global
technical regulation on pedestrian safety (UN-GTR9) under the parallel agreement of 1998 was published in
January 2009 (UNECE, 2009) and United Nations Economic Commission for Europe Regulation on pedestrian
safety (UN-R127) under the umbrella of the agreement of 1958 entered into force in November 2012 (UNECE,
2013).

More recently, since July 2022, Regulation (EU) 2019/2144 on type-approval requirements for motor vehicles
as regards their general safety and the protection of vehicle occupants and vulnerable road users governs the
legal passive pedestrian protection requirements for obtaining a European whole vehicle type approval (Euro-
pean Union, 2019).

Deployable Pedestrian Protection Systems (DPPS)

The most common type of DPPS to date is an active bonnet. It incorporates actuators and lever arms to automatical-
ly lift the bonnet upon detecting that a pedestrian has been struck by the front-end of the vehicle. The system acts to
pre-position the bonnet before the secondary impact takes place with an oncoming pedestrian. In doing so, space is
created between the bonnet and rigid components in the engine bay, thus reducing the risk of injury to the pedestri-
an. A second type of DPPS is an airbag e.g. deploying from the cowl area and partially covering hard structures of
the windscreen periphery (e.g. lower frame, A-pillars).

DPPS are not directly addressed in UN-GTR9 or UN-R127. The GTR9 regulatory text merely states that “all
devices designed to protect vulnerable road users when impacted by the vehicle shall be correctly activated
before and/or be active during the relevant test” and furthermore adds the manufacturer’s responsibility to
demonstrate any devices acting as intended during a pedestrian impact.

The current preamble of UN-GTRO offers a guideline to Contracting Parties for performing headform tests on
vehicles with DPPS. The “Certification Standard for Type Approval Testing of Active Deployable Systems of
the Bonnet/Windscreen Area” (UNECE, 2005), prepared by the International Organization of Motor Vehicle
Manufacturers (OICA), provides a broad overview for determining whether a headform test on the deployed
system, on the deploying system, or another type of test should be carried out. It contains a decision tree analy-
sis devised for a type approval system of compliance in which the vehicle manufacturer and a type approval
authority agree on the test parameters. However, the guidelines serve only to specify terminology for defining
the timing of a launch as provided by the manufacturer, without specifying the timing itself. They do not cover
requirements for the deployment threshold or the detection test area.

IWG on DPPS

Soon after UN-GTR9 was adopted, Euro NCAP introduced more sophisticated test provisions and require-
ments for deployable bonnets (Euro NCAP, 2010). Similar to those provisions, the IWG on DPPS is develop-

Zander 2



ing amendments to UN-GTRY and UN-R127 with regards to the prerequisites and modified test provisions that
are indispensable for assessing the safety level provided to pedestrians’ heads by deployable systems during
accidents. The prerequisites mainly comprise of (1) sufficient protection of a pedestrian at vehicle speeds be-
low the deployment velocity threshold of the system, (2) the capability to detect a pedestrian during an impact,
and (3) appropriate timing for a DPPS to be in the correct position for providing head protection during the
impact. Each of these prerequisites is discussed in this paper. Depending on the degree of fulfillment of those
prerequisites, the draft amendment will require headform tests to be performed either statically on the fully
deployed DPPS, dynamically on a deploying DPPS, or statically on the DPPS in fully stowed position. A cer-
tain level of head protection also at vehicle speeds beyond 40km/h and the actual protection level of the DPPS
during real world pedestrian accidents being sufficiently reflected by experimental impactor tests are further
aspects for a proper functionality of the system and may be additionally considered in the future.

PROTECTION AT SPEEDS BELOW THE DEPLOYMENT THRESHOLD

DPPS are technical systems which are designed to increase head protection for a pedestrian in the event of an
impact by a four-wheeled power-driven vehicle. This safety benefit is usually implemented by means of addi-
tional clearance between the bonnet and the underlying structure for sufficient energy absorption before any
possible hard contact. Since DPPS do not activate below the “lower deployment velocity threshold,” head pro-
tection at an impact velocity corresponding to this vehicle speed must be demonstrated to an equal level of
protection of a passive, non-deployable system. This is done by performing a number of component tests with
the headform impactors at the defined velocities.

Previous studies have suggested that head impact velocities of a pedestrian may correspond to not more than in
average 0.9 times the vehicle speed (UNECE, 2003). However, wide variations of head impact velocities can
be observed depending on the position of the pedestrian prior to impact, the pedestrian’s stature, shape of the
vehicle, random effects of different body parts and the chosen surrogate (Hardy et al., 2007). A range of head
impact velocities with k-factors (the ratio between head velocity and vehicle speed) between 0.68 and 1.5 for a
car impact speed of 40km/h were reported by Lawrence et al. (2004). Since those estimations were also taken
into account when defining the test provisions for the legal headform tests at 35km/h, the same factor of 0.9
has been applied by the IWG for head impacts below the lower deployment threshold.

For UN-R127, the draft amendment calls for three headform tests, one to each third of the headform test area,
are to be performed at an impact velocity of 0.9 times the corresponding vehicle’s lower deployment velocity
threshold. The GTR draft amendment will not place restrictions on the number of headform tests. The markup
for the performance zones where the head performance criterion (HPC) must not exceed values of 1000 or
1700 may differ from that for the headform tests at the nominal impactor velocities of 35km/h.

PEDESTRIAN DETECTION

In order to take into consideration the safety benefit provided by a DPPS in the event of a collision, the pedes-
trian must be appropriately detected. To account for a range of real-world accident scenarios covering the most
common and frequent cases, the draft amendment requires tests with a pedestrian surrogate representing a
broad variety of pedestrian statures and stances. According to the draft amendment, the tests have to be carried
out on the area of the vehicle front where a pedestrian impact can be expected. It is assumed that a vehicle-to-
pedestrian impact at the vehicle speed corresponding to the lower deployment threshold of the DPPS repre-
sents the most challenging case to be detected (referred to as “hardest to detect”, or HTD) by the sensing sys-
tem.

Pedestrian surrogate
During the discussions among members of the IWG on DPPS, it was recognized that most of the currently

available impactors show several shortcomings when acting as pedestrian surrogates for the purpose of detec-
tion and sensor activation. The pros and cons of available pedestrian legform impactors were investigated in
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terms of scope, certification procedures, contact biofidelity, representativeness, and applicability during com-
ponent or full-scale tests (see Table 1.

Comparison of candidate Sensing Impactors (Zander et al., 2020)

Table 1.

State of the art /
Current Usage

Dynamic Certification
(Injury Criteria)

Contact Biofidelity
Mass

Representativeness

Applicability

Summary

Tool for homologation
in Regulation (EC)
No. 78/2009

50th percentile
Pedestrian surrogate
in Euro NCAP
Pedestrian Testing
Protocol (++)

Procedure and
verification of 3
criteria (internal
biofidelity)

(+)

not verified (-)
13.4kg

50th male

Yes (moving car)
Feasibility in low
speed testing with
propelled impactor

+)

+++

Tool for homologation
in Regulation (EC)
No. 78/2009 and UN-
R127/UN-GTR9
(+++)

Procedure and
verification of 5
criteria (internal
biofidelity)

(+)

not verified (-)
9.5-18kg

50th male

No (needed mass
reduction to 7.4kg for
HTD approximation
not feasible. New
guiding system would
be needed)

=)

++

Tool for homologation
in UN-R127/UN-GTR9
50th percentile
Pedestrian surrogate in
Euro NCAP Pedestrian
Testing Protocol

(+++)

2 procedures and
verification of 7 criteria
each (internal
biofidelity) (++)

not verified (-)
13.2kg

50th male

Yes (moving car)
Feasibility in low speed
testing with propelled
impactor

+)

g

Tool for HTD Pedestrian
surrogate in Euro NCAP
Pedestrian Testing
Protocol

+)

Not available
)

verified (+)
6.7kg

Various statures (++++)

Yes (moving car)
Feasibility in low speed
testing with propelled
impactor

(+)

-ttt

According to the summary table, the pedestrian detection impactor 2 (PDI-2) would be the first choice as pe-
destrian representative. However, while its very conservative and demanding requirements seem appropriate
for consumer tests, it sometimes underestimates the loads that are emanated from a pedestrian onto a sensing

system.

Figure 1 shows that the mean intrusions, forces, and energy levels (i.e. the internal energy of the expanded
polypropylene foam block at the middle loadpath, considering intrusions and horizontal and vertical defor-
mation) induced by the PDI-2 (evaluated only at the approximate height of the sensor system, i.e. in the middle
loadpath) are very often at the lower end of the scale when being compared to Human Body Model simula-
tions, the FlexPLI, and the EEVC WG 17 pedestrian legform impactor (Pauer et al., 2018).
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Figure 1. Loadings from pedestrian Human Body Models, PDI-2, FlexPLI and EEVC WG17 PLI on the
vehicle frontend — Example Sedan 2D test frame, 25km/h, perpendicular impact at mid loadpath (Pauer et al.,
2018).

The FlexPLI, on the other hand, provides good representativeness and contact biofidelity. Furthermore, it has
already been established as a tool for injury assessment in UN-GTRY, UN-R127, as well as consumer tests. It
was demonstrated to have good repeatability for injury assessment. Dynamic certification tests were estab-
lished to assure the reproducibility of the device and repeatability during testing. The device is fully specified
within UNECE Mutual Resolution No. 1, including a complete set of engineering drawings (UNECE, 2020).

For a validation of its contact biofidelity, properties of the FlexPLI that are relevant for the sensor signals need
to stay within defined tolerances. When meeting the tolerances as defined within the impactor specifications
(UNECE, 2018), its total mass, the mass distribution, moments of inertia, centers of gravity, lateral dimensions
for all load paths and the bending stiffness around the y axis can be considered very robust. Furthermore, the
stability of the impactor local stiffness / compression behavior in the longitudinal direction at height of the
vehicle mid cross beam were evaluated by the intrusion which can be approximated by integrating twice the
channel filter class (CFC) 180-filtered (to account for the test specification) acceleration signal. The double
integral then needs to stay within a narrow range.

The results of a number of dynamic inverse tests, derived from the inverse test as described in UN-GTR9 and
UN-R127, were evaluated with regards to the repeatability of the acceleration signal. Acceleration, as de-
scribed above, is the most convenient criterion for ensuring high quality contact biofidelity. The acceleration
measurement needs to be done at the impactor itself, and not on the impacting aluminum honeycomb, as speci-
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fied in Figure 2, in order to get the full path of travel of the impactor and to damp the effect of scatter of the
folding honeycomb. The tests were performed at a common DPPS lower deployment velocity threshold of
25km/h. Two inverse tests, each with halved honeycombs, were carried out with ten certified FlexPLI im-
pactors (UNECE, 2018). One impact height matched the inverse certification test at the knee, the second one
was 64mm lower on the tibia, altogether representing “worst case” heights of typical cross beam structures
around the requirement of the Research Council for Automotive Repairs (RCAR, 2010), see

Figure 2. The accelerations were measured with the standard accelerometer positioned at the knee location,

523mm above ground level, and an additional accelerometer positioned at the uppermost tibia segment,
459mm above ground level:

Z axis
release the FlexPLI
within 10 ms after the
moving ram impact
Y axis

FlexPLI with Flesh
(cross sectional image)

Standard accelerometer
position A

Moving ram
Total Mass: 8,1 +/- 0.05 kg
Impact speed: 11,1 +/-0.2 m/s

Depth (d)
60 +/-5mm

Additional accelerometer
position B

Length (1)
160 +/- 2 mm

Crash strength: 75 +/- 10% psi

* All values related to Ground Level

Figure 2. Test setup and positioning of the accelerometers for FlexPLI contact biofidelity check (Zander
et al., 2020-2).

The determined displacement vs. time results of the inverse tests are plotted in Figure 3 for the honeycomb
alignment with the knee (left) and with the tibia (right). The coefficients of variation were calculated at differ-
ent time steps at 20, 25, 30 and 35ms after the impact with 2.4-2.8% for the knee impact and 5.7-6.2% for the
tibia impact. Altogether, the repeatability of the displacement was good or acceptable.

N
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Figure 3. Displacement vs. time for the knee test (left) and the tibia test (right) (Gehring et al., 2021).
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Altogether, it could be demonstrated that the FlexPLI represents a pedestrian surrogate that can be used for the
sensing verification of a DPPS. However, the impactor can only represent a limited range of typical load cases.
The authors recommend including the corresponding language within the preamble of UN-GTRY and in UN-
R127.

Detection test area

As one of the fundamental prerequisites to account for the potential safety benefits of a DPPS, any pedestrian
needs to be detected during an accident prior to head impact on the vehicle. The IWG discussed the required
width of the area on the vehicle front where a pedestrian needs to be detected in order to purposefully initiate
the DPPS. The area definition should balance the zone where a pedestrian contact with the vehicle front could
occur as well as the technical feasibility and limitations of an impactor test.

In a study of the German In Depth Accidents (GIDAS), Zander et al. (2014) found that first contact of
pedestrians take place, in principle, over the entire width of the vehicle, where thus a detection would be
needed. A Laboratory of Accidentology and Biomechanics (LAB) study of the In-Depth Database of only
injured or fatal accidents in France (LAB, 2022) revealed no head impacts to the bonnet for cases in which a
pedestrian was struck outside the longitudinal frame rails of the vehicle, while approximately 1/3 of cases
resulted in a pelvis impact to the bonnet. The LAB study found that the area outside the frame rails accounts
for approximately 15-20% of the vehicle width.

A pedestrian may tend to spin off at the outer widths of typical angled or V-shaped vehicle front end surfaces,
without a head-to-bonnet impact. This effect may be even more pronounced when using a leg impactor as
pedestrian surrogate without attaching additional mass representative of the pedestrian’s hip, torso, arms, neck
and head. The lower mass reduces the load on the sensing system and is therefore not representative of a
pedestrian.

Several possible definitions for a detection test area were discussed by the IWG. Based on the laboratory
results from post-mortem human subject (PMHS) tests, HBM simulations and full-scale dummy tests, there
was mainly a longitudinal wrap-around of the pedestrian, with low lateral offset, and thus a detection area with
lateral dimensions identical to the width of the activated part of the DPPS was suggested (JASIC, 2021). On
the other hand, GIDAS data showed a number of real-world cases with a significant lateral offset between the
first leg impact and the subsequent pedestrian head impact (Zander et al., 2021). Among the proposals for the
detection test area were:

(a) to use the existing lower leg bumper test area (BTA) as defined in UN-R127 and UN-GTRY;

(b) to use the corner reference points (CRPs) as specified in UN-R127 (the intersections of the side reference
lines (SRLs) and the bonnet leading edge reference line (BLERL)) as outer boundaries;

(c) to use a percentage of the relevant vehicle width (RVW), where RVW is defined as the width at the cross-
section of the front axle, without rear view mirrors or rear-view mirror substitute systems. Under this setting,
the detection test area is taken from reference points on the vehicle front-end that are (12.5% * RVW) inboard
from the outer boundaries of the RVW. Thus, all vehicles would be equally treated, regardless of their
effective width;

(d) in addition to (c), to account for wider vehicles, a subtraction of no more than 250mm on either vehicle
side would be allowed,;

(e) to exclude any structure-based criterion such as the cross beam with possible additional structures which
are appended to fulfill crash test requirements for different markets.

In subsequent deliberations, the IWG decided against the use of the corner reference points. It was noted by
IWG participants that when a vehicle has multiple or continuous intersections between the BLERL and the
SLR, the most outboard point is used as the CRP. It was also noted that the distance between right and left
CRPs can be narrowed easily by a minor, cosmetic redesign of the vehicle front end. Such a redesign would
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have no effect on the legform test zone, but could lead to large differences in CRP locations and thus greatly
affect the DPPS detection test area.

The IWG also deliberated on the use of the BTA, which is defined as the wider of the width defined by the
corners of the bumper (CoB, determined by contacting the vehicle front with a corner gauge maintaining an
angle of 60° to the vehicle longitudinal centre plane) and the width of the underlying bumper beam. The IWG
decided to exclude the bumper beam, reasoning this to be consistent with a performance-based standard. If a
bumper beam requirement had been included, it would have partly acted to prescribe the currently prevalent
sensing tube technology and the form of the bumper beam itself. A regulation should not prescribe a particular
design nor stand in the way of new technologies, such as different sensing technologies or bumper beams that
utilize different materials, shapes and functions.

While discussing the various definitions, the IWG also examined a survey of current vehicles with DPPS on
the market, see Table 2 (VDA, 2022). The survey revealed the 12.5% stipulation would determine the width of
the detection test area in all but one case. It also showed that the reported width of sensing of some (but not
all) vehicles would exceed the width of the detection test area.

Additionally, the survey demonstrated that the width of sensing, i.e. the area in which a detection of a
pedestrian is potentially covered, can also extend outboard into an area where the front-end is highly curved
and a glancing blow of the impactor could occur. Furthermore, subtracting 12.5% of the relevant vehicle width
at each side could also still result in an area with potential impactor spin-off. In general, new vehicles are
expected to have a greater width of sensing relative to vehicles not fulfilling any of the requirements
associated with a detection test area.

Table 2. Survey of current vehicles with DPPS (VDA, 2022).

OEM RVW#* RVW - Corner Width of | Type of sensing system Vehicle
(mm) 2*12,5% gauge - Sensing Category
(mm) 2*42mm (mm)

#1 1985 1108 1390 single pressure tube SUV

#3 1954 1012 1544 pressure tube + 3 accel. SuUv

#4 1922 1672 single pressure tube Sedan
#5 1880 1110 1316 single pressure tube Sedan
#1 1878 1328 1600 single pressure tube Suv

#3 1876 1234 1380 single pressure tube Suv

#5 1871 972 1472 pressure tube + 3 accel. Sedan
#1 1838 1120 1400 7 accelerometers Sedan
#2 1820 1258 1410 single pressure tube Sedan
#3 1798 1304 1424 single pressure tube Compact
#4 1790 1170 1430 pressure tube + 3 accel. Compact
#5 1777 1200 1276 single pressure tube Compact

*The 250 mm stipulation did not apply to any of the vehicles in the survey.
Dark green: Determination of the Detection Test Area
Light Green: Width of Sensing larger than Detection Test Area

The IWG finally agreed upon that the minimum width of the detection test area would be the relevant vehicle

width minus 12.5% (but not more than 250mm) on each side. Additionally, the width must extend to at least 42
mm inboard of each corner of bumper (CoB), see Figure 4:
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<12,5% of RVW and
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Detection Test Area Width
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Figure 4. Definition of the Detection Test Area (based on Gehring et al., 2020).

Depending on the outer contour of the vehicle frontend, the detection test area is either determined by the CoB
-42mm on either side (compare Figure 5 left), or the relevant vehicle width -12,5% on either side (Figure 5,

right):

CoB -42mm (l+r) > 75% of RVW

CoB (I

Relevant Vehicle Width (RVW)

75% of RVW

CoB -42mm (l+r)

f
L Detection Test Area |

CoB -42mm (l+r) < 75% of RVW

Relevant Vehicle Width (RVW)

75% of RVW

i CoB -42mm (l+r) |

L Detection Test Area !

Figure 5. Factors for the determination of the detection test area.
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Sensor activation tests

The draft amendment specifies sensor activation tests for UN-R127 and UN-GTRY. For UN-R127, the detec-
tion test area will be subdivided into thirds of equal width, measured with a flexible tape along the outer
bumper contour at a height of the upper bumper reference line. A minimum of one test per third with the Flex-
PLI, with a distance of at least 50mm to adjacent points, will be performed at the lower deployment velocity
threshold. For UN-GTRO, there will be no mandates on the number of tests or where along the bumper refer-
ence line testing is carried out.

When tested with a moving vehicle against a stationary impactor, a vehicle velocity tolerance of +0.6m/s and
an impact accuracy of £50mm must be met. During the inverse test with the FlexPLI propelled against the
stationary vehicle, all tolerances on impact velocity and impact location specified in the UN-R127 / UN-GTR9
injury assessment tests must be fulfilled. Tests must be repeated if they do not meet the prescribed test specifi-
cations and the DPPS does not deploy. If the DPPS does not activate in any of the tests, the subsequent head-
form tests will be performed with the DPPS in the undeployed position.

TIMING OF DPPS DEPLOYMENT

As one of the indispensable prerequisites for consideration of the safety benefits provided by a DPPS, its posi-
tion must be in its intended position during the pedestrian’s head impact. For testing the DPPS statically in the
fully deployed position, the total response time (TRT) of the system must be smaller or equal to the head im-
pact time: TRT < HIT. If the TRT > HIT, the test is to be performed dynamically on a deploying DPPS or stat-
ically on a completely undeployed system. For contracting parties not considering static tests on the fully
deployed system, the determination of the TRT is not necessary; however the sensing time (ST) as part of the
TRT as well as the HIT must be determined in order to appropriately synchronize the firing times of the head
impactor and the DPPS during dynamic headform tests.

Total response time

The total response time is the first benchmark for deciding upon the state of the DPPS during static headform
tests. It is the sum of the sensing time (ST) and the deployment time (DT): TRT = ST + DT. The sensing time
is understood as the duration from the time of first contact of the pedestrian (excluding forearms and hands)
with the vehicle outer surface until the initiation of the deployment. The deployment time means the duration
from the initiation of the deployment until the DPPS reaches its deployed position. The sensing time is exper-
imentally determined during an impactor test with the FlexPLI at 40km/h. It starts with the first contact of the
impactor with the vehicle frontend. As with the sensor activation tests, this test can be performed either as a
driving test with a stationary FlexPLI or as an inverse test with the FlexPLI being propelled horizontally
against the vehicle frontend. The same test specifications as for the sensor activation tests apply.

The IWG discussed several aspects that need to be taken into account when determining the TRT. The TRT
can, in principle, be considered as the elapsed time from the point of first contact with the pedestrian until the
operating condition of the DPPS. However, a full deployment is not necessarily equal to the required deploy-
ment height (RDH), i.e. the height which is required in order to provide sufficient clearance under the bonnet
for head energy absorption. Furthermore, a full deployment / final state can differ from the maximum deploy-
ment height since, after having reached the maximum, the DPPS may oscillate and fade out around the final
state. For each test point on the bonnet, the RDH, maximum deployment height (MDH), and final state and
their corresponding timings will need to be compared with the HIT of the pedestrian. Figure 6 illustrates possi-
ble different states of the DPPS during its deployment:
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Figure 6. DPPS deployment height vs. time (Zander, 2022-2).

Subsequent to the required deployment time (RDT), i.e. the duration from the time of first contact of a pedes-
trian with the vehicle front until the DPPS reaches (stops at or passes) the RDH, the system may continue mov-
ing upwards until it has reached the MDH at the maximum deployment time (MDT). Afterwards, it may con-
tinue to oscillate around the full deployment height which will be the final state of the DPPS.

According to the draft procedure, depending on the HIT of the pedestrian, the DPPS may be tested in the fully
deployed state (HIT > MDT, in area “A”) or in the dynamic mode while the DPPS is deploying (HIT < RDH,
in area “B”). The test conditions for RDT < HIT < MDT in area “C” depend on the effects of the oncoming,
not yet fully deployed, DPPS on loads to the headform. If the effects are negligible, the DPPS may be tested
statically at a height no more than the RDH. Otherwise, a dynamic test at the time of head impact must be
performed. However, since a study of the possible effects of an oncoming DPPS did not result in unambiguous
evidence for a neglectable influence, the draft test procedure tentatively specifies to perform all tests with
HIT < MDT with the DPPS in the dynamic mode.

Head impact time

For a decision upon the boundary conditions of headform impact tests, the TRT is to be compared with the HIT
of the pedestrian. The IWG discussed several alternatives for HIT determination: (a) by means of numerical
simulations with HBMs on vehicle models, (b) by performing experimental full-scale tests using pedestrian
dummies and the actual vehicle (c) by applying an empirical formula to calculate a generic HIT.

The IWG intends to present the draft procedures in multiple phases. For the first phase of legal DPPS testing,
HITs are determined by means of numerical simulations, only. The method for including full scale dummy
tests and the generic approach with empirical formula are being further evolved for subsequent phases of UN-
GTRY9 and UN-R127.
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Simulation-based approach

A simulation-based determination of pedestrian HITs on vehicle frontends requires high quality HBMs and
vehicle models. Euro NCAP already developed a procedure for the certification of HBMs with regular updates
and revisions (Euro NCAP, 2021). The IWG transposed this procedure into the draft amendment’s regulatory
text for the HBM qualification, including the documentation of the validation of the reference HBMs. Figure 7
illustrates the process for determination of the HIT based on simulations with qualified HBMs:

HBM GV model

HBM Qualification Simulation

oN
x
v Pass No
E requirements
<

Static test

requested

Yes * For example: airbag
m q
Vehicle model

6 v
c HIT determination sim. on
g deployed DPPS [40km/h]

HIT/WAD graph

HIT determination sim. on
undeployed DPPS [40km/h]

v A4
HIT/WAD graph Qualifies for Test without
for dynamic test static test DPPS activation

Figure 7. Flowchart for HIT determination based on numerical simulations (Besch, 2022).

Qualification of the HBM is performed on Generic Vehicle (GV) models representing a roadster (RDS), a fam-
ily car (FCR) and a sports utility vehicle (SUV). A multi-purpose vehicle (MPV) had been evaluated and used
for several years by Euro NCAP (2021). Since its shape was found to be represented by FCR and SUV, it was
removed from the simulation matrix. Those findings were transposed to the legal procedure.

Vehicle speeds are 30km/h, 40km/h and 50km/h. All relevant HBM statures are used at predefined initial pos-
tures, with the Head Centre of Gravity (CoG) located on the vertical longitudinal vehicle centre plane. The
static and dynamic coefficients of friction are 0.3 each.

During the qualification simulations, HIT values, the height of the centre of the left and right acetabulum cen-
tres (AC), the head CoG (HC) relative to the ground level and their relative horizontal distance at HIT need to
fulfill the corridors drafted with reference values from HBMs that were validated against PMHS by For-
man et al. (2015). The calculated HIT from the simulations is the elapsed time between the first time where the
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contact force deviates from 0 (neglecting shoulder and upper arm) and the contact time of the head to the vehi-
cle.

The HBMs for the six-year-old child (6YO), the 5™ female (AFO05) and the 50" male (AMS50) need to be speci-
fically qualified. For the 95th male (AM95), no qualification simulations are needed because the AM95 HBM
was derived directly from the AM50 HBM. The 6YO, AF05, and AM50 HBMs were developed independently.
Only HBMs qualified according to the described procedure can be subsequently used to determine the HIT
with simulations on the actual vehicle models.

If headform compliance tests are targeted to be run statically on a deployed DPPS, the HIT determination sim-
ulations are to be performed on the deployed DPPS. If the requirement HIT > TRT is met, the headform com-
pliance tests may be done statically on the deployed system; otherwise, further HIT determination simulations
have to be performed on the undeployed DPPS for setting up the firing times and WAD values during dynamic
compliance tests on the deploying DPPS.

If no static but only dynamic headform compliance tests on the deploying DPPS are requested, the HIT deter-
mination simulations will be altogether performed on the undeployed DPPS only, for firing times and WAD
values (compare Figure 7, “Annex 3”). In either case, for simplification, the vehicle speed during all simula-
tions is 40km/h.

All HBMs with their heads properly hitting the actual DPPS need to undergo HIT determination simulations.
In case of only one HBM properly hitting the DPPS with its head, the next tallest HBM should also be used for
the purpose of drawing a HIT vs. WAD graph. Based on the results of HBM simulations on the deployed
DPPS, the HITs of all relevant HBMs are plotted as a function of the WADs and the connecting line (drawn by
means of linear interpolation) is compared with the TRT of the DPPS, see Figure 8§ (left):

Head Impact Time [ms]
Head Impact Time [ms]

DYNAMIC TESTS

1
\
! QUALIFIES FOR STATIC TESTS
6Y0 | 6Y0
|
|
|

Wrap Around Distance [mm] Wrap Around Distance [mm]

Figure 8. HIT vs. WAD graph for HBM simulations on deployed DPPS (left) and on undeployed DPPS
(right).

If HIT > TRT, compliance headform tests may be performed statically on the deployed DPPS. In case of HIT <
TRT, compliance headform tests must be performed dynamically on the deploying DPPS. In some situations,
only portions of a given DPPS may be tested in static mode since HIT varies depending on the point of impact.

For the determination of the firing times related to WAD of points to be tested dynamically, additional HBM
simulations on the undeployed DPPS must be performed, the HIT for all relevant HBM statures plotted vs the
corresponding WAD and the regression line marked in the diagram and extrapolated to all WADs within the
DPPS (see Figure 8 (right)). To obtain the HIT for a dynamic test, the known WAD can be associated to the
corresponding HIT by means of the regression line.

HIT determination by experimental dummy testing

As an alternative to finite element (FE) simulations, the IWG plans to develop a procedure wherein pedestrian
head impact times can be determined with full scale vehicle crash tests against stationary pedestrian dummies.
Specifications for a midsize pedestrian dummy are outlined in SAE J 2782 (2019), with focus on biofidelic
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whole body kinematics during a vehicle to pedestrian impact. It may be assumed that additional performance
specifications for other pedestrian sizes will be developed in the future. Thus, at this point in time, the experi-
mental determination of the HIT is possible for the 50" male, only. The applicability of alternative dummies
such as the biofidelic dummy (Schiuble et al., 2019) needs to be further investigated. A full-scale testing pro-
cedure can be found in SAE J 2868 (2020), but it is understood to be a guideline rather than a mandatory set of
requirements.

HIT determination by a generic approach

The IWG on DPPS is also planning on developing an option for HIT determination using an empirical formula.
This formula will make use of geometry information of the vehicle with potentially significant influence on the
pedestrian’s impact kinematics: height of different load paths such as BLE, bumper, lower stiffener, bonnet
angle etc. Geometry information such as BLE height, bonnet angle, WAD or HIT will be collated in a data-
base. An algorithm will be developed in order to determine the HIT based on the available geometry infor-
mation and WAD of the test point. A correction factor will account for possible inaccuracies. The database will
be updated regularly for further improvement of the approximations. Due to its objectivity and independency,
the generic approach seems advantageous, in particular, for self-certification.

ADDITIONAL PREREQUISITES TO BE CONSIDERED FOR FUTURE DPPS AMENDMENTS

The IWG discussed the need for two other system requirements that are not covered by the DPPS amendments:
(1) Assurance that a DPPS system will deploy safely at pedestrian impact speeds above 40 km/h; (2) Certainty
that pedestrian body loading to a DPPS will not compromise its effectiveness prior to head impact. These re-
quirements are discussed below. Additionally, future accidentology may reveal a prominent safety need exists
in current DPPS due to body loading and impacts at higher speeds. In either case, the GTR will be reviewed
and adapted if and where necessary.

Protection at higher vehicle speeds

Headform compliance tests are means for representing head injury assessment during vehicle to pedestrian
accidents at vehicle speeds of 40km/h. However, passive systems are expected to also provide some protection
during accidents with higher vehicle speeds. Since DPPS are to provide at least the same level of protection as
passive systems, they need to ensure measures to meet this requirement. For that purpose, its deployment
should be at least initiated at vehicle speeds beyond 40km/h, or sufficient clearance be provided for energy
absorption during head impacts at impact velocities higher than 35km/h.

Body loading: Actual DPPS protection level

In case of meeting the defined prerequisites, DPPS may undergo headform compliance tests in a deployed state
or during deployment. The generated clearance underneath the bonnet provides for energy absorption of the
impacting headform, decreased impactor accelerations and a lower head injury criterion, linked to a lower
injury risk. However, provisions need to take care of the additional clearance not being reduced before pedes-
trian head impact. In the regulatory impact analysis conducted for the European Directive 2003/102/EC (Euro-
pean Union, 2003), a failure mode and effects analysis found that the actuators used to raise the bonnet pose
one of the greater risks to failure of the entire active bonnet system (Hardy et al., 2006). Nuf} et al. (2013) also
investigated the effect of upper body contact on the deformation of the bonnet:

Figure 9 shows a passive vehicle front with undeformed (left) and with deformed (middle) bonnet due to load-
ings induced from the upper body of the pedestrian (right), at the location of and prior to head impact:
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Figure 9. Deformation of the bonnet due to upper body prior to head impact (Nuf} et al., 2013).

The influence of the deformation is depicted in Figure 10: The peak headform acceleration during head impact
on the deformed bonnet exceeds the acceleration on the undeformed bonnet by approx. 40 percent; the HIC
increases by almost 44 percent.
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Figure 10. Head acceleration during impact on undeformed and deformed bonnet (Nuf} et al., 2013).

Notwithstanding concerns with higher speeds and body loading, the IWG agreed that a regulatory need is not
known with enough certainty to warrant the development of test procedures and requirements. However, fur-
ther research or the development of future DPPS may result in insights for which the effect of pedestrian body
loading and protection at higher speeds may require special attention. Test procedures may be needed to assure
that the lifting linkages are strong enough for not only the initial lift but also to support the weight of the pe-
destrian’s torso so that the bonnet does not collapse prior to head-to-bonnet impact. The IWG furthermore
acknowledged that corresponding requirements have already been implemented within the Euro NCAP test
procedures (Euro NCAP. 2010).

Non-contact pedestrian detection sensors

In current DPPS, only contact sensors are taken into consideration for pedestrian detection. Procedures for
forward-looking and non-contact-based sensing systems that will contribute to a time shift of the initiation of
the deployment and the TRT and allow for actuators with larger deployment times may need to be elaborated.

IMPACTOR COMPLIANCE TESTS

Prior to headform testing, the vehicle markup, including the allocation of the performance zones “HPC 1000”
and “HPC 1700” and test point selection, is always done on the undeployed DPPS. UN-R127 specifies a mini-
mum of 18 headform tests, thereof 9 to the child headform test area and 9 to the adult headform test area. Fur-
thermore, UN-R127 prescribes that 3 impacts for each impactor be tested to each third of the bonnet (UNECE,
2013). UN-GTR9 does not define a number of tests.
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With the introduction of the General Safety Regulation (EU) No 2019/2144, cyclists as the second big group of
vulnerable road users will be protected by extending the head impact area up to a maximum of WAD 2500,
adding a windscreen test area and a cowl monitoring area (European Union, 2019). Thus, according to the
respective amendment to UN-R127, wherever possible, at least one out of the nine tests each with the child and
the adult headform impactor should be performed within the windscreen test area and within the cowl monitor-
ing area (UNECE, 2022).

Depending on the degree of fulfillment of the prerequisites, the compliance tests with adult and child headform
impactor are performed on either the undeployed or the deployed DPPS, or dynamically on the deploying
DPPS. The firing times for the headform impactor and the DPPS during dynamic tests are to be derived from
the generated HIT vs. WAD regression line in Figure 8 (right). Head impact velocity is 35km/h. HPC values
are calculated from the recorded headform accelerations. The HPC requirements remain unchanged.

PROCEDURE

The flowchart in Figure 11 summarizes all steps that need to be passed for the assessment of DPPS according
to the test procedures drafted by the IWG. The DPPS assessment is divided into the verification of the prereq-
uisites, followed by the compliance testing.

Prerequisites

As first prerequisite the DPPS needs to demonstrate a pedestrian protection at vehicle speeds below the de-
ployment threshold. There will be a slight difference in the draft amendments. For UN-R127, a minimum of
three headform impactor tests are to be performed on the part of the vehicle front being affected by the DPPS,
at headform impact velocities equivalent to the vehicle speed at lower deployment threshold. HPC 1000 must
be fulfilled at 2/3 of the affected part of the vehicle front. For the remaining test area, HPC 1700 shall not be
exceeded. For UN-GTRY, unlike UN-R127, the amendment does not specify a minimum number of tests, but it
does maintain the HPC requirements. If those are fulfilled, the proper functionality of pedestrian detection is
checked as second prerequisite, otherwise, the DPPS fails.

To demonstrate that a pedestrian is detected in case of an accident, UN-R127 will require three tests with the
FlexPLI with an impact speed equivalent to the vehicle speed at lower deployment threshold and one test at
40km/h in the detection test area. UN-GTR9 will not specify a number of tests. If, during all tests, the FlexPLI
is re-cognized by the sensing system of the DPPS and its deployment initiated, HBMs will be qualified to ful-
fill the third prerequisite; otherwise, all headform compliance tests are to be performed with the DPPS in un-
deployed position.

During numerical simulations of generic vehicle frontends, all HBMs that are used to determine HIT for the
compliance testing must be qualified and fulfill reference corridors for AC, HC and HIT. In case of meeting
the corridors, clearance provided by DPPS may be taken into consideration during compliance testing; other-
wise all headform tests must be performed against the DPPS in undeployed position.

Zander 16



Flowchart DPPS Assessment!?

OEM information on DPPS

Protection at lower|
vehicle speeds

Pedestrian

detection
1) Prerequisites

eadform tests
with DPPS @
undeployed

BM Qua ation
Annex 2:
Corridors met?

Qualification

Selection of head impact points

Annex 3:
HBM simulations on
deployed bonnet, 40 km/h

g

Timing of DPPS deployment

HIT vs WAD regression line
. Annex 3:
head impact point) = .. HBM simulations on

R undeployed bonnet, 40 km/h

Il) Compliance Tes

Static test @ deployed Dynamic test @
[required] position HIT

Test Assessment

1: Will be updated with DPPS Phase 2 (Generic approach)
2: Minimum number of tests specified for Contracting Parties of the 1958 Agreement, only

Figure 11. Flowchart for the assessment of DPPS under consideration for UN-R 127 and UN-GTR9 (Zander,
2022).
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Compliance testing

Prior to headform compliance testing, the vehicle markup, allocation of the HPC 1000 and HPC 1700 perfor-
mance zones and the selection of head impact points are done with the DPPS in the undeployed position. Based
on the fulfillment of all prerequisites, the amendment will permit Contracting Parties (CP) to the agreements of
1958 and 1998 to perform headform compliance tests on a statically deployed (static tests) or on a deploying
(dynamic tests) DPPS, see Figure 11.

For static tests, a stability check is needed to verify that the resisting force of the pre-deployed DPPS is
equivalent to the force in a real-world situation when the DPPS deploys just before the head of a pedestrian
makes contact with it. Depending on the outcome of the stability check, a time constraint may be needed, i.e.
the test must be run within a certain time period after deployment. Otherwise, an unlimited period of time is
allowed in which the test may be conducted on a static, pre-deployed DPPS.

As demonstration of HIT > TRT of the DPPS, simulations with all relevant statures of the qualified HBMs are
performed on the deployed DPPS of the actual vehicle model and the HIT vs. WAD regression line plotted
(compare Figure 8, left). For all selected impact points with the HIT greater than or equal to the TRT, static
tests on the deployed DPPS may be performed. For the remaining impact points dynamic tests on the deploying
DPPS are conducted. In the latter case, prior to headform testing, for the correct timing of the DPPS and the
headform impactor, additional HBM simulations with the qualified HBMs are performed on the undeployed
DPPS of the actual vehicle model and the HIT vs WAD regression line plotted and extended to all relevant
WADs within the DPPS (see Figure 8§, right).

In case of the CP opting for dynamic tests only, the stability check, the HBM simulations on the deployed
DPPS and TRT determination are not necessary. HBM simulations with the qualified HBMs are performed on
the undeployed DPPS to create the HIT vs WAD regression line that is extended to all relevant WADs. For the
determination of the correct timing during testing, the sensing time (ST) needs to be previously determined.

For the first phase of implementing the DPPS procedures, HITs will be determined by means of numerical
simulations, only. The formerly described method for including full scale dummy tests and the generic ap-
proach with empirical formula are being further explored by the IWG for subsequent phases.

DISCUSSION

A draft procedure for assessing DPPS systems as part of whole vehicle type approval or self-certification is
being developed by an informal working group of UNECE. Depending on the degree of fulfillment of several
prerequisites, the procedure specifies that the DPPS may be tested statically in the deployed state or dynami-
cally during deployment. The procedure is intended to enable authorities to fully integrate the DPPS within
compliance testing according to UN-R127 and UN-GTR9.

However, several shortcomings and limitations of the procedure have been identified which could decrease the
actual pedestrian protection during an accident. The FlexPLI has proven to be a robust test tool for the assess-
ment of the sensing system with a high repeatability of the generated intrusions. However, it represents a typi-
cal rather than the hardest to detect pedestrian. For pedestrians that remain undetected, the DPPS does not offer
any safety benefit. Since, due to feasibility reasons, the detection test area does not cover the entire vehicle
width, not all pedestrian trajectories can be accounted for and not all head impacts can be mitigated.

Furthermore, the clearance between the surface of the DPPS and the underlying structure may be compromised
due to upper body contact prior to head impact. Also, the deploying DPPS may have a negative influence on
the pedestrian’s head that differs from the laboratory test conditions with an isolated headform impact. The
quality of the determined HITs as basis for DPPS conditions during compliance testing strongly depend on the
correlation of the HBMs with actual pedestrians as well as the vehicle models with the actual vehicles. Exper-
imental dummy tests and the generic HIT determination are expected to increase the objectivity of the proce-
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dure. Finally, procedures for forward-looking and non contact-based sensing systems that will
contribute to a time shift of the initiation of the deployment and the TRT need to be elaborated.

CONCLUSIONS

A set of procedures and requirements for DPPS is in the final stages of development. These are
intended to enable authorities to approve and certify systems with a deployable unit for head protection.
Including a generic approach for HIT determination in the future is expected to increase objectivity of
the procedure. However, further research is needed to also consider the influence on, and possible
injury mitigation to body parts other than the head. The upcoming scope extension of UN-R127, taking
into account the head protection of cyclists, will bring new challenges to the sensing system and
possibly require modifications of the sensing impactor and the simulation procedures for HBM
qualification and HIT determination.

DISCLAIMER

The authors of this paper are members of the IWG on DPPS who have helped to create the draft
procedures. IWG members (including the authors) do not have the authority to approve the procedures
for regulatory use. Although the authors may represent their respective contracting parties within the
deliberations of the IWG on DPPS, the views expressed in this paper are not necessarily those of the
contracting parties to which they belong. Authorship of this paper does not guarantee that a contracting
party will completely agree with the positions taken or will vote to affirm adoption of the DPPS
procedures into GTR9 or UN-R127.
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ABSTRACT

To prevent accidents, the signaling function of automotive exterior lighting is essential to provide other road
users with information on the presence of the vehicle and/or changes in its moving direction. Recently, dynamic
turn signal indicators, backup indicators, and other light projections with directional indicators have been
proposed and studies are being conducted to evaluate their safety enhancement and visibility in different lighting
conditions. However, previous studies had limitations since most of them had not been studied or verified under
dynamic driving situations. In addition, there aren’t any studies on the distraction caused by turn signal
projection lamps. Therefore, it is necessary to provide an assessment of the distraction and benefits of turn
signal projection lamps under several dynamic scenarios. For this reason, we investigated whether the signal
projection lamps, which work simultaneously with directional indicators and project a simple geometric pattern
of a certain color and size on the left and right road surfaces in front of the vehicle, are beneficial or distracting
to other drivers and VRUs (Vulnerable Road Users) such as cyclists and pedestrians. Twenty participants
participated in the experiment. The results showed that the signal projection lamp hardly distracts drivers,
cyclists, and pedestrians, but rather helps predict the presence of oncoming vehicles and the moving direction of
the vehicles. Particularly with the signal projection lamp, the cyclist test showed a 14% and 9% decrease in
detection time when the vehicle turned right and left, respectively. These differences were statistically
significant. Our results suggest that a signal projection lamp is more beneficial than a distraction to drivers,
cyclists, and pedestrians.

INTRODUCTION

Driving at night has many visual limitations to maintaining safe driving. If the turning of the vehicle cannot be
properly predicted, it can cause accidents. Therefore, to prevent accidents, the signaling function of automotive
exterior lighting is essential to provide other road users with information on the presence of the vehicle and/or
changes in its moving direction. Projection lamps on the road have enabled new interactions between vehicles
and VRUs (Vulnerable Road Users). Therefore, the projection lamp can make a positive contribution to the
VRU.

According to the previous study, visibility improved when using turn signal projection lamps for both young and
middle-aged participants [1]. The backup guide lamp, which implements a guideline in the form of a dotted line
pattern on the rear road surface when reversing after parking, improves safety [2, 3] and is already applied to
commercial vehicles. There is also a light that projects a bicycle-shaped image forward to improve cyclist safety
[4]. Currently, studies on the effect of projection distance and contrast on people's acceptance [5], safety
improvements by lighting for pedestrians and cyclists [6], and the requirement of the performance of road
projection lamps [7] are also being conducted.

However, previous studies have limitations since most of them have not been studied or verified under dynamic
driving situations. We evaluated scenarios where the multiple signal lights of nearby vehicles projected a pattern
on the road surface or the signal light of a passing vehicle is projected to the driving path and the effects they
had on the drivers of vehicles passing through the intersection, the cyclists following the cycle path, and the
pedestrians crossing the crosswalk.

In this experiment, three situations one for the drivers, one for the cyclists, and one for the pedestrians were
created. The situations were all intersections and T-junction roads under dynamic conditions. These situations
were implemented with a VR head-mounted display using a driving simulator, a bicycle riding simulator, and a



locomotion simulator by walking pad. Each situation had two different scenarios with different conditions. The
result shows the statistically significant benefits and limited distractions of signal projection lamps.
METHODS

This experiment was conducted to evaluate the effect of a projection lamp in a VR environment. A driving
simulation program was used to implement the road environment, and HMD (Head Mounted Display) was used
to show the actual road environment to the participants. In addition, we investigated the interaction between the
vehicle and the VRU by applying different simulators according to driving, riding, and walking situations.

Experimental set-up

We implemented the intersection with the driving simulation program SCANeR studio 2022. To select the
proper cases of cyclist and pedestrian scenarios, cases with a high number of accidents were selected by
referring to the case-by-case analysis of car-to-cyclist and car-to-pedestrian accidents in Germany by the EU-
funded project PROSPECT (Proactive Safety for Pedestrians and Cyclists) [8]. Six scenarios were configured
according to two driving conditions (left turn and straight in the intersection scene, turn left and right in the T-
junction scene) with three kinds of road users (driver, cyclist, and pedestrian). For each scenario, we evaluate
the performance of the test driver, cyclist, and pedestrian with/without turn signal projection lamp conditions.

Figure 1 shows examples of experiment environments from the participant’s perspective. In the driver situation
(scenario 1&2), five vehicles with turn signals stopped at the intersection, and the participant becomes the driver,
following the preceding test vehicle and waiting for the signal to turn left or go straight. In the cyclist situation
(scenario 3&4), a test vehicle approaches a cyclist with the turn signals on. In the pedestrian situation (scenario
5&5-1), the test vehicle approaches the participant’s walking path with turn signals on as he/she crosses the
crosswalk.

Figure 1. Examples of experiment environments in the participant’s perspective. Scenario 1: driver test, left
turn (left), Scenario 4: cyclist test, right turn (center), Scenario 5: pedestrian test, right turn (right).

Data collection

A driving simulator, a bicycle riding simulator, and a locomotion simulator were connected to the driver, cyclist,
and pedestrian scenarios, respectively, to collect participants' data.

In the driver situations, the average speed, passing time of the ego vehicle, and time required for the ego vehicle
to brake after the preceding vehicle brakes were analyzed. In the cyclist situation, participants are riding on a
bicycle path and were ordered to press a button when they recognize a vehicle turning left or right to enter in
front of their path. The speed of the bicycle was calculated by measuring the number of wheel rotations using a
pedaling cadence sensor from Giant™. The horizontal distance between the cyclist and the vehicle, the time
which is taken to press the button after detection of entering the vehicle (detection time), TTC (Time to
Collision), and the distance from the cyclist to the vehicle when the button is pressed were analyzed. In
pedestrian situations, participants crossed the crosswalk and pressed a button when they recognize a vehicle
approaching the crosswalk. The pedestrian speed was fixed at 3.5km/h by the fixed constant speed of the
walking pad. The horizontal distance between the pedestrian and the vehicle, TTC, the remaining time to the



accident, and the distance from the pedestrian to the vehicle when the button was pressed were analyzed. Figure
2 shows typical experiment scenes on simulators in different experimental situations.

5 . —
Figure 2. Participant driving a vehicle using a driving simulator (left), riding a bicycle on a bicycle simulator
(center), walking on the walking pad (right).

Experimental procedure

Participants practice the experiment environment with simplified scenarios for about 5 minutes before the driver,
cyclist, and pedestrian situation test. The experiment was continued according to the following procedure:

1) In the driver situation, the participant becomes the driver, stops at an intersection and follows the
proceeding vehicle to go straight or turn left.

2) In the cyclist situation, the participant becomes a cyclist and rides on a bicycle path as a test vehicle
passes. Presses the button which is mounted on the handle of the bicycle when starting off, and press
the button again when recognizing the approaching vehicle.

3) In the pedestrian situation, the participant walks and waits while facing the front, then presses the start
button when the experiment starts and presses the end button as soon as he/she recognizes an
approaching test vehicle while walking on the crosswalk.

All sessions of each scenario were randomized to minimize order effects. It took approximately 1 hour to
complete each situation, including the time to complete the questionnaire, with additional break time whenever
participants requested.

Participants

Twenty undergraduate and graduate students from Yeungnam University (male: 11, female: 19, average age:
24.6 years) participated in this experiment. All participants in the experiment were Korean, had a driver's license,
had visual acuity of 0.7 or higher, and self-reported with no color blindness or color weakness. They wore an
HMD during the experiment. Experiments with wearing HMD for more than 1 hour may cause other effects.
Therefore, the experiment was performed for each situation separately. Each participant come to the test site
three times.

RESULTS

The experimental data were analyzed using ANOVA and t-test using IBM SPSS Statistics (ver. 25).



Scenario 1: driver test, left turn

The average driving speed, passing time, and brake response time of participants with the projection lamp was
17.08 = 1.20 km/h, 5.69 + 0.33 sec, and 0.58 + 0.25 sec. And they were 14.23 + 2.06 km/h, 6.99 + 0.93 sec, and
0.95 = 0.53 sec respectively without the projection lamp. In scenario 1, the average speed with the projection
lamp was 2.85 km/h, which is statistically significantly faster [t(19)=5.644, p=.000] than without the projection
lamp. The passing time of 1.30 sec with the projection lamp was statistically significantly faster [t(19)=-6.101,
p=-000] than that without the projection lamp (see Figure 3).
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Figure 3. Data for scenario 1. a) Average driving speed. b) Passing time. c) Response time which is the
braking time interval of the ego vehicle after breaking the test vehicle. ***p<.001.

Scenario 2: driver test, straight

Figure 4 show the average driving speed and passing time with and without the projection lamp. The average
driving speed, and passing time were 26.48 + 1.15 km/h and 5.18 + 0.22 sec with the projection lamp. And they
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were 26.99 + 1.34 km/h and 5.11 + 0.26 sec without the projection lamp. There were no significant differences.

Figure 4. Data for scenario 2. a) Average driving speed. b) Passing time from starting point to finishing point.

Scenario 3: cyclist test, left turn

Detection time is the time when the participant detects an oncoming vehicle that is going to make a left turn and,
TTC is computed assuming that the vehicle and cycle keep the current speed at the detection time, and the
distance between the vehicle and the participant was also computed when the vehicle was detected. They were
8.65 +0.81 sec, 1.86 + 1.12 sec, and 4.03 + 2.24 m respective with the projection lamp and 9.45 + 0.38 sec, 0.97
+ 0.38 sec and 5.30 + 0.53 m without the projection lamp (see Figure 5). With the projection lamp, detection
time was significantly faster [t(19)=-9.792, p=.000] than without the projection lamp. TTC with the projection



lamp was also significantly faster [t(19)=9.792, p=.000], and the distance was significantly longer than without

the projection lamp[t(19)=-5.170, p=.000] (see Figure 5).
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Figure 5. Data for scenario 3. a) Detection time for the participant to recognize the test vehicle turning after
the experiment started. b) TTC. c) Distance from the cyclist to the detected vehicle. ***p<.001.

Scenario 4: cyclist test, right turn

In scenario 4, the detection time is the time when the participant detects that an oncoming vehicle is going to
make a right turn. The detection time, TTC, and distance were 6.12 + 0.49 sec, 3.93 + 0.49sec, and 1.77 + 1.28
m with projection lamp. And they were 7.15 + 0.69 sec, 2.90 + 0.69 sec, and 4.15 + 1.55 m without projection
lamp (see Figure 6). With the projection lamp, detection time was significantly faster [t(19)=-14.454, p=.000],
TTC was significantly faster [t(19)=14.454, p=.000], and distance was significantly longer [t(19)=8.783, p=.000]
than without the projection lamp (see Figure 6).
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Figure 6. Data for scenario 4. a) Detection time for the participant to recognize the test vehicle turning after
the experiment started. b) TTC. c) Distance from the cyclist to the detected vehicle. ***p<.001.

Scenario 5: pedestrian test, left turn, pedestrian & vehicle in the same direction

In Scenario 5, the detection time is the time when the participant detects an oncoming vehicle to make a left turn.
The detection time, the TTC, and the distance between the vehicle and the participant when the vehicle was
detected were 8.15 +0.74 sec, 1.28 + 0.74 sec, and 12.24 + 1.46 m with the projection lamp. And they were 8.44
+ 1.08 sec, 0.99 + 1.08 sec, and 11.60 + 1.89 m without the projection lamp (see Figure 7). With the projection
lamp, the distance when the participant found the test vehicle was 0.64 m faster, and this difference was
statistically significant [t(19)=2.397, p=.027].
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Figure 7. Data for scenario 5. a) Detection time for the participant to recognize the test vehicle turning after
the experiment started. b) TTC. c) Distance from the pedestrian to the detected vehicle. *p<.05.

Scenario 5-1: pedestrian test, left turn, oncoming vehicle

In Scenario 5-1, the detection time, TTC, and the distance between the vehicle and the participant when the
vehicle was detected was 7.51 + 1.33 sec, 2.02 + 1.33 sec, and 13.91 + 6.14 m with the projection lamp. And
they were 7.74 £ 1.24 sec, 1.79 + 1.24 sec, and 12.96 + 5.54 m without the projection lamp (see Figure 8). There
was no significant difference.
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Figure 8. Data for scenario 5-1. a) Detection time for the participant to recognize the test vehicle turning
after the experiment started. b) TTC. c) Distance from the pedestrian to the detected vehicle.

CONCLUSION

In this experiment, evaluations were performed by six scenarios for drivers, cyclists, and pedestrians situations.
The result shows that the driver's driving speed and brake response time were faster with the projection lamp
than without the projection lamp, and it was found that the detection time of the approaching vehicle was also
decreased for cyclists and pedestrians.

This experiment result will be helpful to develop a safer road environment tailored to road users in the future by
providing quantitative data showing significant benefits and limited distraction of turn signal projection lamps.
Further study may be necessary to find the proper length or direction of the projection lamp to minimize
distraction and maximize visibility. In addition, this study was conducted in the evening of a sunny day,
additional research under adverse weather conditions or daytime seems to be necessary.

Since the results of our study were not obtained from field studies such as actual driving and walking situations,
sufficient discussion and review will be required in the actual application process. Nevertheless, these results
will be an important empirical basis for determining whether to adopt signal projection lamps for automotive
lighting in the future.
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ABSTRACT

Driven by sustainability goals, passenger cars’ design and ownership setups are changing. Vehicle safety is constantly
improving, yet a trend of larger belt-positioning boosters is seen. The objective is to discuss the challenges of child
passenger protection in the current and future mobility context. The study focuses on children who can use the vehicle
seatbelt together with a booster, typically 4 to 10-12 years.

The study is based on protection principles of booster-seated children, with a vehicle-booster-user entity focus. Studies
on restraint awareness and usage today, users’ perceptions on future mobility and evolutions of vehicle design and
mobility trends, are summarized and reflected on. Real-world protection needs are formulated based on in-vehicle
crash testing/simulations, and studies on child passenger sitting postures during drive and evasive maneuvers. This is
put in the context of regulatory and booster development trends.

In a real-world crash, children are protected by the vehicle and booster in combination. Crash tests/simulations
highlight the importance of the seatbelt interaction, influenced by initial beltfit and the dynamic properties of the
booster. On-road driving studies show that awake child passengers spend a non-neglectable duration of the trip with
a forward head position, due to visibility and activities. A forward head position could also be a result of a pre-impact
braking as well as the added space by the booster seat’s backrest. In case of a frontal impact, a more forward head
position at time of impact will result in a more forward excursion. Real-world side-impact data shows that the booster-
seated child’s head is protected similar to an adult, assisted by the vehicle safety systems.

The booster serves as an adapter, not as a primary restraint for the child. Booster-seated children benefit from the
vehicle safety systems, given they are raised in position for good beltfit and posture. Addressing the changing trends
of passenger cars’ design and ownership setups, the role of the booster should be clearly communicated. Future designs
must address issues of usability, portability, and acceptance. As examples, the streamlined roof designs driven by
sustainability goals, reduce the roominess in the rear-seat, whereby the booster seat backrest’s width and height might
require larger space than needed for an adult; and the trend from personal mobility towards increased degree of shared
mobility, emphasizes the need of the booster to be portable or integrated into the vehicle.

Real-world child passenger safety involves protection aspects beyond standardized crash testing scenarios. Most
importantly, the booster should be used in every trip, irrespectively of passenger car ownership setup. This study
provides insight into modern vehicles’ protection capacity in relation to the booster-seated children. It outlines some
areas that are affected by the current booster developments, such as the increased size and complexity of booster seats,
and the booster cushion ban in some parts of the world. In relation to the current and future transportation context, a
booster cushion with appropriate characteristics serves as an essential complement to booster seats (of reasonable size)
and will help maintain a positive child safety global trend.

THE DEVELOPMENT, EXPERIENCE AND CONTEXT OF BOOSTERS

Smaller children need infant or toddler seats with internal harness. For optimal protection they should be placed
rearward facing to ensure that their neck has better chances to cope with high severity frontal impacts (Tarriere, 1995;
Jakobsson, 2017). When outgrown of the toddler seats, and at approximately 4 years old, the children can benefit from
the vehicle restraints, given they are raised into a good position for the vehicle seatbelt, using a belt-positioning
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booster. There are three design principles of boosters; booster seat which includes a backrest, booster cushion with no
backrest and integrated boosters which are built into a vehicle. Recently, several new products have been developed
targeting the group of booster-seated children. Such products include, e.g., so called “inflatable cushions”, “height-
less boosters” and different types of “belt straps restraints”. These products are not addressed in this study, since unless
the products elevate the child in a stable manner (during ride as well as during a crash), and shorten the seat cushion
length, they should not be categorized as boosters, nor should they be used as child restraints in passenger cars.

This study focuses on children who can use the vehicle restraint together with a stable boosting belt-positioning
booster, typically 4 to 10-12 years old (appr. 140 cm stature).

The Development

In 1978, the world’s first booster was introduced (Norin et al., 1979). The idea of boosters for children sprung from a
study initiated by the discussion of enforcing rear-seat seatbelt use, where it was questioned whether seatbelts were
safe for small adults (Norin et al., 1977). The first booster was a booster cushion, shown in Figure la. Important
features of the booster cushion are the belt-positioning guides for the lap-belt, one on each side. Their purpose is to
help keep the seatbelt in position during a crash and to restrain the booster itself. Modern boosters have belt guides
protruding upwards, improving accessibility, and they vary in height and design. The lap-belt guides can also serve to
help position the shoulder portion of the seatbelt, by placing the shoulder belt over or under the guide on the buckle
side. The same booster cushion can then help to obtain the desired mid-shoulder belt position for shorter and taller
children, respectively. The booster helps to put the child in an upright position, allowing the legs to bend and providing
thigh support, so the child will not slouch forward in the seat to find a more comfortable leg position. Slouching may
result in sub-optimal belt geometry (DeSantis Klinich et al., 1994).

Figure 1a. World-first booster Figure 1b. Early version of a Figure 1c. A booster seat from
cushion 1978. The belt guides are booster seat (1985). The belt 1989. As the prior version
positioned low on the side of the guides are of similar design as (Figure 1b), it is a booster seat
booster. in Figure 1a, although difficult  with removable backrest.

to see in the photo.

The backrests were initially intended to provide head support in vehicles without head restraints, as shown in the
example from 1985 (Figure 1b). The backrest was also a way of adjusting the length of the cushion to accommodate
the shorter thigh length of the smallest children. When removed, the cushion length better accommodates the larger
children. It can include shoulder belt-positioning devices with the ambition to help guide the shoulder belt into a
comfortable and safe mid-shoulder position (Reed et al., 2009). The backrest of the booster in Figure 1c allows for
height adjustment, enabling the shoulder belt guide to adjust to different sizes of children. Backrests can potentially
provide sleeping support and help to control the lateral position of the child’s upper body during ride.

In 1990, the world’s first integrated (built-in) booster was introduced addressing accessibility, acceptance, and reduced
risk of misuse (Lundell et al., 1991), Figure 2a. A comfort cover can be used with the integrated booster (Figure 2b),
providing side support when travelling, but not interfering during a potential crash. In 2007, a second-generation
integrated booster was introduced providing two levels in height (Figure 2c), adapting beltfit to the growing child
(Jakobsson et al., 2007). The acceptance of the integrated booster was greater, shown by the relative higher usage of
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the integrated boosters, in comparison to accessory boosters, among the older children aged 8 to 10 (Jakobsson et al.,
2012 and 2015). Osvalder and Bohman (2008) provided evidence that misuse was almost eliminated when using
integrated boosters. A follow-up study in China, conducted with users without previous experience of integrated
boosters and limited experience with boosters overall, showed similar findings of reduced risk of misuse when
buckling up on an integrated booster compared to an accessory booster cushion (Bohman et al., 2016). On-road driving
studies comparing integrated booster and a booster seat indicated a more positive attitude on comfort, as well as a
higher degree of upright sitting posture towards the seatback for the integrated booster (Osvalder et al., 2013).

Figure 2a. World’s first Figure 2b. omfort cover Figure 2¢c. Two stage integrated booster;
integrated booster, 1990. for an integrated booster. high position (left) and low position (right).

Real-World Data

Real-world safety is about real children in real vehicles. Real-world crash data provides a foundation of knowledge,
which will help address future challenges as well. User studies on child sitting postures, self-selected or by evasive
maneuvers, provide insight into head and seatbelt positions at start of a potential crash. These studies help interpret
different crash outcomes, as well as help identify important areas of real-world safety.

Crash data studies

Real-world crash data shows that the use of boosters substantially reduces injury risk compared to seatbelt only, and
that boosters are effective to help protect children in frontal impacts as well as other crashes (DeSantis Klinich et al.,
1994; Isaksson-Hellman et al., 1997; Warren-Bidez and Syson, 2001; Jakobsson et al., 2005; Arbogast et al., 2005
and 2009; Anderson et al., 2017). In frontal impacts, seatbelt syndrome related injuries to the abdomen and spine were
nearly eliminated for children using boosters (Durbin et al., 2003). Children aged 4 to 8 using boosters were 45% less
likely to sustain injuries than similarly aged children using the vehicle seatbelt only (Arbogast et al., 2009). Children
in side-impacts derived the largest relative protection from boosters, with a reduction in risk of 68% and 82% for near-
side and far-side side-impacts, respectively. No difference in booster seats versus booster cushions were seen
(Arbogast et al., 2005 and 2009; Jermakian et al., 2007; Arbogast, 2010). No major differences in head injury patterns
were seen between booster-seated children and adults, exposed to near-side side-impacts in similar passenger cars.
This provides evidence of comparable mechanisms and indicates similar protection needs for both groups (Jakobsson
et al., 2005).

User studies

Tests with children of different ages in different restraints provided data on head excursion during emergency braking
of 1g (Stockman et al., 2013; Baker et al., 2017; Graci et al., 2019). During the braking, the head of the child moved
15-20 cm forward even when the child was restrained properly using a booster seat or a booster cushion (Stockman et
al., 2013). An example of head position, as a result of the braking event, is shown in Figure 3a. Figure 3b shows the
areas of head trajectories of the two child groups in the two booster types. Baker et al. (2017) showed that extent of
head excursion was influenced by the degree of initial shoulder belt contact, due to differences in routing of the lower
part of the shoulder belt. Using a booster cushion as compared to an integrated booster, a gap between the belt and
lower torso was more frequently seen, in addition to a further outboard initial shoulder belt position on the shoulder
(Baker et al. 2017).
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Figure 3a. Maximum forward head position of a Figure 3b. Schematic plot representing trajectories of

child restrained in a booster seat during an forehead markers for child volunteers from the
emergency braking event (Stockman et al., 2013). emergency braking event study by Stockman et al.
(2013).

Stockman et al. (2013) stated that in case of a subsequent side-impact, any of the head positions in Figure 3b could be
a potential position at impact. This is in line with the study by Maltese et al. (2007), who identified evidence of a
variety of head impact locations for restrained children (4 - 15 years old) in real-world side-impacts. As a consequence
of a braking event, the head will be more forward than the coverage of most booster seat’s head side supports. Also,
in a side-impact, the struck vehicle is in many cases subject to an angled acceleration due to its speed at impact, which
will add to a more forward head impact point as well.

A more forward head position at time of crash may increase head excursion in frontal impacts (Bohman et al., 2018;
Maheshwari et al., 2020 and 2021). The forward excursion due to a braking event (Figures 3a-b) will reduce the
distance to potential head impact areas in case of a subsequent frontal impact. If the child is using a booster seat, the
backrest will further reduce this distance by the more forward head position as compared to using a booster cushion,
as shown in Figure 4. The backrest will position the child’s head forward due to the thickness of the backrest, as well
as potential fitment incompatibility with the vehicle seat.

Booster cushion Booster seat Booster seat

Figure 4. Illustrating influence of a booster seat’s backrest on head position in relation to the vehicle. Left:
6 years old child (123 cm) in the rear-seat of a Volvo XC70. Right: 7 years old child (133 cm) in the rear-
seat of a Renault Grand Espace (Jakobsson et al., 2012).

A forward head position may also be a result of a forward leaning posture due to visibility, activities or other reasons.
Figure 5 shows self-selected postures due to visibility or activities. Andersson et al. (2010) showed that children were
more prone to lean forward in the booster seat equipped with the more protruding head side supports, when studying
children's sitting postures riding in two different types of booster seats (Figure 5a). The children were seated with the
main part of the head in front of the front edge of the head side supports more than half the time, often due to visibility
reasons. Another on-road user study identified that comfort related aspects influenced the sitting posture. Osvalder et
al. (2013) found that the side supports of the booster seat’s backrest restricted the children’s possibilities to use their

Jakobsson 4



arms when interacting with a tablet. This caused a forward leaning of the whole upper body, in addition to the head
bending forward when looking at the tablet (Figure 5b).

)

S -3
More protruding Less protruding Integrated booster Booster seat
Figure 5a. The most common sagittal sitting Figure Sb. Comparing influence of backrest when

posture for two types of booster seat head side interacting with a tablet (Osvalder et al., 2013).

supports (Andersson et al., 2010).

In a swerving vehicle motion, the children will move sidewise (Bohman et al., 2011; Baker et al., 2018; Graci et al.,
2019). Bohman et al. (2011) conducted a maneuver study with children restrained in the rear-seat of a passenger car.
Exposed for a sharp turn (lateral acceleration of approximately 0.8g) resulting in an inboard motion of the child, the
kinematics were compared when seated on a booster, with and without a backrest. The backrest showed potential to
maintain the shoulder belt on the shoulder during the swerving maneuver (Figure 6a). Whether the belt guide of the
booster seat’s backrest will continue to keep the shoulder belt in position during a frontal impact when the booster
seat and the child are in such a pre-impact inboard tilted position is not obvious, as illustrated by Figure 6b. Figure 6b
shows initial position and position at head impact from a frontal impact crash test with initial inboard tilted position
of the anthropometric test device (ATD) and the booster seat.

5 S |

Booster cushion Booster seat Initial positio 7 At time of head impact
Figure 6a. Lateral inboard motion of a child Figure 6b. Frontal impact crash test with initial inboard
during a swerving maneuver (Bohman et al., tilted position of the ATD similar to the child in the
2011). booster seat in Figure 6a.

Protection Principles

Regardless of crash configuration, children benefit from the vehicle safety systems given they are raised in position
using a booster, and the booster is supportive in retaining a good seatbelt interaction throughout the crash. As for
adults, the general protection principles of balancing the torso and head movements applies. This is irrespective of
crash configuration, exemplified by an even support by the vehicle interior if exposed to a rear-end or side-impact.

The specific protection principle of a seatbelt is to restrain the strong parts of the body; the pelvic bones, and across
the chest and over the shoulder in a crash (Adomeit and Heger, 1975; Bohlin, 1977). The lap-belt position is crucial
in helping to avoid lap-belt interaction with the abdomen in frontal impacts. The anterior superior iliac spines of the
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pelvis are important for good lap-belt positioning and they are not well developed until a child is about 10 years old
(Burdi et al., 1968). In addition, the size of the pelvis grows with age, having influence on the height of the anterior
superior iliac spines in relation to the seat cushion. By elevating the child, the lap-belt will be routed low on the pelvis,
as for adults, instead of toward the abdomen. When positioned across the chest and in a mid-shoulder position, the
shoulder belt helps provide a desired head and upper body kinematics during a frontal impact (Kent and Forman,
2015). A tight and early coupling of pelvis and upper body, maximizes the use of the available space in the vehicle,
used to reduce the occupant motion, often referred to as the “ride down”. Furthermore, a seatbelt performs best when
routed as straight as possible. When extensively re-routed, its protective functions will be influenced due to
introduction of slack, as exemplified in Figure 6b.

Figure 7 shows an animation of a frontal impact using PIPER6y which is a human body model representing a 6-year-
old child. It illustrates how the lap-belt holds back the pelvis and allows the upper body to flex forward. Initially, the
seatbelt pretensioner tightens the seatbelt, by reducing the belt slack, and offers an early and tight coupling of the
pelvis. As can be seen, the booster elevates the child model, whereby the lap-belt is helped to interact with the pelvic
bone reducing the risk of the child’s pelvis to slide under the lap-belt, referred to as submarining.

Figure 7. A frontal impact simulation with PIPERG6y on a booster cushion restrained by a seatbelt with
pretensioner, from start of impact to time of maximum forward head excursion. Time sequences (left to
right): Oms, 25ms, S0ms, 75ms and 110ms. Whole body in oblique frontal view (top) and skeleton in a side
view (bottom). The red lines on the shoulder belt help to visualize the initial tightening of the pretensioner,
occurring during the first 25ms.

The Child Passenger Protection Context

The booster is a part of a whole system, the vehicle-booster-user entity. In a real-world crash, children are protected
by the vehicle and booster in combination. Crash tests and simulations highlight the importance of the seatbelt
interaction with the occupant and the booster. This includes initial beltfit, the influence of belt guide design and
potential re-routing due to those, in addition to the booster’s shape and stiffness. The user aspect includes the sitting
posture of the child, the potential movements prior to a crash, in addition to the safety awareness and possibilities to
use the booster and the seatbelt correctly when riding as a car passenger.

The vehicle

Regardless of crash configuration, booster-seated children benefit from the vehicle safety systems. In frontal impacts,
the seatbelt is the main protection system, as shown in Figure 7. By using the vehicle’s seatbelt, the child will benefit
directly from the vehicle’s structural safety design and collision mitigation systems, as well as any advanced seatbelt
functionality (e.g., belt pretensioners and load limiters). Depending on the vehicle model, modern frontal impact
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passenger airbags may add to the protection of the booster-seated child in the front passenger seat, see further in
Heurlin et al. (2016).

Using crash testing, Bohman et al. (2006) and Lopez-Valdes et al. (2009) illustrated the benefits of seatbelt
pretensioners and load limiters for a child ATD in a frontal impact. For the load limiter to be effective for the child,
the load levels need to be adapted to the size and weight of the child. Such systems were introduced on the market in
2007 (Jakobsson et al., 2007) and have increased in availability. The primary purpose of seatbelt pretensioners is to
reduce seatbelt slack. Although manually tightened on an occupant wearing tight clothes, there is still some slack to
remove (see Figure 7). If wearing bulky clothes or if the seatbelt has not been tightened manually the importance of
the pretensioner is even more significant, for children as well as adults. Due to the high loads in a crash, the seatbelt
will always strive to take the shortest path between its anchorage points. This was exemplified in the crash test shown
in Figure 6b, in which the initial position of the shoulder belt was re-routed by the belt guide of the inboard tilted
booster seat’s backrest. In this case, the belt guide did not manage to retain the initial routing when lap-belt forces
increased up to 4 kN. When the shoulder belt was straightened it resulted in a path outside the shoulder of the ATD.
Generally, re-routing of the seatbelt, although attaining an initial visually appropriate position on the body, may result
in slack when the webbing is straightened, having consequences on pelvis retention and the preferred torso flexion. If
no pretensioner, the addition of the initial slack will further add to the outcome.

The purpose of the inflatable curtain (IC) is to cover the open area of the side windows, in case of a side-impact,
rollover crash or other crash configurations, when needed. As for an adult, the IC, in addition to the interior side
structure of the vehicle, including panels and energy absorption, will also help protect a child by distribution and
reducing the loads. The torso side-impact airbags are designed not to be harmful to the child and studies suggest that
they may add protection for the child as well, when seated on the struck side in a side-impact crash (Andersson et al.,
2012; Bohman and Sunnevang, 2012). If seated on the non-struck side, the pretensioning of the seatbelt will help to
further restrain the child and limit head excursion (Tylko et al., 2015; Jakobsson et al., 2017). With the pretensioner
activated, no difference in extent of lateral head excursion were seen for the ATD, comparing restrained on an
integrated booster and on a booster seat, irrespectively if attached to the ISOFIX anchorages or not (Jakobsson et al.,
2017).

The user

In most motorized countries there is a high awareness of the need to use boosters for children in passenger cars. In a
Swedish survey in 2021, 94% of children aged 4 up to 8 report always using appropriate restraints (Bergfors et al.,
2021). This observation has been stable since 2016, while an increase from 77% and 69% in 2014 and 2015,
respectively. In US in 2019, 69.5 % of children aged 4-7 were using child restraints (Enriques, 2021). The usage
frequency varies between countries and the age of the child, with a decreasing trend with increased age. In addition,
the type of booster varies with age. For Sweden, booster cushions represent an increasing share of boosters with
increased age, as well as a proportionally higher use of integrated boosters with increased age, as compared to add-on
boosters (Jakobsson and Lindman, 2015). More recent Swedish data from 2021 shows that 88% use booster cushions
and 23% use booster seats (multiple choice possible) among booster restrained children aged 8 to 11 (Bergfors et al.,
2021). Among those aged 4 to 8, the booster cushion usage was 40%.

The reasons for non-use or part-time booster use are several: such as lack of knowledge, the child thinks it is childish
or claims it to be uncomfortable and refuses, or the booster is too big (Ramsey et al., 2000; Simpson et al., 2002; Ebel
et al., 2003; Bingham et al., 2006). Lack of access and inconvenience are other reasons for non-use. The boosters may
not be casily available e.g., when travelling with others, or when in a hurry (Bingham et al., 2006). Compared to
private vehicles, the use of child restraints is lower in taxis, which was seen attributable to the inconvenience of
carrying them to and from the taxi (Keshavarz et al., 2006).

Another important safety challenge is misuse. The most frequent misuse modes for boosters relate to the belt routing;
incorrect lap-belt path or non-optimal shoulder belt routing (O’Neil et al., 2009; Bohman et al., 2016). Discomfort
caused by the shoulder belt being too close to the neck may be handled by placing the belt off the shoulder, away from
the neck or even placing the shoulder belt under the arm or behind the back (Ebel et al., 2003; Jakobsson et al., 2011).
These actions will likely increase risk of injury if exposed to a crash.
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The booster

The booster is as an adapter, not a primary restraint for the child. The booster serves the purpose to adapt the child to
the vehicle seat and seatbelt, addressing the protection principles for the child passenger protection. The main
characteristics of a booster can be summarized as follows:

*  Boost! — Raise the child to ensure the lap-belt is positioned low on the pelvis and the shoulder belt is
positioned on a mid-shoulder position.

*  Design to position the lap-belt low on the pelvis, ensuring contact with the boney parts of the pelvis and
prevent placement too far forward on the thigh or too high on the abdomen.

*  Provide comfortable cushion length, allowing the child to bend the legs comfortably over the seat edge.
*  Move in a controlled manner together with the child during crash.

In addition, lateral support for comfort and upright lateral sitting posture, to keep the shoulder belt on the shoulder
by avoiding lateral leaning, especially for the younger children and during longer trips. The lateral supports could be
provided by the booster seat’s backrest, but only if it does not obstruct the vehicle safety system to work. A lateral
support could just as well be an add-on comfort cover, providing sleep support and restricting the lateral movement,
but not influencing during a crash.

During the crash, the booster should have stable performance; excessive deformation of the booster has been shown
to alter lap-belt positioning and increase the risk of submarining (Tylko and Bussiéres, 2012; Forman et al., 2022).
Forman et al. (2022) evaluated the effect of 17 different parameters in a large-scale simulation study. They identified
booster stiffness being the most influential parameter, together with sitting posture, for predicting submarining risk.
In another simulation study on different booster cushion parameters, although no submarining occurred, the booster
with reduced stiffness resulted in less favorable overall kinematics as the pelvis was not restrained as efficiently as for
the boosters with more stable performance (Bohman et al., 2020).

Tight attachment to the vehicle (e.g., to the ISOFIX anchorages) should only be made when the vehicle-booster system
is developed together, such as integrated boosters, or used only when there is a seatbelt pretensioner available to
reduce belt slack. This is to ensure that the child will not slide off the booster in a frontal impact. Non-tight attachments
can be used allowing the booster to move with the child forward, and still serve as a booster restraint when no child
is using the booster.

CURRENT AND FUTURE MOBILITY CHALLENGES

Although there is a high awareness of the need to use boosters for children in vehicles, the usage varies between
countries, and decreases with the child’s age. For optimal protection, children up to approximately 140 cm should use
a booster when riding in a passenger car. This is not the case in current mobility. Driven by sustainability goals,
passenger cars’ design and ownership setups are changing. These trends in combination with the current booster
development trend pose challenges for child occupant protection. The challenges include ensuring booster usage at
current levels and even more so, to increase future usage reaching the optimal situation. A summary of the three trends
is provided.

Passenger Car Development Trends

Passenger cars are becoming more streamlined having implications on space between the outboard rear-seat
passenger’s head and the vehicle’s side structure. Although an adult might fit well, as well as a child using a booster
cushion, it is not as obvious for a large booster seat due to its large head and torso side supports, and thereby potential
interaction with the vehicle’s roof or side structure, see Figure 8. This interaction of tight fitment might even cause
problems for the vehicle’s safety systems to function as intended. For example, the IC is positioned within this area
of interaction. In the event of a side-impact, the IC is intended to inflate and serve as a part of the protection system
for both front- and rear-seat occupants. Incorrect inflation of the IC might influence protection of the child in the
booster seat as well as the front-seat occupant.
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Figure 8a. A mid-sized male adult Figure 8b. A booster seat with a Figure 8c. A booster seat with a

in the rear-seat of a modern 6-year-old-sized ATD in the rear- 10-year-old-sized ATD in the
passenger car. seat of a modern passenger car. rear-seat of a modern passenger
car

Autobrake systems were introduced more than a decade ago and have evolved over the years, as well as increased in
availability in modern passenger cars. Based on data prior to auto brake system introduction, approximately 40% of
the crashes were preceded by an avoidance maneuver by the driver (Stockman, 2016). This number is likely higher
when adding the maneuvers made by the vehicle, to help mitigate the severity of a crash. Hence, there will be a higher
likelihood for children to be exposed to maneuvers in future crashes, having potential influence on their forward
position or lateral sitting posture, including shoulder belt position at time of impact.

Mobility Trends

Passenger car ownership setups are changing. Ridesharing and car sharing (shared mobility) are increasing trends all
over the world. An overview of 47 countries showed that, in October 2018, car sharing businesses included 32 million
users, sharing 198 000 vehicles (Shaheen and Cohen, 2020). In 2018, online car hailing accounted for 36% of the total
traffic volume in China (Sohu, 2019). Shared mobility services have also grown in popularity as a family transportation
option (Ehsani et al., 2021; Koppel et al., 2021). The use of taxi services, car-pool systems, and other car sharing, such
as remote activation of borrowing your friend’s car on short notice, are examples of not using the same car every day.
In addition, an increase of multiple transportation modes during one trip; using cars only part of the trip, becomes a
consequence of city planning as well as changes in mobility trends. These changes pose challenges for child passenger
protection in relation to the traditional way of car ownership/usage. For example, although child restraint usage is high
in privately owned vehicles in high-income countries, child restraint usage is substantially lower in shared mobility
services such as taxis, rideshare vehicles, and car sharing (Koffsky et al., 2018; McDonald et al., 2018; Prince et al.,
2019; Owens et al., 2019; Koppel et al., 2021; Reed et al. 2022). Parents were most likely to report none usage of
child restraint while travelling in a rideshare vehicle because: lack of child restraint in the rideshare vehicle, they did
not bring a child restraint with them, or the trip was of a short distance (Owens et al., 2019; Koppel et al., 2021).

Booster Development Trends

The booster design development has been driven separately from the vehicle development, which has influenced the
regulatory and consumer information tests. The test rigs lack important state-of-the-art vehicle protection
characteristics, including IC, which are standard in the vast majority of current vehicles. Such test rig designs may
drive optimized side structures of the booster seat.

The role of the ATD and its assessment criteria is important too. As an example, the ATD assessment in the side-
impact tests are acceleration-based, which directly drives the design of the side supports in the booster’s backrest. The
relevant structure in the test rig is limited, whereby the backrest’s side supports serve as the energy absorption, driving
wider booster seats. Even more so, chest accelerations are optimally reduced by early contact, whereby thicker side
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support structures are more likely rewarded with higher scores. On top of that, adjustable features such as “lateral
impact devices” can further reduce contact time. Such features are typical examples of optimization for the ATD
criterion in the test rig, though questionable with respect to real-world relevance. While regulatory tests provide a
limit for approval, consumer information tests serve the purpose to differentiate between boosters, and therefore are
motivated to include stringent targets.

Booster cushion banning

Several parts of the world are banning booster cushions, claiming lack of head protection in side-impacts. European
child restraint consumer information tests disqualify booster cushions, claiming the side support of the backrest being
essential for the child’s protection in side-impacts. The reasoning for this is not in line with decades of real-world
experience, which shows that the vehicle protection is serving to protect the booster-seated child’s head, similar to an
adult (Jakobsson et al., 2005) and no evident difference between booster seat and booster cushion is seen (Arbogast,
2010). The Australian regulation, as well as the UN Regulation No. 129 type-approval, require head side structure on
the booster to pass the side-impact test. UN Reg No. 129 still includes booster cushions by allowing exception of the
side-impact test. However, this is only for children 125 cm and taller. Booster height specifications, with the ambition
to get the child’s head into a certain height position, make it difficult, if not impossible, to design an attractive booster
cushion for the children it targets (Jakobsson et al., 2020).

Booster seat development trend

Booster seats are becoming larger and with increased complexity. This trend is beyond the ban of booster cushions,
although also likely related to a lack of understanding the vehicle-booster-user entity. This trend is about adding
features in the booster seat design. In combination with a created consumer belief and demand for these features, the
booster seats become large, heavy, and bulky, while lacking substantial arguments on the features’ real-world safety
relevance. Instead, this may have serious implications on usage for all trips, which evidently is negative for child
passenger protection. The features relate to several areas, such as an extensive backrest, devices influencing the
seatbelt, and attaching the booster seat to the vehicle, as exemplified in Figure 9.

Extensive backrest

» Forward protruding head side supports

» Wide lateral side structure, incl
"lateral-impact devices”

» Compatibility to vehicle seat

Influencing the seatbelt
* Shoulder belt pad
* Lap belt crotch router

Booster attachments
* Rigid attachments to the ISOFIX anchorages
* Support leg?

Figure 9. Examples of the booster seat design trend.

The extensive backrest
The backrest designs have evolved towards large side supports both at the torso and head area. The child restraint
manufacturers emphasize two reasons for this; to provide comfort for children by keeping them upright when relaxed
or asleep, and to provide improved side-impact protection (Bendjellal et al., 2011). Supporting the child to remain in
lateral upright position is favorable in helping to keep the shoulder belt in a mid-position on the shoulder. This is
essential for the child’s protection in case of a frontal impact or in complex crashes in general.

Although developed for crash protection, it is not evident that a backrest with forward protruding head side supports
offers lateral protection for the child in all real-world situations. As exemplified in Figures 3 and 5, several reasons
may influence the child’s head position at time of impact, resulting in a position more forward than of the coverage
of most booster seat’s head side supports. The forward protruding head and torso side supports could even contribute

Jakobsson 10



to drive a more forward sitting posture due to visibility and comfort related aspects (Figure 5). In addition, there are
relatively few real-world occasions in which the child’s head will interact with the head side support as in the test rig
methods for which it is assessed for, when considering the variety of side-impact configurations and the forward
trajectories of a child sitting in a moving vehicle when exposed to such impact.

The lateral width of the side support, as exemplified in Figures 8b-c is substantial in some booster seats. Although
likely scoring well in test rig setups, it is questionable whether they are beneficial in the real-world context. Adding
the adjustable “lateral-impact devices” it becomes even more questionable. In addition, the backrest as such has
compatibility challenges in the vehicle seats. It is difficult to make it fit in a contoured vehicle seat back and the
interaction with the vehicle head restraint may force it into a forward position, resulting in an unnecessarily upright
sitting posture of the child. Although likely not a safety problem, the upright posture might be uncomfortable, whereby
a better solution is to use a booster cushion together with the vehicle seat back and head restraint. Removal of the head
restraint, which is often incorrectly recommended, is not a safe alternative. The vehicle’s head restraint is designed
and assessed for high severity rear-end impacts, while the booster seat’s backrest is likely not.

Influencing the seatbelt
As previously described, the seatbelt is the primary restraint for a booster-seated child. Booster belt guides should be
designed with care to secure the performance by the seatbelt at crash. This includes the lap-belt guides on the cushion
part as well as the shoulder belt guides on the backrest. An example of design for good guiding is shown in Figure
10a. Some boosters guide the lap-belt too far forward on the thighs, not touching the pelvis, which may result in
slouching (Jones et al., 2020), and in delayed coupling of the pelvis. Extensive shoulder belt routing might add slack
and provide a sense of “false” protection expectations, as exemplified in Figure 6.

Figure 10a. A booster seat igure 10b. A booster Figure 10c. A child in a booster seat with the

designed to guide the seatbelt seat with a shoulder belt  lap-belt routed through a lap-belt crotch
without adding slack or risk pad. router strap.

for the belt to get stuck. Same
design as shown in Figure 1c.

Recent trends include adding pads to the shoulder belt and connecting the lap-belt to a lap-belt crotch routers,
exemplified in Figure 10b and Figure 10c, respectively. The shoulder belt pad in Figure 10b was introduced to help
reduce the ATD’s responses in the chest and neck, by damping the head-to-torso impact. Hence, this is a device that
is designed for ATDs and does not necessarily provide any benefits to real children. If used correctly, it might not
harm. However, if not positioned correctly it might risk getting stuck and to hinder the seatbelt functionality, especially
in a vehicle with seatbelt pretensioner. Hence, it adds an unnecessary misuse aspect, rather than protection for the
child. Unfortunately, this is not understood by the users, who are told the opposite and perceives it therefore as a safety
device. The lap-belt crotch router was introduced in 2015 and is now also perceived by the users as an important safety
device. This lap-belt crotch router introduces slack into the lap-belt, which may reduce the overall protection effect
due to delayed coupling of the pelvis. Poor lap-belt fit, due to inadequately designed belt guides, may be improved by
this feature, however that aspect should be addressed by improvements to the booster design, rather than introducing
an additional feature.
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Attaching the booster to the vehicle

Restraining the booster seat when not used by the child will help to protect other occupants in the vehicle, in case of
a crash. This can be done by the seatbelt or, as recently introduced, by attachments to the vehicle’s ISOFIX anchorages.
With vehicle restraints reducing potential seatbelt slack in case of a crash, this attachment might not be a problem for
the child passenger in those conditions. However, it adds weight and complexity to the booster seat. In addition, crash
tests in a vehicle environment have shown that with a tight attachment of the booster in combination with slack in the
seatbelt, the ATD slides off the booster (Tylko et al., 2016). Hence, there might be a potential real-world protection
issue, which is not detected in standardized test rig methods.

Recently, the question on allowing a support leg for the category of booster seats was raised at UNECE Working Party
on Passive Safety (GRSP) (United Nations, 2022). The main argument addressed the convertible or multi-purpose
type of child restraints, accommodating the use of the support leg also when in a booster seat mode. Currently, the
booster seat envelope in UN Reg No. 16 does not allow for a support leg. If including the possibility of a support leg
for a booster seat, there is an obvious risk that this becomes a popular feature among booster seat designs as well.
Hence, it may contribute to drive the already large booster seats to become more complex, bulky and heavier. Bohman
et al. (2022) showed that minor and non-consistent differences were seen when adding a support leg to a booster seat
in frontal impact simulations, with two different child occupant models in a vehicle interior, when including activated
seatbelt pretensioner. Although somewhat larger differences were seen in the configurations without seatbelt
pretensioner activation, it was concluded that no kinematical nor response aspects provided evidence of enhanced
real-world protection needs of a support leg for the booster seat (Bohman et al., 2022).

DISCUSSIONS

Children aged 4 to 10-12 are well protected if using boosters that elevate them, shorten the seat cushion length, position
the lap-belt in contact with the pelvis and position the shoulder belt across the chest and shoulder. The protection is a
combination of the vehicle design, the booster design and how the child is using the restraints. Integrated boosters
benefit from being designed together with the vehicle restraints, optimizing their protective performance. Studies have
confirmed integrated boosters to reduce the likelihood of misuse, being comfortable, and a way to attract the older
children to use boosters (Osvalder and Bohman, 2008; Jakobsson et al., 2012; Osvalder et al., 2013; Bohman et al.,
2016). However, integrated boosters are available in a limited number of vehicle models and never in all passenger
seat positions, whereby there is a need for a non-integrated booster matching the principles of the integrated booster,
while being portable and easy to use.

The Mismatch

There is a mismatch with respect to the booster trend and the challenges in current and future mobility. The current
booster trend includes banning booster cushions and promoting booster seats with large designs and several features
adding weight and complexity. This is also a mismatch in relation to overall real-world protection. Not allowing
booster cushions causes issues as illustrated in Figure 8, showing that a booster-seated child may require more space
in the vehicle seat than an adult. The potential incompatibility between a large booster seat’s backrest and the vehicle
interior will increase with the trend of more streamlined roof designs, as driven by sustainability goals. The reasons
behind the development of the extensive side supports are partly clear. Backrests with forward protruding head side
supports were introduced approximately in year 2000 and was driven by an ambition to help protect the child’s head
in a side-impact (Bendjellal et al., 2011). At the same time, vehicles were starting to be equipped with ICs. A decade
later, the side supports of the booster seat have increased in width, mainly driven by introduction of side-impact tests
using test rigs, with no vehicle-like head protection included. Likely an adult-sized ATD would be just as poorly
protected in such a test rig method. Isolated from the vehicle-context, it was perceived that a booster cushion was not
capable alone to protect the child without the protruding head side supports as part of the booster seat. This perception
spread widely, and similar test methods were included in regulatory updates, leading to banned booster cushions in
some parts of the world. Unfortunately, there was a misconception that the booster seat should serve as the main
protection for the head despite real-world data that showed that the child’s head was likely mainly protected by the
vehicle (as for adults), prior the introduction of extensive side supports and ICs. The compatibility issues of fitment
and vehicle safety systems are essential motivators for allowing use of booster cushions.
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User studies show several reasons for children having a forward leaning head position at impact, such as being engaged
in electronic devices or due to visibility reasons, or because of an evasive braking. Studies also show that children in
boosters with forward protruding side supports were more prone to attain a forward head position, resulting in the
head being out of the head side supports. In such cases, the effect of the booster’s head side support will be limited.
The backrest as such adds distance to the vehicle seatback and thereby positions the child more forward and closer to
the structure in front, as exemplified in Figures 4 and S5b. In case of a frontal impact, a more forward initial head
position, relative to the vehicle, will result in a more forward head excursion and thereby increasing the risk of head
impact. Although developed for head protection using test rig methods, it is not evident that a backrest with head side
supports offers head impact protection for the child in real-world situations.

More recently, shoulder belt pads and belt routing straps (Figures 10b-c), in addition to attachments of the booster to
the vehicle by using the ISOFIX anchorages, have been added to serve as anticipated improvements for frontal impact
protection. These features are not shown as safety enhancements in real-world situations, although there are likely
situations in which they might not do any harm. Nevertheless, the seatbelt re-routing by the belt routing straps, and
the tight attachment of the booster to the ISOFIX anchorages are concrete examples of a lack of understanding the
booster-vehicle context and may be counterproductive. Overall, these over-engineered products drive the complexity
of the boosters, likely having impact on usage.

Another mismatch is about the test rigs for booster assessment and how the results are analyzed and communicated,
not acknowledging the limitations of the test rigs’ real-world resemblance. Based on the simplified test setup, lacking
representative vehicle and user context, safety perceptions are communicated which are not aligned with real-world
safety performance. Too many consumers today are told that a booster with all the features is the safest alternative,
while likely that is not the case.

A main challenge today is the increased degree of shared mobility services and to help ensure the use of a booster at
every trip. The current booster offer is not aligned with this development. The trend of changing from the habit of
using one vehicle from start to destination to flexible use of several different vehicles is a challenging task when
addressing the needs of families. The sketch in Figure 11a illustrates some choices addressing how to make sure the
whole system is in place when using the vehicle. Can they carry a booster with them; large or small? Or, could there
be one available when reaching the vehicle? How can we help the users to always use a booster even in shared mobility
situations? Another challenge of large booster seats is illustrated in Figure 11b, in which two mid-sized male adults
are sitting together with a booster seat in a rear-seat of a modern large family car.

Figure 11a. A sketch illustrating shared Figure 11b. Fitting two mid-sized male adults together with
mobility challenges for a family a booster seat in the rear-seat of a large family car
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Real-World Protection

Real-world data shows that boosters, irrespectively of backrest or not, provide protection for the child.

The fundamentals for real-world protection for the category of booster-seated children are:

e The seatbelt is the primary restraint, as for an adult.

e The booster’s main purpose is to raise the child in position for good lap-belt geometry, for reduced risk of
submarining in frontal impacts.

e By raising the child, the booster will also provide a more comfortable and safe mid-shoulder shoulder belt
position.

e The booster shortens the cushion length, improving comfort and thereby reducing risk of slouching.

e  The booster-seated child will benefit from the advanced seatbelt technologies, such as the pretensioners.

e In a side-impact, the vehicle safety systems will help protect the child, as for an adult.

e Lateral support for comfort and upright sitting posture could be provided by the booster, but only if
obstruction of vehicle safety systems is avoided. It could just as well be an add-on comfort cover.

In addition, not to jeopardize real-world protection of the child these guidelines should be followed:
e Don’t let the booster introduce excessive re-routing of the seatbelt. Re-routing may have negative impact on
the seatbelt’s performance during crash.
e Avoid extensive side supports. This may have negative impact on vehicle safety systems’ function.
e The boost should maintain stable during the whole crash.
e Be careful when attaching the booster to the vehicle (by other means than the seatbelt), when the child is
using it. The booster should move with the child, if needed.

Most importantly, a booster should be used at every trip.

What is Needed?

Allowing booster cushions for children from 4 years of age is essential for safe shared mobility. The consequences of
banning the booster cushion could result in children not using a child restraint, due to the hassle of bringing a booster
seat along to the car sharing service or limited access to boosters by the car services. The trend of decreased use of
booster seats by increased age is seen already today, while the use of booster cushions is relatively greater among the
older booster-seated children. Today in conventional car ownership, there is a relatively high share of seatbelt-only-
restraint among the oldest children required to use boosters. If no safe and convenient alternative is available, the share
of incorrectly restrained children is likely to increase when car ownership changes and multiple transport modes during
one trip will increase. This will influence the protection in a crash and have negative impact on the overall traffic
safety.

Banning a well-performing booster cushion based on arguments not substantiated by real-world data, is not in line
with the users’ needs. Instead, efforts should be focused on providing information on the importance of beltfit and
sitting upright, whereby the child could fully benefit from the vehicle safety systems. This is in line with the proposed
joint efforts by the vehicle, the booster and the user for the protection of the child in the vehicle. For the younger
booster-seated children, they may need support for lateral restriction to ensure good shoulder belt fit throughout the
ride. This need varies by individual and by the trip. Likely more support is needed during longer trips to support the
child when sleeping, as compared to shorter trips. Other strategies, than a backrest with large protruding side supports,
can be applied to address this, such as adding low-weight comfort support helping to stabilize the child laterally into
an upright sitting posture when resting. These supports should not be rigidly attached to the booster, nor the seatbelt
and they should not influence the vehicle safety systems during a crash.

As a safety community we need to ensure that parents and caregivers are educated on what a booster does. Consumer
misunderstanding the role of a booster, such as considering it as a restraint and not as an adapter, may contribute to
encourage the designs to be larger and have more extraneous features, that do not positively contribute to occupant
safety. This is to be expected as these consumers are graduating from harness-based child restraints, which are not as
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dependent of the vehicle restraint in its protective design. We need to re-orient the consumer to how a booster works,
driving simple solutions that positively impact safety, as well as the other key characteristics of accessibility and
affordability.

There is also a need to address the test methods for booster assessment, in addition to the interpretations and messages
provided from the tests. This includes the certification tests by UN Reg No. 129 and in Australia, which today are
restricting real-world safe booster cushions. It also includes the consumer information rating tests, in addition to the
child seat manufactures, and their role in communicating the benefits of different features. Since the test rig has
limitations in reflecting the vehicle-booster-user entity, care should be taken when communicating safety benefits of
features evaluated via this method, in relation to a real-world protection context. This was also emphasized by
Arbogast et al. (2022), summarizing discussions at an international workshop on child occupant protection.

The rear-seats of passenger cars are constantly improving. Therefore, there is a need to investigate how the test
methods for booster assessment can be further developed, to improve the representation of modern vehicles. In
addition, the child occupant’s representation by the child ATDs also needs to be further addressed. In the absence of
a complete understanding of the ATD limitations, the interpretation of the response can contribute to conflicting safety
countermeasures (Arbogast et al., 2022). In line with the concept of a booster as an adapter, rather than a stand-alone
restraint, it is important that the methods and tools for testing reflect that the booster is part of a system that includes
the vehicle environment as well as the child context. To capture the full protective effect of a booster, the context
should be as realistic as possible.

The Way Forward

Today there is a reluctance among families to use car sharing services, of which one of the main reasons is their
concerns regarding the child restraints (Koppel et al., 2021). The journey towards increased shared mobility, being
one of the enablers for a more sustainable traffic situation, is a collaborative task by all involved stakeholders. The car
manufacturers, as well as the child seat manufacturers and the users, in addition to rulemaking and organizations
influencing the design of the different parts, such as consumer information testing, need to work together and be
aligned towards the common goal of sustainable and safe transportation.

The trend in recent booster developments is likely a result of lack of cooperative efforts between the involved
stakeholders. Obviously, the booster regulation methods are done with the best intentions for the children. However,
there seems to be a lack of understanding of the larger context, such as the environment in which the child will be
using the booster. When used, the booster is always positioned in a passenger car seat. A car seat is designed to protect
car passengers. The vehicle safety systems, e.g., the seatbelt, the vehicle interior and airbags, will help protect the
booster-seated child as well. Hence the booster’s main purpose is to complement with the child specific needs, i.e.,
being an adapter to raise the child in position for the seatbelt. From the user’s perspective, different types of boosters,
complementing each other, are needed to benefit overall protection of children in vehicles.

Real-world crash data includes data over many years, although not the most recent years. During these years, the basic
booster designs, are included and many of the vehicles are likely without advanced seatbelt technology and ICs.
Regardless of this, the real-world data clearly shows that booster-seated children are well protected. For the booster
design, it is essential that we acknowledge the real-world evidence and experience and adhere to the protection
principles. The protective performance of a well-designed booster cushion is proven, and there is evidence that booster
cushions, as well as integrated boosters, increase usage especially among the older child age group. Adapting these to
the protection needs of children aged 4 to 10-12 and making them portable, focusing size and weight still adhering the
protection principles, will help keep children safe in the increased trend of shared mobility. By going back to the
fundaments and learnings from the past, we should align towards a common goal of sustainable and safe transportation
for children aged 4 to 10-12.
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CONCLUSIONS

There is a mismatch between booster development and assessment, and the needs for child passenger protection in
current and future vehicles. Driven by sustainability goals, passenger cars’ design and ownership setups are changing
requiring practical solutions for child passenger protection. At the same time the boosters are becoming larger and
more complex, including a ban of booster cushions. While passenger cars encompass more advanced safety systems,
the boosters are assessed using test rig methods without resemblance of these characteristics, nor consideration of the
large range of sitting postures in the real-world context. Real-world child passenger safety involves an understanding
that the booster is an adapter and not a restraint. Most importantly, irrespectively of passenger cars’ design and
ownership setups, the booster should be used in every trip.

Real-world child passenger protection is achieved by the vehicle and booster together. Children benefit from the
vehicle safety systems, given they are raised in a position for good beltfit: over the pelvis and across the chest and
shoulder. This is exemplified by vehicle’s head protection of the forward leaning child in side-impacts, and
pretensioner reducing seatbelt slack when wearing bulky clothes. Hence, the design of boosters should focus the
necessary elevation of the child to achieve a good initial beltfit and maintain a good seatbelt interaction during the
whole crash.

This study urges all stakeholders to be aligned towards a common goal of sustainable and safe transportation for
booster-seated children, typically aged 4 to 10-12. The way forward is to focus on the essential protection principles
and always consider the real-world context, which includes the vehicle, the booster, and the user as an entity, and to
use this as the foundation for all tests, assessments, and communication. This joint effort is an essential part to help
maintain, and potentially even enhance, current real-world protection level of booster-seated children into future
transportation.
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ABSTRACT

Except for personal protective equipment, riders of powered two-wheelers are currently unprotected when
impacting into an accident opponent. This work investigates a motorcycle safety concept that proposes
a combination of thigh seat belts, airbags, and leg impact protectors. It gives a virtual prediction of
the accident behavior using finite element models of the motorcycle with passive safety systems, an
accident opponent, and an anthropometric test device as a rider surrogate in recommended frequent
accident scenarios. It shows a meaningful graphical description of the functional and causal principles
of a powered two-wheeler rider restraint and a quantified performance evaluation of the concept. The
combination of several passive safety systems has shown to be promising in positively influencing
accident behavior and mitigating consequences.

INTRODUCTION

From economic and environmental perspectives, powered two-wheelers (PTWs) are an efficient mode
of transportation. Because of high traffic volume, many cities have already reached their capacity limits
at peak traffic times. A shift to smaller vehicles can provide much-needed relief. A case study of the
Leuven-Brussels motorway journey [1] examines the impact of a modal shift in which 10 % of cars are
replaced by PTWs. The traffic flow model simulation states that traffic loss hours decrease by 63 %
from 1925 hours in a reference scenario to only 706 hours lost. Also, regardless of the type of drive,
PTWs consume fewer resources in production and have a lower energy consumption and use less space
than cars. Considering the average occupancy (e-scooter: 1.1 persons vs., e.g., a mid class passenger car:
1.34 persons) in an evaluation of different transportation modes for urban areas [2], e-scooters perform
among the best regarding the energy demand in use. They are more efficient than other electric vehicles,
buses, and the tram; only bicycles and e-bicycles are more efficient than electric PTWs. However, their
poor passive safety is their decisive disadvantage at considerable social costs.

A comparison of the fatality risks of various modes of transportation (cars & light trucks, pedestrians &
bicycles, motorcycles, large trucks, buses, maritime, aviation, railroads, pipeline) in the US for 2000-
2009 [3] shows that riding a motorcycle is by far the most dangerous. Riding a motorcycle accounts
for 212 fatalities per billion passenger miles; driving or being a passenger in a car or light truck only
accounts for 7.28 fatalities per billion miles traveled. This is because motorcycles do not provide any-
where near the same level of crashworthiness and rider protection as automobiles do for their occupants.
A car is much more stable and easier to see. In the event of an accident, a car has the advantage of
significantly more weight and volume. It fully encloses the occupants in a safety cell and provides
passive safety features such as seat belts and airbags. In contrast, the safety equipment of most mo-
torcyclists is currently limited to personal-worn protective equipment. The current safety strategy of
conventional motorcycles does not go beyond the intention or, even more so, hope that the vehicle user
will be able to get as little as possible entangled with the motorcycle and will be thrown off quickly instead.

There are two main approaches to passive safety in motorcycle literature [4]. In the first principle, the
rider is restraint to the motorcycle. In a collision, kinetic energy from the motorcycle is converted into
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deformation work. The rider restraints, e.g., belts or airbags, aim to prevent direct contact between the
motorcyclist and an accident opponent up to a certain collision speed. Production motorcycles that aim
for that principle are rare. The Honda Goldwing is a large tourer equipped with a frontal airbag [5, 6, 7].
The BMW Cl1 is a city scooter with a rollover structure and belt restraint for an upright seated rider [8, 9].

In the second principle, the rider must be separated from the motorcycle as soon as possible, and a direct
impact must be avoided. Here, the rider mustn’t get tangled up in parts of the motorcycle. In the best
case, a flyover of the motorcyclist over the accident opponent is initiated. The principle aims that the
injuries of a flyover should be less than those of a direct impact. Most motorcycles aim for this safety
principle. Several types of rider kinematics have been identified for impacts with these conventional
motorcycles, see e.g. [10, 11], for experiments including a pillion passenger [12]. The observed patterns
can be divided, as shown by [13], into one of the types illustrated in Figure 1: (a) a direct impact, (b) a
rollover, or (c) a flyover of the rider. Before impact, this depends on the points of contact at the collision
opponents; during the collision phase, it depends on the vehicle geometries and the structural properties.
In a direct impact, the rider is decelerated the most; hence the resulting immediate energy input into the
rider is the highest. For a rollover, the energy input is lower, and for a flyover even lower. In the case of
arollover or flyover, the rider detaches from the motorcycle, which remains the decisive safety principle
of today’s motorized two-wheelers. This assumes that injuries in the subsequent so-called secondary
accident phase will be less than in a direct car impact. The chances of being injured less severely or not
at all are promising only if the rider is wearing effective personal protective equipment and slides freely
to the final position after impact without coming into contact with other vehicles or fixed objects.

(a) direct impact
high energy transfer

(b) rollover with
medium energy transfer

(c) flyover with
low energy transfer

Figure 1: Types of collisions of a conventional motorcycle and rider against an opposing vehicle.

The safe motorcycle studied here aims at the first principle. It consists of a newly designed motorcycle
frame and body, seat belts, multiple airbags, foam leg impact protectors, and a side impact structure;
see full FE model in Figure 2. The concept, initially described in [14], envisages that in the event of an
impact, the two belts around the thighs restrain the rider to the motorcycle. The surrounding airbags then
decelerate the upper body rotation in a controlled manner and protect the rider from hard contact with an
opposing vehicle, the road, or road-side structures. The foam impact protectors absorb the impact of the
legs on the motorcycle cockpit and the side impact structure protects the lower extremities laterally. The
concept’s idea is to preserve the open design and superior all-around visibility and maneuverability of a
two-wheeler without any rollover structure. The goal is to supersede a motorcycle rider’s safety clothing
and helmet entirely in the future and, therefore, significantly increase the suitability of motorcycles as
commuter vehicles and/or shared mobility solutions.
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Figure 2: FE motorcycle with restraint safety concept and Hybrid ITI 50™ ATD as rider surrogate.

This paper presents the tools and methods to design an optimal and robust novel safety concept for mo-
torcycles. The safety concept combines well-established safety strategies of occupant protection onto a
motorcycle to minimize the intrinsic unpredictability of PTW crashes. The novelty of this work is the in-
vestigation of the PTW safety concept in a full FE approach, as part of a modeling and simulation strategy
with different levels of model fidelity. It aims for a meaningful description of the operating principles and
their influence on the accident behavior in comparison to a conventional PTW based on the virtual models.

MODELING

The work presented here is part of a a multi-stage, multi-model approach with varying degrees of model

fidelity, outlined in Figure 3.
belt and airbag
system design

leg protector
dimensioning

Madymo Ls-Dyna

belt and airbag
system design

+ deformable
inner cockpit
design
iteration

modeling

+ deformable relevant
structural components

design
iteration

accident dynamics of
motorcycle and car
N

accident dynamics of_:

ﬁ design update ’—| ﬁ ) \lr'n(')tP reycle and car
1T
design update & vehicle interaction characteristics

simulation

[14]

(15, 16]
AN

ESV 2023

N\
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stage I: combined MB/FE model

'

Figure 3: Modeling and simulation strategy.

stage II: coupled FE/MB model

~
stage I1I: full FE model
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81 parts

323,000 nodes

60 beam elements
243,000 shell elements
135,000 solid elements

12 joint connections

25 extra node set connections
67 nodal rigid body connections

Figure 4: Discretization of the FE motorcycle model, shown as wireframe elements.

The modeling and simulation strategy consists of three stages (I) to (IIT): (I) In the MADYMO software
environment!, the motorcycle, airbags, belts, rider surrogate, and accident opponent are modeled in a
combined multibody and FE approach, introduced in [14]. Vehicle deformation and contact characteris-
tics, as well as an effectiveness assessment of the passive safety systems are based on fitted simulation
models of full-scale crash tests of conventional motorcycles. (II) An equivalent FE model of the rider
interaction surfaces, coupled to accident trajectories from MB simulations, includes the leg impact pro-
tectors in the LS-DYNA software environment?, introduced in [15, 16] also used in [17]. (IIT) Simulations
of a full FE approach in LS-DYNA that also includes the motorcycle’s structurally relevant components
as deformable parts.

In this work, the proposed motorcycle is investigated in the shown full FE model approach (stage III),
shown in Figure 4.

The model aims to represent the interaction with the crash opponent, structural loading and deformation,
and energy absorption of the motorcycle structure. As a result, its focus is on representing the crash-
relevant structural components, which are the front wheel, front tire, and front suspension assembly.
Components such as the drivetrain are modeled as rigid parts because they are assumed not to deform
because they are very stiff or outside of the crash deformation. As a unique feature of the proposed mo-
torcycle structure a foam crash box in the cockpit nose aims to control the energy transfer. This prevents
arollover in a frontal impact. The elevated side impact structures protect the lower extremities laterally.
In total, the model consists of 81 parts from 378,000 elements with 323,000 nodes. The suspension
is modeled with eight kinematic joints; front wheel rotation (2), telescopic front fork suspension (2),
rear-wheel rotation (2), front fork steering, and rear swing arm rotation. The other kinematic joints are
for the lids of the compartments behind which the airbags are located.

Recent other detailed FE models of PTWs for crash investigations are [7] (a large tourer), [18] (a three-
wheeled scooter), [19] (a sport bike), and [20] (a sport tourer).

ISIEMENS Simcenter Madymo (version 2021.1 SMP): https://www.plm.automation.siemens.com/global/en/
products/simcenter/madymo.html
2Ansys LS-DYNA (version R9.3.1 MPP): https://www.ansys.com/products/structures/ansys-1s-dyna
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Impact configurations

As a set of representative impact scenarios, accident configurations from ISO1323 [21] are used. The
standard isolates seven representative impact configurations (1) to (7), shown in Figure 5. The set in-
cludes collisions between a motorcycle and a passenger car, with the motorcycle and car, either stationary
or moving forward up to a speed of ~48km/h (13.4m/s). The contact points on the motorcycle and
car are at the front and side, respectively. There are no rear contacts included (either at the car or at
motorcycle). The standard defines the opposing vehicle as a four-door saloon with a mass of 1,238-
1,450 kg and an overall height of 137-147 cm. The set does not include scenarios with roadside barriers.
As the accident opponent, the FE model of a 2001 Ford Taurus [22] is used. The model, developed
and validated by the National Crash Analysis Center (NCAC), is publicly available in the NHTSA ve-
hicle database [23]. With an overall height of 147 cm and a mass of 1477 kg the four-door passenger
sedan complies with [24] specifications for the opposing vehicle height but slightly exceeds vehicle mass.

143-9.8/0 114-6.7/13.4  413-6.7/13.4  412-6.7/13.4 414-6.7/13.4 225-0/13.4 413-0/13.4

‘ |— motorcycle speed in m/s

car speed in m/s
geometry code

Figure 5: Representative set of impact configurations according to [21].

Injury criteria

For passenger vehicle occupant protection, there are national and international regulations, such as
the ECE regulations by the United Nations Economic Commission for Europe (UNECE) or Federal Motor
Vehicle Safety Standards (FMVSS) for the US that specifies injury criteria and respective maximal values
for specific load cases. Also, consumer ratings such as the New Car Assessment Programs for the United
States (US NCAP) and the European Union (Euro NCAP) provide constantly updated biomechanical
criteria from the latest scientific findings of occupant protection. To the best of the authors’ knowledge,
for the passive safety of motorcyclists, such governmental regulations or consumer ratings currently
do not exist. The most recent version of ISO 13232 recommends only a very limited set of criteria.
The work presented here aims to assess many potential injury mechanisms for the whole body. The
selection of injury criteria considered are summarized in Table 1. It is based on a comprehensive set
of injury criteria and corresponding biomechanical limits for motorcyclists from an extensive literature
review by [25]. This selection is extended to include the GAMBIT, which is recommended in the
international standard [26], as well as the BrIC and the Nij criterium. For femur criteria, stricter
thresholds from ECE-R 94 [27] are used.
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viscous criterion VCiax = max (V(¢) - C(1)) 1 m/s (34, 27]
pelvis |resultant acceleration Apyy = Intallx (n S?;iZP‘Him Qres(t )) for t:[O:g3 ms [25]
femur | axial force |F; | max = max |F;(1)] 9.07 kN [27]
M (£)2+ My (1)
Tl ax = max 0 y(t) + F=(0)
tibia |tibia index max = (M) e (Fo), 1.3 [35, 27]
with (Mc),e =225 Nm and (Fc),=35.9 kN

Table 1: Selected injury criteria with biomechanical limits for the Hybrid III 50" ATD.
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ACCIDENT SIMULATION

Conventional Motorcycle

For comparison, a full laboratory crash test of a conventional motorcycle against a passenger car is
used. It is an impact according to ISO 12323 (7) with a helmeted Hybrid IIT 50" anthropometric test
device (ATD) as part of investigations of [25], to which data we have access to. The laboratory tests
are documented with a test protocol and high-speed video footage, a 15-channel sensor data set of the
ATD, and accelerometers at multiple points on the motorcycle. The test is then simulated with the MBS
approach, see [14], shown in Figure 6.

Figure 6: MB simulation (stage I) of full-scale crash test SH01.01 [25] of a conventional motorcy-
cle Yamaha FZS 600 Fazer and a helmeted Hybrid ITI 50" against a VW Golf II in scenario (7).

Figure 7 illustrates the resulting deceleration from the MB simulation of the motorcycle, the opposing
vehicle, and the main body parts of the rider for the conventional motorcycle impact by plotting the
velocities. The velocities are filtered with a CFC (channel frequency class) filter, see [36]. The impact
causes the motorcycle to decelerate relatively uniformly from the initial speed, initiating a forward rota-
tion of the PTW. After the rider is not decelerated until about 40 ms, he is abruptly decelerated by the
impact of the pelvis on the tank and the helmeted head on the car. According to the classification in
Figure 1, the collision corresponds to a direct impact with a high energy transfer.

A classification into accident phases in Figure 8 reduces the accident occurrence to a chronology of
significant events. It illustrates long dead times of the rider’s head, pelvis, and legs. Tank impact and hel-
meted car impact are concentrated short-time events. These lead, i.a., to a high deceleration of the head
(a3ms), a very high neck axial compression (¥ compr,1ms) and shear loading (Fyy4sms), and a high rear-
ward (extension) moment (M rwd,max), S€€ the evaluation of the injuria criteria in Figure 15. The greyed
fields ("N/A") are injury criteria that could not be determined with the ATD sensor channels of SH 01.01.
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Figure 7: Velocities of conventional motorcycle and motorcyclist’s main body parts relative to

car’s velocity in a frontal collision according to scenario @ (MB simulation shown in Figure 6).
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Figure 8: Schematic chronology of conventional motorcycle and rider behaviour in a frontal

collision according to configuration (7) (MB simulation of Figure 6).

Motorcycle with Restraint System

To analyze the safe motorcycle with rider restraint, all seven ISO 13232 scenarios are simulated using the
full FE model; see overview in Figure 9. It shows the accident kinematics up to 500 ms each, referred to
as the primary impact phase. For the impacts shown, the effect of the safety system can be summarized
as follows: The belts restrain the rider to the motorcycle, with the belt load-limiting devices limiting the
pelvis accelerations. The belt restraint establishes a pivot point at the pelvis to guide the upper body in
forward and sideward rotations and to keep the riders’ bodies within the range of the airbags and within
the leg protectors and side-impact protection structure. The surrounding airbags decelerate the upper
body motion and prevent impact against hard structures, such as the uncushioned motorcycle cockpit
surfaces and the accident opponent. The motorcycle cockpit and the accident opponent are reaction
surfaces for the airbags.
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configuration (5)

Figure 9: Primary impact response of motorcycle with restraint system in full FE simulations of
ISO 13232 configurations with a non-helmeted Hyb III 50 up to 500 ms.

Scenarios (1) — @, @, and @ are impacts where the motorcycle is particularly violently de- or accel-
erated. In scenario (4), the motorcycle bounces off at a shallow angle without losing much speed. In
near miss scenario (6), the motorcycle grazes the car. The latter two scenarios are particulary interesting
for analyzing the secondary accident behavior because much residual energy remains in the motorcycle
and the passenger. This also applies to scenarios (1) and (2) because the car accelerates the motorcycle
through the collision.

The heat map in Figure 10 illustrates an evaluation of the biomechanical injury criteria. The selected
criteria from Table 1 are normalized to their respective biomechanical limit for the Hybrid III 50" ATD
and are color-coded to indicate the severity of the body loads. Overall, only the tibia index (TI) from
tibia forces and moments, the brain injury criterion (BrIC) based on head angular velocity, and the thorax
acceleration azp, criterion exceed their biomechanical limits in some scenarios. Simulations of the safety
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Figure 10: Injury criteria relative to biomechanical limits for primary impact up to 500 ms shown

in Figure 9.

concept with HBMs [17] also show high BrIC values, exceeding the recommended threshold. The high
thorax asys values in (3) are due to the arms getting caught in the cockpit fairing and being mechanically
locked which transmits a shock trough the rigid arm joints into the torso. Apart from these, the highest
values are the head and pelvis a3 acceleration and neck axial tension. These are concept-related mainly
dependent on the belt restraint’s load limit, which is a tradeoff between the feasible frontal displacement
of the rider and tolerable body loads. A lower belt load limit reduces body loads from the rider restraint
but also increases the risk of the head hitting the accident opponent. The leg protectors and side impact
protection keep femur axial loading low.

rigid wall
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Figure 11: Frontal deformation characteristics of motorcycle.
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Figure 12: Motorcycle to car structural interaction and intrusion behaviour in full FE simulation
(right airbags are not displayed).

Unlike the conventional motorcycle collision, the proposed motorcycle does not roll over about its trans-
verse axis during a frontal impact. The voluminous cockpit and the resulting high contact point prevent
pitching. Figure 11 illustrates the designed frontal deformation characteristics in impact with a rigid
wall. It identifies subsequent phases of deformation: (i) compression of the front tire, (ii) collapse of the
front rim, and (iii) collapse of the front fork. The area enclosed corresponds to the dissipated energy.
Figure 12 reveals the structural interaction and intrusion of the motorcycle against the opposing vehicle.
The motorcycle’s front wheel collides with the sill of the car, and the motorcycle cockpit deforms the car
door inward.

Figure 13 shows equivalent to Figure 7 the deceleration based on the velocities of the motorcycle and the
main body parts of the rider in a frontal collision (scenario (7)). It shows quite descriptive the benefits
of the safety system concept. The belts interact early leading to a relatively continuous deceleration by
restraining the pelvis. After about 80 ms, the front airbag decelerates the upper body rotation. Overall the
main body parts are decelerated continuously over an increased time period, compared to the short-term
impacts of the conventional motorcycle. Plotting a schematic chronology results in Figure 14. Extended
by a safety systems layer, it shows the timing and operating phases of the seat belt and airbag systems as
well as the leg impact protectors.

accident contact relative velocity of motorcycle to car = 0 m/s
©accident  thigh belt : relative velocity of
: detection  restraint : rider to motorcycle ~ 0 m/s
15 — ; : ; : L —
e front airbag rider (CFC180)
: ‘deceleration : head
: thorax
é 10 : pelvis
k= :
= : vehicles (CFC60)
2 : — motorcycle
o) 5 :
> : — — —car
0 A | 1 I
0 50 100 150
time in ms

Figure 13: Velocities of motorcycle with restraint safety systems and motorcyclist’s main body

parts in a frontal collision according to configuration (7) (Full FE simulation shown in Figure 9).
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Figure 14: Schematic chronology of motorcycle with restraint safety systems and rider behaviour
in a frontal collision according to configuration (7) (Full FE simulation of Figure 9).

Figure 15 is a comparison of the resulting injury criteria of the conventional motorcycle vs. the motor-
cycle with the rider restraint. The crash test criteria of the conventional motorcycle are based on the
experimental sensor data of the laboratory test; for the motorcycle with rider restraint, they are from the
full FE simulation. Change for the better or the worse is highlighted by green and red arrows. Overall,
the number of critical values is reduced. Whereby with the current parameters fot the design varibles
lead safety-concept related to higher loads for neck axial tension and pelvis and thorax acceleration.
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Figure 15: Injury criteria relative to respective biomechanical limit for conventional motorcycle
(top; experimental data of SH01.01) and motorcycle with rider restraint (bottom; full FE
simulation).
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DISCUSSION

The work investigates the primary impact behavior of a recommended set of impact scenarios involving
PTWs. The motorcycle’s safety concept enables a guided rider trajectory and controlled energy dis-
sipation through rider restraint with continuous deceleration during a motorcycle-to-car impact. With
few exceptions, recommended injury criteria and respective biomechanical limits indicate tolerable rider
loading. Some values for BrIC, TI, and thorax asng are not within the recommended biomechanical
limits. A comparison with a conventional motorcycle shows the advantages of controlled and contin-
uous load application onto the body of the rider. The consequences of an accident depend less on the
randomness and unpredictability of a conventional accident with multiple possible trajectories than on
the design variables of the safety system.

The secondary impact behavior, impacts against other accident opponents, e.g., roadside barriers, and
solo accident behavior, have not yet been considered. These types have prevalently long accident histo-
ries. The use of full FE models with long computation times is challenging since they are computationally
costly, even when complex structural interactions with large deformations occur less in such secondary
accident phases and solo accidents. Here, future use of hybrid variants that combine the structural impact
response of a full FE model and the large rigid body motions of an MB model seems particularly desirable.

CONCLUSIONS

This work contains

e avirtual prediction of the accident behavior of a motorcycle with passive safety systems,
» ameaningful graphical description of the functional and causal principles of a PTW rider restraint,

* and a quantified performance evaluation of the concept.

Comparable to passive safety for car occupants, a combination of several passive safety systems has
shown to be promising in positively influencing the accident behavior and consequences of PTW riders.
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ABSTRACT

Research shows that children with disabilities face an increased risk of injuries and fatalities in a crash
compared with other children. However, a recent literature review concluded that these particularly vulnerable
road users continue to be inappropriately restrained in vehicles, constituting an ongoing road safety problem.
This also impacts on their human right to safe and accessible transport. Although globally, there are established
independent assessment programs for child restraint systems, there is no such program for special purpose child
restraints or other restraint types used by children with disabilities. With the formation of a new Australian
charity dedicated to advancing the rights of children with disabilities to safe and accessible transport, the
objective of this project is to enhance the protection of children with disabilities travelling in child restraint
systems in motor vehicles through the establishment of an independent safety and assessment program. The
development of the Australian Safety Assessment Program (AuSAP) was supported with funding from the
Victorian Transport Accident Commission, and in-kind support from NeuRA and Britax.

A mixed methods research approach was used, consisting of:

Desktop review

A review of the legislative and regulatory environment impacting on the supply, sale and use of special purpose
child restraints and accessories in Australia was conducted. A global product scan identified restraints for
inclusion.

Governance framework
Several governance framework options were developed, with the recommended option being a not-for-profit
lead agency model supported by an Expert Committee.

Protocols
The Expert Committee developed the Test and Assessment Protocol based on a review of standards/regulations.

Assessments/crash testing
Fifty-four crash tests have been undertaken (forward and side impact testing), with results shared with relevant
suppliers and manufacturers.

Communication/education
MACA is developing individual Product Guides that incorporate AuSAP findings to support allied health
professionals in their prescribing role.

AuSAP is implementing a global approach to improve motor vehicle restraint systems for children with
disabilities in line with the recommendations in the World Health Organization’s global report on Assistive
Technology and the Convention on the Rights of Persons with Disabilities. The program has rapidly stimulated
the Australian market to supply special purpose child restraints by increasing the confidence of suppliers,
prescribers, consumers, and government funders. This has expanded safe motor vehicle transport options for
children with disabilities. It has also provided a unique opportunity for global collaboration with manufacturers
to improve the design and safety of restraint systems for children with disabilities. AuSAP has facilitated
international engagement about the suitability of current requirements in standards/regulations for special
purpose child restraints and consideration of potential improvements for future reviews. This has the potential to
remove barriers to access not only in Australia but globally. The first program of its kind, AuSAP has achieved
early success in encouraging international cooperation and learning to advance the human rights of our most
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vulnerable road users to safe and accessible motor vehicle transport. Access to such life changing assistive
technology is a precondition for equal opportunities and participation.

INTRODUCTION

It is estimated that approximately 1 in every 10 (more than 150 million) children globally under the age of 18
has a disability [1].

Some children with disabilities and medical conditions, such as Cerebral Palsy and Autism Spectrum Disorder,
require additional support and features not provided by conventional child restraints. Special purpose child
restraints have been specifically designed to support the needs of these children.

However, children with disabilities and medical conditions in Australia face significant barriers in accessing
special purpose child restraints when unable to travel in a conventional child restraint [2]. This situation is not
unique to Australia, with the gaps greatest in low- and middle-income countries. This global inequity requires
urgent collective attention and action [3].

A literature review in 2019 reflected little change in how children with disabilities are being transported since a
previous literature review in 2001, noting that they “continue to be inappropriately restrained in vehicles,
constituting an ongoing road safety problem” [4]. Further, 74 per cent of children with autism escape their child
restraint, and more than 20 per cent of parents report their child demonstrates aggressive or self-injurious
behaviour during travel, impacting on their safety and others [5].

More recently Australian families of children with disabilities and medical conditions have raised significant
concerns about their child’s safety during transport and reported that their transport situation restricts their
child’s participation [3]. Key safety concerns include having to pull over to reposition their child, becoming
distracted as a result of their child becoming upset or distressed, and having difficulty physically getting their
child in and out of the car. Over half of parents reported their child was getting out of their child restraint or
vehicle seatbelt whilst the vehicle was moving and ten per cent reported their child had escaped the vehicle into
the road environment. Over two thirds of parents reported never receiving information about how to safely
transport their child and nearly half reported that their child was missing out on participating in everyday life

[2].

Access to assistive technology, such as special purpose child restraints, is regarded as a precondition for
achieving equal opportunities, enjoying human rights, and living in dignity [1]. This right is enshrined in
Article 32 of the UN Convention on the Rights of Persons with Disabilities that calls for international
cooperation to support national efforts to improve access to assistive technology across the world. Such
cooperation can support efforts in areas of research, policies, regulations, fair pricing, market shaping, product
development, technology transfer, manufacturing, procurement, supply, service provision and human resources

[3].

Australian context

Mobility and Accessibility for Children in Australia Ltd (MACA) Established in 2019, MACA is a not-for-
profit charity dedicated to advancing the rights of children (under 16 years) with disabilities and medical
conditions to safe and accessible transport. MACA is the first Australian organisation of this type focused on
addressing the significant gaps and barriers impacting on the motor vehicle transport needs of children with
disabilities and medical conditions.

National Disability Insurance Scheme (NDIS) There has been a fundamental shift in the past decade in
Australia’s approach to supporting the everyday needs of people living with disability. People with a
"permanent and significant" disability (under the age of 65) can now access full funding for any "reasonable and
necessary" support needs related to their disability. This funding is accessed through the NDIS, the first scheme
of its kind in Australia.

Funding includes access to assistive technology, which the NDIS defines as “items that help you do things you
can’t do because of your disability. Or things that help you do something more easily or safely.” Special purpose
child restraints are classified by the NDIS as high-risk assistive technology.

Due to the lack of knowledge about special purpose child restraints, including compliance with standards, safety
and performance, the NDIS experienced challenges in approving funding applications, resulting in some
children not benefiting from the scheme for their motor vehicle transport needs. Where funding approval was
achieved, NDIS participants experienced long wait times, ranging from three weeks to three years [2].
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Australian standards Australia has a long-established standard for child restraints (AS/NZS 1754 Child
restraint systems for use in motor vehicles) however this standard does not cater for the restraint types used by
children with disabilities - which include special purpose child restraints, harnesses/vests, and modified child
restraints. This situation has resulted in Australian children travelling in either locally made products that do not
comply with standards, (e.g., harnesses and modified child restraints), or special purpose child restraints from
overseas which may comply with a relevant regulation or standard.

Australia’s child restraint standard (AS/NZS 1754) is mandated through a national consumer protection notice
and reflected in each of Australia’s eight state and territory road laws. As this standard does not provide for
special purpose child restraints, products can be legally supplied and sold in Australia from overseas, with
exemption provisions in road laws for use in motor vehicles. AS/NZS 1754:2013 is currently under review, with
a new section being drafted to consider allowing for some variations to Australian standard child restraints to
cater for the needs of children with disabilities and medical conditions. However, this approach requires analysis
of the potential benefits and barriers that may impact industry, families, and government policy if these changes
are accepted for Australia and New Zealand.

In addition, Australia (and New Zealand) has a unique standard, AS/NZS 4370 Restraint of children with
disabilities, or medical conditions, in motor vehicles (current version 2013), to guide allied health professionals
when assessing and prescribing for children’s motor vehicle transport needs. This standard however does not
cover the safety and performance of the restraint types used by children with disabilities and medical conditions
and is scheduled for review to ensure it reflects recent research and learnings.

Child restraint evaluation program Like many other countries, Australia has an established independent
review program for its Australian standard child restraints. This program, aimed at consumers, is known as the
Child Restraint Evaluation Program. It’s funded by government and road safety focused organisations and tests
child restraints to a higher level than the Australian standard.

However, until the establishment of AuSAP, no such program existed for special purpose child restraints (and
other products) used by children with disabilities and medical conditions.

OBJECTIVES

MACA established the Australian Safety Assessment Program (AuSAP) to improve knowledge of the safety
and performance of restraint types used by children with disabilities and medical conditions. This is the first
independent assessment program for special purpose child restraints (and other restraint types) used by children
with disabilities and medical conditions when travelling in motor vehicles.

AuSAP is a key program contributing to MACA’s vision that every child has access to safe and equitable
transport. The objectives of AuSAP are broad, invite collaboration, and encompass a whole-of-system
approach:

AuSAP aims:

e  To uphold the rights of children with disabilities to safe and accessible motor vehicle transport

e To improve knowledge and raise awareness of the motor vehicle transport needs of children with
disabilities and medical conditions

e To influence the design and safety of vehicle restraint systems for children with disabilities and
medical conditions

e To expand safe vehicle restraint options for families
e To support health professionals in their prescribing role.
METHODS

The establishment of AuSAP involved extensive development and research spanning three years, involving
industry, government, researchers, and parents of children with disabilities and medical conditions.

Funding
MACA invested 12 months in developing the AuSAP scope and engaged in extensive stakeholder engagement
to secure funding.
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In 2020, the Transport Accident Commission (Victoria, Australia) provided establishment funding with MACA
receiving in-kind support from Britax Childcare Pty Ltd (Victoria, Australia) and the Neuroscience Research
Australia — Transurban Road Safety Centre (NSW, Australia).

In addition, AuSAP industry participants donated special purpose child restraints for crash testing.

Governance
Four governance options were considered in establishing AuSAP. The model implemented is coordinated and
promoted by MACA and supported by an Expert Committee and Reference Group.

The Expert Committee consists of preeminent Australian child restraint experts and researchers, responsible for
setting the aims of the program, developing and reviewing test and assessment protocols and reviewing results.

The Reference Group advises on the development and distribution of AuSAP resources. This group includes
parents of children with disabilities, allied health professionals, communications and road safety experts.

Desktop review
Two desktop reviews were undertaken — a legislative and regulatory review and product/practice review.

The legislative and regulatory review investigated the environment impacting on the supply, sale and use of
special purpose child restraint systems and other devices (e.g., harnesses) in Australia. This review identified
significant complexity, inconsistency, and lack of clarity in rules, regulations, and interpretation in relation to
special purpose child restraints and other devices.

The product and practice review used selected restraint types as outlined in AS/NZS 4370 Restraint of children
with disabilities, or medical conditions, in motor vehicles as a guide to investigate product types, allied health
professional practice, and how these restraint types are used by families of children with disabilities and medical
conditions. The selected restraint types (see Table 1), included:

- Australian standard child restraints

- Modified Australian standard child restraints
- Special purpose child restraints

- Customised restraints

Table 1.
AS/NZS 4370 Selected restraint types
AS/NZS 4370 Description Details
Restraint categor
AUl GG Child restraint that complies with » Mandatory standard

child restraint AS/NZS 1754 >

Independent safety and assessment program
childcarseats.com.au

» Various government supported initiatives
for consumer information, fitting and use

> Established evidence-base
Modified Australian standard child restraint that > Voluntary accessory standard AS
Australians includes changes or add-on items such 8005:2020 (no products certified to this
standard child as postural supports, buckle covers, standard)
restraint extended crotch strap, additional >  No safety information available
padding - not provided with the child > C b tice in Australi
restraint and not included in the omn?on prescriber practice i Austrahia
manufacturer’s instructions > No evidence-base
Special purpose Restraints made specifically for » No Australian standard requirements (new
child restraint children with disability/medical section being drafted in current review)
condition thaF comply with one or more 5 Qyerseas child restraint standards and
of the following standards: CMVSS regulations
PSR IS Z1B1E LI 25 | B ) » New independent safety assessment
program (AuSAP)
» Common prescriber practice
» Limited government supported initiatives
» Emerging evidence-base
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Customised Designed or custom made for the No standards
restraint individual child’s needs and not
compliant with any standard (e.g.,

bespoke harness)

No safety information
No government supported initiatives
Limited prescriber practice

VVVY VYV

No evidence-base

It was identified that harnesses/vests are not included in AS/NZS 4370, however, these products were also
considered in the desktop review.

The review identified the range of special purpose child restraints, harnesses/vests, and modification practices in
Australia. It found there was a limited range of special purpose child restraints available in Australia, and they
all complied with the US, Canadian or European standards/regulations.

The Expert Committee determined that special purpose child restraints be prioritised for assessment/testing,
whilst further research was required to investigate modified Australian standard child restraints and
harnesses/vests. Customised restraints were considered out of scope.

Protocol development
The development of the AuSAP Test and Assessment Protocol (protocol) [6] for special purpose child restraints
involved extensive research over nearly 12 months.

Following a desktop review of relevant overseas standards and regulations (and test methods), including
Canada, US, Europe, Brazil, China, and Japan, the Expert Committee agreed to use selected criteria (frontal and
side impact) from the AS/NZS 1754:2013 for the protocol. This standard calls up test methods from AS/NZS
3629.1:2013 Methods of testing child restraints, Method 1: Dynamic testing.

The Expert Committee felt it was necessary to include side impact testing, even though most products selected
for testing did not comply with standards/regulations requiring side impact protection. This decision reflected
the fact that side impact protection is a key feature of Australian standard child restraints.

As well as frontal and side impact crash tests, the protocol includes a limited assessment of product design
features to identify and evaluate potential sources of risk not covered by dynamic assessments, and any potential
issues that may pose challenges to test set-up — for example, foot props.

The protocol includes a parameter assessment template which uses the criteria of ‘good’, ‘acceptable’,
‘marginal’ or ‘not acceptable’ for post-test reviews. The parameter assessments are for internal purposes only,
used to guide assessment discussions with the Expert Committee. Direct comparisons between product
parameter assessments are not undertaken due to the unique nature of special purpose child restraints, unlike
some independent assessment programs that make direct comparisons, or use a star rating system.

Assessments/crash testing

Seven Australian importers (see Table 2) signed an agreement to participate in AuSAP. To date, fifty-four crash
assessments have been completed, involving fifteen special purpose child restraints, with new products currently
under testing and review.

Table 2.

Australian importer participation and product list

Australian importer Products (Manufacturer/country)

Specialised Wheelchair Company Pty Ltd Stabilo Multiseat

(Stabilo — Poland)
Medifab Australia Pty Ltd and Medifab Carrot 3000
Global Pty Ltd Carrot XL

(Seeds — Japan)

Hero NXT

IPAI LGT

Starlight NXT

Kidsflex

(Hernik GmbH — Germany)
Dejay Medical and Scientific Pty Ltd Special tomato soft touch booster seat
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(Special Tomato — United States)
FAS Therapeutic Equipment P/L Spirit Car Seat (Inspired by Drive)

IPS 2000 series
(Inspired by Drive — United States)

Active Rehab Baffin.1
(LIW Care Technology — Poland)
Apex Mobility Pty Ltd Thomashilfen Commander (Thomashilfen)
Thomashilfen Defender (Thomashilfen — Germany)
Etac ANZ Pty Ltd Quokka
Wallaroo

(Etac — United States)

The fifty-four tests were undertaken between June 2021 and August 2022 across three testing centres - Britax
Childcare Pty Ltd, Victoria, Australia (see Image 1); NeuRA (Transurban Road Safety Centre), NSW, Australia;
and APV-T Test Centre, Victoria, Australia.

Image 1. Carrot 3000 set-up for testing at Britax Childcare Pty Ltd, Australia.
RESULTS

The testing revealed mixed results. Whilst some products performed well against the AuSAP Test and
Assessment Protocol for frontal testing, no product met the side impact test criteria (see Image 2). Other
findings included products with significant submarining (see Image 3), ISOFIX/LATCH and top tether failures
(see Image 4), and one product with a broken splitter plate (see Image 5).
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Image 3. Significant submarining.
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Image 4. LATCH and top tether failure.
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Image 5. Frontal test resulting in splitter plate breakage.

Following testing, meetings were held with Australian importers and overseas manufacturers to communicate
AuSAP independent assessment findings. As a result, several products are undergoing further investigation
and/or testing, and a few products have subsequently been withdrawn, or will not be introduced to the Australian
market

Eight special purpose child restraints have progressed to publication on MACA’s national product register with
their status published on MACA’s website (see Figure 1).
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Thomashilfen Commander

Published on MACA's Nalionol
Product Register

&

Hernik IPAI-LGT

Published on MACA's Nationol
Product Register

Carrot 3000

Published on MACA's Nationol
Product Register

Thomashilfen Defender

Published on MACA's Nationol
Product Register

&

Hemnik Kidsflex 2

Published on MACA's Nationol
Product Register

Hernik Hero-NXT

Published on MACA's Nationol
Product Register

&

Hemik Kidsflex 2XL

Published on MACA's Nationol
Product Register

Hernik Starlight

Published on MACA's National
Product Register

Spirit Car Seat
Removed from MACA's National

Procuct Register as withdrawn
from the Australion market

Stabilo Mulfiseat

Further review required

IPS 2000 series

Remaved from MACA's Naional
Product Register as withlrawn
from the Australion market

S

Wallaroo
Withdlrawn from AuSAP

Special Tomato Soft Touch
Booster Seat

Further review required

&

Quokka
Withdrawn from AUSAP

Figure 1. AuSAP product status www.macahub.org as at 11 December 2022.

Communicating AuSAP results
AuSAP outcomes are communicated through a range of practical tools and resources, including:

National product register MACA’s national product register is a centralised register of restraint types used by
children with disabilities and medical conditions in Australia, including special purpose child restraints,
Australian standard child restraints and harnesses/vests.

The special purpose child restraint product register only includes products that have been independently
assessed through AuSAP, and meet the AuSAP Test and Assessment Protocol.

Product Guides MACA has developed product guides for the special purpose child restraints published on the
national product register. The guides bring together important independent information such as AuSAP testing
outcomes, safe use, compliance with standards/regulations, and prescribing advice. The guides support allied
health professionals who assess children’s transport needs, as well as importers, product suppliers and
government funders/regulators.

Training Knowledge and learning from AuSAP is incorporated in MACA’s Australian-first on-line training
course targeted at allied health professionals: Transporting Children with Disabilities and Medical Conditions.

DISCUSSION

This paper presents an overview of the development, aims, and outcomes of the Australian Safety Assessment
Program (AuSAP), since its establishment in 2020. No other program has been identified that independently
assesses the specialty restraint types used by children with disabilities and medical conditions when travelling in
motor vehicles.

Although this program is a significant advancement and is demonstrating its potential as a catalyst for change,
several areas require further investigation and research.

Instruction manuals

Special purpose child restraints often have multiple parties involved in their design and manufacture, with some
products complying with standards and regulations in more than one country. This results in products often
having more than one set of instruction manuals (with differing information).

To illustrate, where a conventional child restraint is modified for use by a third party as a special purpose child
restraint, they develop their own instruction manual, often with no reference to the originating manual. In some
cases, the product may also have accessories (e.g., swivel base) made by another organisation, with a separate
set of instructions for use. Local importers may also produce their own branded instructions and include
additional information.
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This situation causes confusion about product installation and use. This may contribute to incorrect consumer
advice and product misuse, impacting on safety. Through AuSAP, MACA’s desktop review of the various
instruction manuals identified the need for an intervention to reduce the risks associated with products having
multiple and varied instruction manuals. In response MACA developed Product Guides (see Image 6), which
include independent information about compliance with standards/regulations, AuSAP outcomes, and
prescribing advice that clarifies key information relating to safe installation and use of products in Australian
vehicles. The guides support allied health professionals, as well as importers, suppliers, government regulators
and funders.

product Guide P oduct CGuide

o € 4

Product Guide

M CA

oty b SIEL

gt}
Tox Exioe v

MACA

Mabi vy & doomenbiry
ferQidan bndia

Image 6. Product Guides.

The role of standards/regulations

Although there are well established standards and regulations for child restraint systems throughout the world,
not all have provision for special purpose child restraints, and other devices commonly used by children with
disabilities and medical conditions. Where they are provided for, requirements are often inadequate, not
informed by evidence and user needs - particularly for older and larger occupants.

The development of the new UNECE r129 did not consider the motor vehicle transport needs of children with
disabilities, nor the impact on these road users of the changes being introduced by this new regulation. This
situation has the potential to impact on the rights of children with disabilities and medical conditions to safe and
accessible vehicle restraint systems.

MACA is convening a working group of global experts to discuss what steps are urgently needed to respond to
this situation, and more broadly to discuss what type of standards and regulatory system is needed to ensure
equitable access to affordable, durable, safe, and effective products.

Systems change

There are many barriers to people accessing assistive technology - including lack of awareness and affordability,
lack of services, inadequate product quality, range and quantity, inadequate government policies, standards and
procurement and supply chain challenges [3].

As discovered in Australia there has been a reluctance for suppliers to import products, and for government to
fund products, due to the standard and regulatory environment being unclear, inconsistent, and inadequate.
Whilst MACA (and AuSAP), is stimulating an increase in supply to Australia and informing government
funding policy (e.g., the NDIS is reviewing the impact of MACA’s work and AuSAP on its funding decisions)
further mechanisms are needed to improve access for other small markets, and low- and middle- income
countries.

Unlike access to conventional child restraints in Australia, family access to special purpose child restraints is
also impacted by the silos of the disability, education, health, and transport sectors. This makes it easy to deflect
responsibilities across the system, creating systemic barriers which impact on children’s rights to safe and
accessible transport.
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AuSAP, with its tangible, evidence-informed outcomes, is an effective vehicle for MACA to engage across
sectors and borders to influence change in policies, programs, and systems. However, this requires ongoing
government commitment, investment, and global collaboration, for the benefits to be fully realised and systemic
change to occur.

LIMITATIONS

AuSAP’s outcomes are only relevant to the products tested to date, therefore not representative of all available
special purpose child restraints in the world. In addition, the AuSAP Test and Assessment Protocol [6] is based
on selected criteria from AS/NZS 1754, and provides an independent review, not certification, of each product.

At this stage, AuSAP has not been evaluated. Curtin University, in Western Australia, will be implementing a
follow up national survey in July 2023 to evaluate the effectiveness of MACA’s work to-date.

CONCLUSION

As the first program of its kind globally, AuSAP has achieved early success in encouraging international
cooperation and learning to advance the human rights of our most vulnerable road users to safe and accessible
motor vehicle transport.

AuSAP findings are bringing confidence to industry, government, parents, and health professionals, and
influencing policy, legislation, research, products and standards development.

Access to life changing assistive technology, such as special purpose child restraints, is a precondition for equal
opportunities and participation. MACA’s work to date demonstrates an ongoing need for AuSAP to advance the
rights of children with disabilities and medical conditions to safe and accessible transport.
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ABSTRACT

In 2020 pedestrians accounted for 21,4% of all deaths in the European Union. Considering all vulnerable road
users (VRU: pedestrians, cyclists, motorcycles, and mopeds) they accounted for 51,4% of all deaths. To reduce
the number of deaths and improve VRU safety, systems have been developed in the last decades. The
autonomous emergency braking system (AEB) is one of these systems and aims to intervene in conflict
situations by applying an emergency braking (in some cases only after the driver starts the brake itself). The
performance evaluation of an AEB system via simulation reduces cost and time against real tests and allows
better robustness evaluation because of the higher number of scenarios that can be simulated. In the virtual-
world, safety-critical situations can also be tested without any problems. The modeling of pedestrian behavior
plays an important role since the pedestrian is the vehicle's adversary in this context. Current studies use a
simple pedestrian model, in which the pedestrian does not have any perception of the environment, moving on a
pre-defined path with constant speed. Such trajectory-based models are available in the most common vehicle
dynamic simulation tools. In reality, however, pedestrians usually react to the approaching vehicle in conflict
situations by adjusting their trajectory, which can change the conflict situation and affect the performance
assessment of AEB systems. This study compares the standard model with neuro-cognitive pedestrian model
from cogniBIT and investigates if and how these models affect the performance assessment of AEB systems.

INTRODUCTION

Pedestrians are the road user group with the highest number of fatalities in Europe in 2021 with 51,4% of all
fatalities [7]. Crashes involving pedestrians occur mainly, when pedestrians cross the road at not signposted
cross-sections [16], [2]. In these situations, pedestrians change direction and speed generating paths with higher
safety issues [14].

To protect pedestrians, the automotive industry has developed safety systems over the past decades. One of
these is AEB-P, an active system, that activates braking maneuver in detected critical situations, with the aim of
preventing or reducing the severity of a collision [12]. Figure 1 shows the reduction in the number of deaths on
German roads since driver assistance systems (ADAS), like AEB, have been implemented in vehicles.
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Figure 1. Fatalities on German roads since 1950 [12].

The evaluation of the AEB-P follows standards set by regulatory and consumer protection organizations such as
Euro NCAP [10]. In the Euro NCAP test protocol for autonomous emergency braking for pedestrians (AEB-P)
the pedestrian is represented by a dummy, which moves in a straight line with constant speed. However, real
traffic situations are more complex and pedestrian crossing behavior is influenced by multiple factors such as
road infrastructure (distance from the crosswalk, presence of traffic lights, number of lanes etc.), traffic situation
(speed and flow), psychological and physiological characteristics, among other factors [16], [3], [14], [18] and
[21].

To improve pedestrian safety, the next generation of active safety systems must be able to anticipate critical
situations. For this, understanding pedestrian behavior and intentions in complex traffic situations is essential.
Since simulation is used during the early stages of the development of new systems, it is necessary to use more
realistic pedestrian behavior models for traffic situations which will allow the creation of more realistic
scenarios.

This paper aims to evaluate a novel pedestrian behavior model for the evaluation of a generic autonomous
pedestrian emergency braking system (AEB-P). First, we present a brief introduction to pedestrian behavior
models and to the neuro-cognitive system architecture of the pedestrian model of CogniBiT (http://cognibit.ai).
Next, the methods used to generate the scenarios and the metrics used to evaluate the performance of the AEB-P
system are presented. Finally, the results are presented and discussed.

OVERVIEW PEDESTRIAN BEHAVIOR MODEL

The pedestrian model for use in simulations concerning ADAS falls into the category of microscopic models,
since each pedestrian is modeled individually. [22], [6], [17], [23] present and discuss different microscopic
pedestrian models. However, for the most part, the models do not consider intrinsic aspects of pedestrian
behavior such as emotional state and intentions, and the influence of road infrastructure.

Commercial software also uses a simplified pedestrian model, in which the pedestrian follows a given trajectory,
also called trajectory-based model. The pedestrian does not interact with the environment and does not consider
other agents in its movement. In CARLA Driving Simulation the default pedestrian, used to populate the scene,
walks randomly without considering other agents, which also cannot be considered a realistic model of
pedestrian behavior. There are also commercial models that use other methods and can be integrated into third-
party software. One promising approach uses Machine Learning, where the model is trained based on real data
to reproduce pedestrian behavior in a specific scenario [11]. The approach looks promising but faces some
limitations regarding scalability, once for each new scenario the model needs to be trained again.

A novel approach models the human cognitive process and will be referred to in this paper as the cognitive
behavior model. The model is based on studies of pedestrian behavior and movement and reproduces the
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cognitive decision-making process of humans. Since it is not based on a specific scenario, the model can be
applied in different traffic situations.

NEURO-COGNITIVE PEDESTRIAN BEHAVIOR MODEL

The neuro-cognitive pedestrian behavior model developed by cogniBIT is based on the so-called cogniBOT
system architecture, (see Figure 2). Pedestrian behavior in complex traffic situations results from a sequence of
processes that take place in the central nervous system. The model divides this process into three major parts.
The first stage of information processing is visual perception, representing how humans acquire information
from their surroundings. The Cognition creates an internal representation of the outside world. Finally, in the
motoric action stage a decision is made and translated into a desired trajectory and the corresponding control
signals. These signals are fed back to a pedestrian locomotion model, resulting in a closed-loop interaction with
the simulation environment.

% cognisoT

Internal

Visual :
Representation
Environment Perception
* Field of View * State Estimation
» Salience * Anticipation

PERCEIVE THINK ACT

Figure 2. The cogniBOT neuro-cognitive system architecture.

The model considers different aspects of human sensorimotor information processing and their limitations
focusing on the application in complex traffic situations.

Visual Perception

Sensory perception describes the intake of information from the environment, with the focus on visual
perception in the simulation of traffic participants. The cogniBOT system architecture simulates relevant
limitations of human road users, for example a restricted field of vision, which is compensated by eye
movements. The simulated eye movements are controlled by a complex attention process that takes into account
both top-down signals, such as the currently intended action, and bottom-up signals, for instance due to the
recognition of other traffic participants in the peripheral field of vision.

Cognition

The information recorded in the perception modules is used to create an internal representation of the external
world. Considering the objects that have been recognized, the cogniBOT Al architecture draws on previously

identified information about the type, position and speed of other road users, as well as the internal map of the
road course, to create a context-specific prediction from this information.

Motoric Action

The prediction of the situation forms the basis for decision making of the simulated traffic participant. For this
purpose, the cogniBOT Al architecture implements a cost function that allows the simulated agent to make a
trade-off for each traffic situation between speedy progress, distance to other road users, and the risk of an
accident. Based on this decision, a desired trajectory is planned and translated into motor signals.

Emotions & Physiology

Human perception, cognition and action are under the influence of emotions and physiological states. Some
emotions such as anger can lead to riskier behavior. These aspects are also considered within the model mainly
through the behavior profile passed into the model.
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Model usage

The user defines a starting position, a list of target destinations, initial and desired speed, and a behavior profile.
It is possible to integrate a vehicle to be tested (VUT) or other external models of traffic participants into the
simulation.

cogniBIT’s models are stochastic as they simulate physiological processes such as perception and cognition
which are probabilistic in nature. This allows automatic generation of variations of the same initial scene by
different selection of the random seed. At the same time, cogniBIT’s models are fully deterministic in the sense
that exactly the same simulation results are reproduced when initial conditions and random seed are identical.

Behavior profile

Pedestrian behavior has many aspects that influences it, like age, emotional state and cultural background as
internal aspects and traffic rules, surrounding traffic, road infrastructure and weather conditions as external ones.
The behavior profile allows to define different types of behavior based on the intrinsic aspects, which in turn
influence how the pedestrian interacts with his or her surroundings, the extrinsic aspects.

The behavior profile has five different parameters that can be defined by the user. The parameters are ‘physical
limitations’, ‘level of activity’, ‘rule adversity’, ‘cautiousness’, and ‘aggressivity’. Depending on the
combination of these parameters, profiles ranging from very prudent and cautious to extremely risky and
careless behavior can be generated.

Each parameter influences the pedestrian behavior differently. ‘Physical limitations’ simulates, for example,
limitations caused by aging, handicap or intoxication and affects perceptive, cognitive, and motor skills. ‘Level
of activity’ affects decision making and attention primarily. ‘Rule adversity’, along with ‘cautiousness’, are the
parameters that most define pedestrian crossing behavior. Whereas the former defines the level of respecting
traffic rules and signs, the latter rather refers to avoiding conflict situations with other traffic participants when
jaywalking. The level of ‘aggressivity’ affects pedestrian-pedestrian interaction [15].

METHODS

The evaluation of ADAS and in vehicle safety system can be carried out in different ways. The method applied
in this paper is based on [1], [20] and the ISO PDTR 21934 norm. The evaluation process consists of four main
steps: (1) identification of the relevant traffic situations, (2) establishment of the baseline (3) establishment of
the modified scenario, where the safety system is applied to the baseline and (4) the comparison of the results.

Relevant traffic situation

The relevant traffic situation represents the situation of interest where the application of the safety system could
potentially be beneficial. According to ISO PDTR 21934, such situations can be derived from crash data
analysis, naturalistic driving studies or from previous knowledge from technology development. As the focus of
this paper is to evaluate the performance of the AEB-P system, scenarios involving the pedestrian were
considered as relevant ones. The tests applied by Euro NCAP are already derived from crash data analysis, so
the scenario chosen in this paper is also based on the Euro NCAP tests. Using the ISO PDTR 21934
nomenclature, the relevant scenario for this paper is Straight Crossing Path, pedestrian from right (SCPpr),
where the car is moving forward, and the pedestrian is crossing the path from right.

Figure 3 represents the baseline scenario. The road has two lanes and at one end, on the right side of the
pedestrians' starting position, a signalized cross-section.

Fonseca Alexandre de Oliveira 4



1
< >0

Figure 3. Relevant traffic situation.

(xp, ) 1s the vehicle start position, (X, y,) the pedestrian start position and (X401 p» Ygoar p) the pedestrian
goal destination. The black dashed line indicates the direction of the pedestrian's movement. And the blue
dashed line indicates the direction of movement of the vehicle. The distance between vehicle and pedestrian, d,,
,which was varied for the generation of the scenarios, is the distance in the x direction (see Equation 1).

dy = x, —x, Equation (1)

Baseline scenario

To generate the baseline scenarios, it is necessary to define the road infrastructure, as well as the number and
type of road users, their starting speeds, and the vehicle trajectory. Following a similar approach as presented in
[20] a parameter called ‘initial vehicle waiting time” was implemented. By varying these three parameters in a
virtual environment the baseline scenarios were generated. The parameters used and their distribution are listed
in Table 1.

Table 1.
Baseline Scenario Input Parameters

Input name value step unit
Vehicle speed [10, 60] 5 km/h
Distance between vehicle [10, 30] 5 m
and pedestrian

Vehicle waiting time [0.0, 1.0] 0.5 s

For a specific pedestrian behavior profile, 165 baseline scenarios were generated. In contrast to [20] the
pedestrian trajectory was not predefined. Based on the pre-defined behavior profile and the specific situation,
the neuro-cognitive pedestrian behavior model chooses a trajectory to reach the destination goal. The vehicle
moves on a predefined trajectory.

Modified scenario

The modified situation is the baseline scenario, but with an AEB-P equipped vehicle. The AEB-P module
contains two parts, an ideal sensor defined by a field of view and perception algorithm, and the braking module
defined by time to collision (TTC), pedestrian detection status and braking profile. The used settings for the
field of view are in Table 2, (see Figure 4). When the pedestrian enters the field of view, the TTC is calculated
(see equation 2).

:I:TC =, [Tretl/ [ Vrel Equation (2)
Vrel *= Vear — Uped Equation (3)
Trelt *= Tped — Tcar Equation (4)

Where the ¥, represents the relative speed between vehicle and pedestrian, and 7,.,; the relative position, [11].
When the TTC is less than or equal to 1 s, the vehicle starts braking following the defined braking profile, (see
Figure 5 and Table 3).
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Figure 4. AEB Field of View [11].

Table 2.
Field of view parameters

Parameter Value Unit
Azimuth angle () 60 °
Range (1) 60 m

The braking profile used here is similar as in [20], (see Figure 4). It is divided into three parts: system delay,
build up time, the time needed for full brake. During build up time the deceleration increases linearly over time.

o
L

deceleration [m/s?]

N
L

0

0.0 0.2 0.4 0.6
time [s]

Figure 5. AEB Braking profile.

0.8 1.0

Table 3.
Braking profile settings

Parameter

Value Unit
Delay 0.2 s
Build up time 0.4 s
Maximal deceleration 0.9 g

Safety Assessment

After simulating the baseline scenarios and the modified scenarios with the AEB-P system, the results were

compared. The metric used in this paper is the reduction in frontal collision cases due to the AEB-P system.
Figure 6 shows an overview of the process.
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Figure 6. Safety Assessment approach.

Simulation Environment

The choice of the platform used in this paper was based mainly on the integration with the pedestrian behavior
model, support to OpenDrive file format and the quality of the 3D model, relevant for future studies. Therefore,
open-source programs were prioritized. This paper uses the CARLA (Car Learning to Act) Driving Simulator
platform, an open-source software built on top of Unreal Engine 4 (UE4) for autonomous car research, [9]. In
CARLA vehicle dynamics is modeled using the standard UE4 vehicle model, PhysXVehicles, which is focused
on the gaming market and is limited when compared to specific vehicle modeling software. But for the purpose
of this paper, the model was sufficient.

RESULTS

Pedestrian Behavior model parameter analysis

Different combinations of the parameters were evaluated in pairs in the scenario used to evaluate the AEB-P
system in this paper. The parameters which were not being varied had the default value of 0. The evaluated
parameters were varied with a step of 0.2, from 0 to 1. The initial conditions of the scenario are listed in Table 4.

Table 4.
Initial condition by the simulation for the behavior profile evaluation
Parameter Value Unit
Vehicle initial speed 4 m/s
Vehicle goal speed 10 m/s
Distance to pedestrian 12 m

Each combination of parameters was simulated with eleven different random seeds. The results were evaluated
considering whether the pedestrian had a collision with the vehicle or not. For the second case there are two
possible reasons, either the pedestrian waited at the curb for the vehicle to pass or the pedestrian managed to
cross the road without being hit by the vehicle. The results were plotted on the diagrams present in figure 7.
Each point has a color ranging from blue to red. The results for seed 1, which was used in the study of the AEB-
P system, are available in appendices.
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Figure 7. Pedestrian behavior profile parameter analyses. Dark blue means that in all cases the pedestrian was not hit by
the vehicle, value of 0 on the scale, and dark red means that in all case there was a collision between the pedestrian and

the vehicle, a value of 1 on the scale.

As was to be expected, the parameters "rule adversity" together with "cautiousness" were the parameters with
the greatest influence on collision rate. With rule adversity greater than or equal to 0.4, in all cases (rule
adversity vs physical limitation, rule adversity vs level of activity, rule adversity vs aggression) there were
collisions between pedestrian and vehicle, once the pedestrian tried to cross the road without waiting at the curb.
With “cautiousness” greater than 0.0 the pedestrian tends to wait at the curb, so in the cautiousness vs rule
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adversity graph, for cautiousness values above 0.2 there were no collisions. A cautious behavior profile also led
the pedestrian to cross at designated cross-sections.

Another parameter with greater relevance is physical limitations. The presence of light blue dots was observed
for values of physical limitations higher than 0.4, indicating that in some seeds there was a collision, see the
diagrams physical limitations vs aggression, level of activity vs physical limitations and cautiousness vs
physical limitations. In these cases, the pedestrian chose to cross the road before the vehicle passed, but slowly
due to the higher "physical limitations". In other seeds the pedestrian opted to wait at the curb, avoiding the
collision.

The combination cautiousness = 0.0, rule adversity = 1.0, physical limitations=1.0, aggression = 1.0 and level of
activity = 1.0 is the combination that leads to the riskiest behavior in the analyzed scenario and was used in the
simulations to evaluate the AEB-P.

Using this setting, the neuro-cognitive model presented either one of the following behavioral patterns:

1. walk to the curb, wait, and walk or run across the road in front of the vehicle.
2. walk to the curb, wait, and walk or run across the road after the vehicle has passed.
3. cross the road without waiting at the curb.

In none of the above cases did the pedestrian use the crosswalk when crossing the road.

Performance assessment of the AEB-P system

A total of 165 cases were simulated, varying the initial distance between vehicle and pedestrian, vehicle initial
speed, and vehicle waiting time. In 16 cases frontal collisions between vehicle and pedestrian occurred, which
represents 9,7% of all cases. Of these 16 cases, 3 were prevented by the AEB-P system, which represents a
reduction of 18.8%.

The avoided collisions can be divided into two groups. In two cases the vehicle was able to stop completely and
therefore avoided the collision. In 1 case, with the application of AEB-P, the vehicle reduced its speed, giving
the pedestrian enough time to leave the conflict region before colliding with the vehicle.

DISCUSSION

In [20] the application of an AEB-P system reduced the collision rate by was 24.1%. In that study, however, the
braking profile had a larger maximum deceleration of 7 m/s? and a longer delay of 0.25 s. Other studies found
collision reduction values ranging from 20% to above 50% [20], when using different approaches and virtual
environments. [11] used a machine learning based pedestrian behavior model and found values between 19.4%
to 38.8%, depending on the braking profile. The performance of 18.8% is slightly lower compared to previous
results. However, this finding is unlikely to represent a significant difference due to the low number of positive
test cases. Assuming that by using the neuro-cognitive model more valid simulation results are produced, the
observed difference might indicate a lower performance of the AEB-P system in real life situations in
comparison to previous simulations results.

In contrast to previous studies, the neuro-cognitive pedestrian model varied the road crossing path as well as the
walking speed, and often waited at the curb before crossing. The high value in behavioral variation has probably
led to more false-negative assessments of the AEB-P system than in previous studies, where the pedestrian
usually crossed the road in straight line without speed adjustment or waiting.

The model also produced situations of a false-positive activation of the AEB-P system. In these cases, the
system was activated by mistake as the pedestrian was just standing at the curb waiting. Such a situation is not
atypical in everyday life, and activation of the system in these situations can lead to a low acceptance of the
system by consumers. It therefore becomes obvious that active safety needs to interpret and predict the
pedestrian's intentions in such situations.

[18] analyzed pedestrian crossing behavior on different road infrastructure (number of lanes, designated and
non-designated cross-sections), weather conditions, and gap between pedestrian and vehicle. The main

pedestrian reactions to the approaching vehicle were “stop”, “clear path”, “slow down”, “speed up”, “hand
gesture” and “nod”. “Stop” and “clear path” behaviors can be considered as cautious collision avoidance

Fonseca Alexandre de Oliveira 9



strategies, and while "speed up" is representing greater rule compliance. Both behaviors were observed on the
neuro-cognitive behavior model. “Hand gesture” and “nod” represents explicit communication between
pedestrian and vehicle and are not yet implemented in the model. A “step-back” behavior was disabled due to
limitations of the avatar in the simulation environment to handle it.

CONCLUSIONS AND FUTURE WORK

This paper aimed to evaluate the performance of a generic AEB-P system using the cogniBIT's neuro-cognitive
pedestrian behavior model. The novel model is able to reproduce more complex behaviors with less effort than
the conventional trajectory-based models, commonly used in commercial tools.

Of course, the study presented does not represent a complete evaluation of the neuro-cognitive pedestrian
model. A more in-depth analysis evaluating for instance trajectories, gaze patterns, interactions should be
considered in the future. The neuro-cognitive model in its current implementation is able to generate realistic
pedestrian road crossing scenarios, but still limited in the types of pedestrian-vehicle interaction. By adding
explicit and implicit communication mechanisms on both sides, pedestrians and driver [18] this limitation can
be removed in the future.
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APPENDICES

Behavior profile parameter analysis results for seed with a value of 1. The parameters that were not being varied
had the default value of 0.
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Figure 8. Pedestrian behavior profile parameter analyses. Green means that the pedestrian waited the vehicle to pass,
orange means the pedestrian tries to cross the road and reaches the other side of road without being hit by the vehicle and
red means that there was a collision between the pedestrian and the vehicle.
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ABSTRACT

Recently, pedestrian safety performance of vehicles has been improved by the modification of regulations and new
car assessment programs (NCAPs). In particular, safety performance of the bonnet has been improved in terms of
head protection by reducing HIC. According to the accident statistics, however, pedestrian fatalities account for a
high percentage, and the causes of death include not only head injury but also thoracic and pelvis injuries. Therefore,
pedestrian protection technologies need to include protection of these body regions in addition to the head. In order
to reduce the number of pedestrian fatalities, this study aimed to investigate the effect of the whole-body kinematics
on injury reductions of pedestrians.

In a collision between a bonnet-type vehicle and a crossing pedestrian, the whole-body moves in a chain reaction
starting from the input to the legs, subsequently transmitted to the pelvis, the thorax, and the head. Therefore, it is
expected that controlled pedestrian kinematics from the time of collision will have an effect on the injury to various
body regions. In this study, the GHBMC 50th percentile male model and the vehicle model with general bonnet type
was used to simulate car-pedestrian collisions. A model composed of spring and shell elements was affixed to the
vehicle model to apply controlled loads to the center of gravity of the pedestrian model by changing the stiffness
characteristics of the model, and the relationship between the whole-body kinematics of the pedestrian model and
the injury values was investigated at a collision speed of 40 km/h.

The results confirmed that the angular velocity of the upper body around the center of gravity was reduced by the
early input to the pedestrian pelvis, effectively reducing thoracic input and the head injury value.

Input to the pelvis depends on the input through the legs and the external force from the vehicle. Since the vehicle
used in this study had a low bonnet height, there was little external force from the vehicle to the pelvic region,
potentially diminishing the effect of restraining the center of gravity. Since this study used a specific collision speed
and a pedestrian size, it is necessary to consider the influence of these factors in a future study.

This study clarified that pedestrian kinematics control technology may be one of the effective measures to further
reduce pedestrian fatalities.

INTRODUCTION

The number of Traffic accident fatalities in Japan is are trending downward, fatalities in 2021 decrease by about
40% compared to that in 2011 [1]. However, the number of pedestrian fatalities accounted for 35% of overall
fatalities in 2021, this rate has been continued to be the highest among the fatality groups for over 10 years. In terms
of evaluation of pedestrian safety performance of vehicles, the head (HIC) and lower limb( the bending moment of
the bones and the elongation of knee ligaments) injury evaluation using subsystem impactors are performed.
Accidents in the real world include not only these injuries, but also brain injuries due to head rotation during
collisions, thoracic injuries and pelvic injuries. However, current sub-system impactor is incapable of evaluating
brain injury caused by head rotation and in addition, there is no evaluation method for thoracic and pelvic injuries.
In many pedestrian accidents, the collision phenomenon starts with the input from the vehicle to the pedestrian's
legs, upper body rotates toward the vehicle due to occur movement of the waist close to the pedestrian's center of
gravity. Rotation of the upper body becomes rotational energy that causes thoracic injuries, and furthermore, it
becomes a factor that causes brain injury due to head rotation. Finally, the head injury occurs when the head collides
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with the vehicle. In a pedestrian accident, the injury region changes over time due to the input from the vehicle and
the pedestrian whole-body kinematics. (Figure 1). Thus, the evaluation by entire body of a pedestrian is useful for
investigating the mechanism of real-world pedestrian accidents. Nakamura et al. [2] investigated the effects of the
input to the body regions on the whole-body trajectories and the brain injury by using the dummy model and a
production car model with the restraint surface connected to the center of gravity of the vehicle model by the spring
element. As the results of the study, it was found that the input to the pelvis influenced to the kinematics of the
whole-body pedestrian and the brain injury. But, in order to reduce the number of pedestrian fatalities, it is also
necessary to investigate the injury measures of the thorax and the pelvis. Since the pelvis of the dummy was rigid,
the evaluation by using a human body model is needed to investigate in detail. In order to reduce the number of
pedestrian fatalities, this study aimed to investigate the effects of the whole-body kinematics on the injury reductions
of pedestrians.

[ ] Brain Head injury
Brain injury

tn 7 ’injury Thoracic injury
i | Pelvic B

e injury
Ltp

Input from the vehicle &
Figure 1. Pedestrian Collision Flow

METHODS

Verification of effects from waist restraint close to the pedestrian’s center of gravity

In this study, a pedestrian human body model (HBM) capable of studying the whole-body kinematics was used. For
verification, the 50th percentile male model of the simplified Global Human Body Models Consortium (GHBMC)
verl.4 pedestrian model. All simulations were performed by the LS-Dyna R9.2.0. As the pedestrian kinematics is
thought to be influenced by depend on the restraint of the center of gravity, a sedan type vehicle model which exerts
little force on the waist close to the center of gravity was selected in this study. In order to change pedestrian whole-
body kinematics, a waist restraint surface was added to a standard sedan model vehicle. The restraining surface and
vehicle were connected by a spring element with load-displacement properties. (Figure 2) (Table 1) The effect of
changing pedestrian kinematics was verified by comparing models with and without waist restraint surface. Vehicle
models with different restraint characteristics were made to collide with the pedestrian model at 40 km/h from the
left side.

Effective stroke
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Figure 2. Structure of vehicle model and evaluation method of pedestrian kinematics
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Table 1.
Restraint characteristics

Spring characteristic
Force (N) Effective stroke (mm) Energy (J)
Original N/A N/A N/A
Case (a) 2500 390 731
Case (b) 3000 390 878
Case (c) 3500 390 1024
Case (d) 4000 390 1170
Case (e) 4500 390 1316

Evaluation items

The effects of changing pedestrian kinematics were evaluated by the trajectory of the pedestrian, angular velocity
around the pedestrian’s center of gravity and injury criteria. Trajectories of the pedestrian were measured at the
Head, T4, T8 and Pelvis relative to the vehicle models. The angular and translational velocity of the pedestrian's
center of gravity were calculated based on the relative displacement of the waist and the T1 displacement in lateral
and vertical directions. HIC was used as the injury criteria for the head injury. The brain injury was evaluated by
using Convolution of Impulse Response for Brain Injury Criterion (CIBIC) developed by Takahashi et al. [3] In the
past study, the multiple peaks of CIBIC were seen in both pre-impact (head swing) and impact (the head collides to
the vehicle) phase in the simulation of the collision between the AM 50" percentile male pedestrian model and the
vehicle models [4]. Thus, CIBIC was also evaluated in both pre-impact and impact phases in this study. In addition,
in pre-impact phase, the relationship between CIBIC in pre-impact and the angular velocity around the pedestrian's
center of gravity was calculated in order to investigate the effect of the angular velocity on CIBIC. In the impact
phase, the relationship between the injury measures (HIC and CIBIC) and the impact velocity of the head were also
investigated. The head impact velocity was calculated by the velocity of the head in X, y and z direction relative to
the vehicle model.

The input to thorax was evaluated by the acceleration of the ribs of the left side. Pelvic injury was evaluated by the
sacrum force and pubis force measured at the sagittal plane. Evaluation items are described in Figure 3.

Angular velocity around the
pedestrian’s center of gravity

p Head . w=0dt

f;%?\ 14
% T8 /_‘,
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Y ‘ Vertical 7
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Figure 3. Evaluation items
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RESULTS

Comparison of trajectories, angular and translational velocity

Figure 4 shows the trajectories of the landmarks (the head, T4, T8 and pelvis) of the pedestrian human models
collided with the restraint characteristic vehicle models relative to the vehicle models. The wrap around distances of
the head, T4, T8, and pelvis were decreased with increasing the input force to the waist of the pedestrian model. To
analyze the pedestrian kinematics, figure 5 and 6 show the time histories of the angular velocity and translational
velocity of the center of gravity of the pedestrian, respectively. The angular velocity at around 50msec increased
and the angular velocity at around 100msec decreased as the input to the waist from the vehicle increased (Figure 5).
The time of the beginning of increasing and the peak values of the translational velocity showed almost the same
tendency as those of the time histories of the angular velocity (Figure 6).
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Comparison of injury levels
Figure 7 shows the time histories of CIBIC calculated in all cases. The peak value of the strain in the brain
occurred during both the pre-impact and impact phase in all cases.
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Figure 7. Comparison of CIBIC time histories

Figure 8 and 9 show the comparison of CIBIC in pre-impact by normalizing these values by that of the base
model and the correlation between normalized CIBIC in pre-impact and the peak value of the angular velocity
of the center of the gravity of the pedestrian model, respectively. Normalized CIBIC in pre-impact of case (a)
was decreased to 64%. Normalized CIBICs in pre-impact were decreased with increasing the input force to the
waist of the pedestrian model, showing the minimum value in case (¢) (Figure 8). That of case (f) was
equivalent to that of case (e). The coefficient of determination between normalized CIBIC in pre-impact and
the peak value of the angular velocity was 0.9913 (Figure 9).

Figure 10 and 11 show the comparison of CIBIC in impact by normalizing these values by that of the base
model and the correlation between normalized CIBIC in impact and the head impact velocity, respectively.
Normalized CIBICs in impact of case (a), (b), (c¢) and (d) were decreased to about 50% (Figure 10). In
addition, they were further decreased from case (d) to case (f). The coefficient of determination between
normalized CIBIC in-impact and the head impact velocity was 0.9393 (Figure 11).
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Figure 12 and 13 show the comparison of HIC by normalizing these values by that of the base model and the
correlation between normalized HIC and the head impact velocity, respectively. The tendency of the
comparison of normalized HIC was similar to that of normalized CIBIC in impact (Figure 12). That of case (f)
with the maximum input to the pelvis showed minimum value. The coefticient of determination between
normalized HIC and the head impact velocity was 0.9748 (Figure 13).

Figure 14 shows the comparison of the peak values of the accelerations of the ribs by normalizing these values
by those of the base model. Except for the ribs between rib4 and rib9, the accelerations of the ribs with the
restraint waist surface were lower than those of the base Model. In those of the ribs between rib4 and rib9,
although they were also lower than those of the base model in most of cases, there are some cases that the
accelerations were higher than those of base model. Figure 15 shows the comparison of the peak values of the
sacrum force and pubis force by normalizing these values by that of the base model. The normalized sacrum
force in case (a) was decreased to 86%. However, it was increased with increasing the stiffness of the waist
restraint surface, exceeding that of base model in case (d). The normalized pubis forces showed almost the

same tendency.
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Figure 9. Correlation between normalized CIBIC in pre-impact and the maximum value of the angular
velocity of the center of the gravity of the pedestrian model
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DISCUSSION

As the results of the simulations that the human body model was collided with the vehicle model adding the
waist restraint surface, CIBIC (pre-impact and impact phase) and HIC were reduced, showing the minimum
injury values about the maximum input force to the waist. As shown in the time histories of the angular and
translational velocities of the center of gravity, the times of these starts were earlier by increasing the input
force to the waist, decreasing the slopes of the time history of them. They led to the decrease of the angular
acceleration of the upper body. By the influence of the upper body regions kinematics, the angular
accelerations of the head were also reduced. Since CIBIC is calculated by the angular acceleration of the head,
the values were reduced. By increasing the waist input, the velocity of the center of the gravity with respect to
the ground is increased, so the velocity of the center of the gravity with respect to the vehicle is reduced
accordingly. Due to the interaction of the upper body regions, lowering the velocity of the center of the gravity
leads to lowering the velocity of the head relative to the vehicle, reducing HIC. Reducing HIC means reducing
the reaction force from the surface of the vehicle to the head. Since in the impact phase, the head rotated
around the shoulder that contacted with the vehicle, the angular acceleration of the head in the impact phase
increases with increasing the head velocity. Increasing the input force to the waist leads to decreasing the
angular acceleration of the head. Thus, CIBIC was reduced by increasing the input force to the waist. As
shown in above, CIBIC in both pre impact and impact phase and HIC was reduced by the larger input force to
the waist. Generally, increasing the input force to the waist leads to increasing the risk of the fracture of the
pelvis. In the case that showed the minimum value of CIBIC in both pre impact and impact phase and HIC, the
sacrum and pubis forces were increased compared to the base model. In the most of cases with the restraint
waist surface, the accelerations of the ribs were lower than those of the base model. However, in the region
around the arm, those of the ribs were higher than those of the base model. It is thought that the contact
between the arm and the thorax influenced the acceleration of the ribs,

A future study needs to focus on the compatibility of the injury measures of these body regions. As one way to
do this, the methods the input force to the waist is changed from the concentrated to the distributed force.

CONCLUSIONS

In this study, the effects of whole-body kinematics from the phase of the first contract between the lower
body of the pedestrian and the vehicle to that of the head impact were investigated by controlling the
input to the pelvis. As the results of this study, the conclusions as shown in below are reached.

The injury measures in the phase of the head swing (CIBIC) and that of the head impact (HIC and CIBIC)
can be reduced by controlling the value of the input to the pelvis. Investigation about compatibility of the
injuries of the head and the pelvis is needed in order to reduce the injuries of these parts. These results
will contribute to the reduction of the number of the pedestrian fatalities. The investigation was conducted
by using the standard sedan model vehicle model and the 50th percentile male model in this study.
However, the whole-body response is influenced by the geometry of the vehicle and the size of the
pedestrian. It is necessary to investigate these influences.
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ABSTRACT

In a world where reducing the carbon footprint is crucial, riding carbon-neutral vehicles such as bicycles or pedelecs
is a sustainable and thus desired way of transport. Since motorized and unmotorized bicycles are missing any
protective body, their riders are part of the vulnerable road users (VRUs). In order to increase the attractivity of
transport by bicycle and pedelec, providing traffic safety for this group must be ensured.

To get a better understanding of cycle crashes, this paper’s objective is to deduce the most important crash types of
collisions of cyclists with passenger cars. By obtaining the characteristic details of these crashes, strategies for crash
avoidance can be derived.

The data source used for the results presented in this paper is GIDAS (German In-Depth Accident Study). GIDAS is
a unique database as the input data is provided by experts on crash reconstruction who join the police at the crash site
and record the crash in great detail. 8497 relevant crashes involving bicycles, captured from 2000-2021, were
evaluated.

The methodology consists of the evaluation of the two most common crash types regarding speed distributions and
contact points of the crash opponents, street layout, driver intent, traffic density, and visual conditions.

The results show that the most common crashes are two crossing crash types accounting for nearly a third of all
crashes between cyclists and drivers of motorized vehicles. Both of these crash types are characterized by the cyclist
riding on the designated cycling infrastructure, while in the more common one, the cyclist goes against the expected
direction for the crash opponent.

For the selected crash types, the results also show that more than half of crashes occur at junctions, predominantly
where the driver has to yield. Most crashes occur during turning right maneuvers at low traffic densities and speeds
below 13 kph. The evaluation of the car driver’s maneuvers performed in the last second before the crash indicates a
black spot in driving-off situations. In more than 70 % of the cases, the contact point with the cyclist is at the front.
The data, analyzed in detail in the discussion, points towards the theory that drivers tend to “fail to look™ at cyclists
coming from the right and ~look but fail to see” cyclists from the left. Furthermore, cyclists crossing from the right
might not be expected in right-hand traffic.

A general limitation of official crash data sources based on police reports is a high underreporting rate of bicycle
crashes. Using the German crash database, also certain bias towards countries with similar traffic infrastructure must
also be assumed. This is further analyzed in the discussion.

The conclusions drawn from this study show that cycling infrastructure remains of the highest importance and needs
to be designed in accordance with the human factor in traffic. Also, communication between involved parties can
contribute largely to tackling the most dominating crossing crash types, i.e., virtually enhancing the cyclist’s visibility
for other traffic participants.
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INTRODUCTION

In a world where reducing the carbon footprint is crucial, riding carbon-neutral vehicles such as bicycles or pedelecs
is a sustainable and thus desired way of transport. Going by bike or pedelec also helps reduce traffic congestion in
urban areas. Cycling in road traffic, however, involves dangers not present in other kinds of transport: crashes often
lead to severe injuries due to the marginal to non-existing structural protection in collisions. As a consequence,
cyclists are classified with the so-called vulnerable road users (VRUs) [1]. Due to the high crash risk, cyclists often
tend to avoid certain routes or journey times [2].

Hence, preventing crashes and making cycling safer is an important step towards inclusive mobility. To prevent
crashes, detailed knowledge about collisions and their causes is necessary. For example, to develop advanced driving
assistance systems (ADASs) targeting crashes with VRUSs, information about the expected speed of said VRU and the
vehicle speed before impact is required.

Related Works

For a while, in crash research, car-cyclist collisions became a focus of attention, for example;

Summala et al. investigated car-cyclist crashes in Helsinki and found that the most dominant ones are those where the
driver had to cross a cycle path while turning right and collided with a cyclist coming from the right [3]. They also
showed that drivers turning right are focused on traffic from the left and fail to perceive cyclists coming from the
right.

Car-cyclist crashes from the driver’s perspective have also been investigated by Gohl et al. within the EU-funded
PROSPECT project [4]. The authors defined use cases by analyzing the prevalent GIDAS crash types and ranked
these based on frequency and injury severance. They identified the right turn subsets of two specific crash types,
UTYP 341 & 342, as the fifth and first most relevant crashes. Referencing previous works (e.g., Summala et al.), they
postulated that in crashes where the cyclist came from the right, the driver “failed to look”, whereas in crashes where
the cyclist came from the left, the driver "looked but failed to see” the cyclist.

The analysis of car-cyclist crashes for autonomous emergency braking (AEB) testing has been the subject of the
CATS project. Within the project, Op den Camp et al. researched the main crash scenarios and demonstrated that the
crossing scenarios are dominant throughout several European countries [5]. Uittenbogaard et al. later researched the
crash parameters built on the selected crossing scenarios, showing, amongst others, that vehicle speed contributes to
crash severity while cyclist speed does not [6].

During the European SAFE-UP project, Balint et al. determined safety-critical scenarios for VRUs in road traffic
using the German In-depth Accident Study (GIDAS) pre-crash matrix (PCM) dataset [7]. The work contains an
analysis of the last seconds of car-cyclist collisions, especially under the aspect of adverse weather conditions. They
also identified the scenarios with cyclist crossing from the left and the right while the car approaches a junction as the
most relevant.

Further studies outside of Europe are addressing the relevance of cyclist crossing crashes: E.g., MacAlister and Zuby
demonstrated that straight-crossing crashes account for the highest number of car-cyclist crashes and the second
highest number of fatalities in the USA [8]. Beck et al. analyzed cyclist crashes in Victoria, Australia, and found that
crossing-path crashes are the second most common car-cyclist collision, just after crashes where both parties traveled
in opposing directions [9].

Contribution

This work ties in with previous efforts to obtain more details about car-cyclist crashes. We aim to explore the most
common crash scenarios between cyclists and cars using data from the GIDAS to be able to parametrize safety
functions in later works. As already revealed in previous works, collisions where the car driver had to give way to a
cyclist crossing on a cycleway are dominant in car-cyclist crashes: crashes where the cyclist came from the left (the
far side in right-hand traffic) constitute 8 %, and crashes, where the cyclist came from the right 20.9 % of all
collisions, making these the two most frequent crash scenarios.

In the following study, we focus on these two most common scenarios to not dilute the crash situation’s
characteristics with those of other scenarios. Yet, we differentiate the direction the cyclist is coming from as well as
crash severity. In particular, we center on outlining the specifics of the “’typical” crash, which occurs at junctions, in
great detail to derive exact scenarios for developing and testing new ADASs. We reveal the similarities of car-cyclist
crashes, for example, that most occur during the car turning right and into light traffic. We demonstrate that collisions
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occur at relatively low speeds and that the car’s speed increases the chance of severe injuries. Eventually, in
accordance with previous works, we assume that drivers in turning maneuvers “fail to look™ at cyclists coming from
the right but “’look but fail to see” cyclists from the left.

This work was inspired and influenced by the analysis of crashes in Europe performed within the SECUR project
[10]. The SECUR publication focuses on identifying the main crash scenarios, aggregating similar crash types into
groups, and analyzing characteristics of the identified scenarios, including but not limited to car-cyclist crashes. With
the focus on describing the most common car-crash scenario for safety function development, we briefly share the
methodology for identifying the characteristics of the relevant scenarios before focusing on a very particular subset of
the car-cyclist crashes, the crash types UTYP 341 and UTYP 342. The present work is, therefore, an extension of the
SECUR study to provide further insights into two distinct and prevalent types of cyclist crashes and the differences
between them.

The structure of the paper continues with Methodology, which contains a description of the GIDAS data set we used
and the methodology we applied. Subsequently, in Results, we present the findings of our study. We discuss
similarities and differences between the crashes as well as the applied methodology in Discussion. In Conclusions,
we summarize our contribution and give an outlook on our follow-up research.

METHODOLOGY

The aim of the work is to sketch the “typical crash” between cars and cyclists as mentioned in Introduction. In the
first step, we selected the most common crash scenario as described in Data source and scenario selection. Based on
the selected subset, we analyzed the specifics of the most common crash scenario as described in Evaluation of
selected crash cases. By fixating the analysis on a sole scenario instead of summarizing similar scenarios in groups,
we aim to receive more precise results for the selected scenario. Since the study aims to get more insights into
crashes for the development of novel safety functions, we mainly focused the evaluation on the car’s perspective.

Data source and scenario selection

The analysis is based on the GIDAS database, containing a representative set of injury crashes in Germany since
1999 [11]. Experts who join the police at the crash site record extensive data about the crashes and reconstruct the
course of events. Subsequently, the record containing up to 3500 data fields, including information about the crash
type, vehicles, injuries, and environment, is saved in the database. For example, the crash type (GIDAS field UTYP)
denotes the situational circumstances that led to the crash [12]. The level of detail in this database is considered
unique in the world.

For our study, we focused on 8497 relevant crashes between 2000 and 2021, where the first collision of a passenger
car, delivery van, or mini bus occurred with a cyclist (see also table 1). The crash types were then attributed to crash
scenarios, combining collisions with a similar course of events. A first evaluation of the frequencies of the
aforementioned scenarios showed that two very similar crash types are the most common: the collisions between cars
in front of a junction that had to yield for crossing traffic with cyclists crossing on a cycleway (see also table 2). With
a frequency of 1776 crashes (20.9 %), the cyclist coming from the right (UTYP 342) is the more common, while in
682 crashes (8 %), the cyclist comes from the left (UTYP 341) (compare fig. 1). In both cases, the cyclist has the right
of way. Together, these account for 28.9 % of all car-cyclist injury crashes. Sorting instead by the highest share of
crashes with killed and severely injured (KSI), UTYP 342 also ranks 1% with 269 (14.6 %) out of 1837 KSI crashes,
whereas UTYP 341 ranks 4" with 127 (6.9 %) crashes.

Table 1.
Selected GIDAS crashes
Subset Count % of car-cyclist crashes
Car-Cyclist crashes 8497 100 %
... thereof UTYP 341 & 342 2458 28.9 %
... thereof urban crashes 2426 28.6 %
... thereof KSI crashes 392 4.6 %
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Table 2.
Frequency distribution of the five most common car-cyclist crash scenarios

Rank Rank KSI  Scenario included UTYPEs Count Count KSI

1 1 before junction / car has to yield / 342 1776 275
cyclist from the right (on cycleway)

and 4t before junction / car has to yield / 341 682 127
cyclist from the left (on cycleway)

3rd 10t junction / turning right / cyclist in 242, 244, 275,284,285 560 61
same direction on cycleway

4th 7th junction / car has to yield / cyclist 301-303, 311,312,352 474 91
from left (on road)

5t 2nd junction / car has right of way / cy- 241, 243,275,284,285 416 142

clist from the left (on road)

P I &

C

T

Figure 1. Schematic drawing of UTYP 341 and 342 as defined in [12]. C marks the cycleway and W marks that
the car has to give priority to the crossing traffic.

Due to the similar nature of the crash scenarios UTYP 341 and UTYP 342, we centered the following analyses on
both types. Since 2426 or 98.7 % out of the 2458 crashes of the selected type and a predominant part of cyclist
crashes, in general, occur in urban areas, we considered solely urban crashes in our evaluation.

Evaluation of selected crash cases

To get more details about the situational circumstances at the crash site, we performed a frequency analysis of the
GIDAS data fields depicted in table 3 in RStudio [13] using the subset of cyclist crashes described in Data source and
scenario selection. In each evaluation, non-applicable values or entries where no data was encoded were filtered out,
reducing the size of the dataset. Furthermore, among the crash reconstruction data (REKO), we utilized the fields
describing the speed over time in the last seconds before the crash (see also table 3). The data are split into sequences
that denote a single action of one of the participants involved in the crash. For this, we linearly reconstructed the
speed over time for each segment. After that, we attributed the labels Accelerating (Accel.), Braking (Brake.),
Constant speed (Const.), and Standstill (Stand.) to each sequence, depending on the difference in speed of the last
segment to the current segment. A speed below 3 kph is considered as Standstill. The sequences were then
normalized so that they range from t = —4s to the point of time of the crash, 7y = Os. Finally, we split the normalized
sequences into intervals of 0.1 s duration.

We also considered using GIDAS PCM records which already provide time-sampled data for each road user involved
in the crash. As we compared these to our reconstruction of speed profiles using the REKO record, it turned out that
the speed profiles of the REKO data are a good approximation of the PCM data, so there is no benefit of using the
PCM data instead. On the contrary, since there are more than twice as many records available in REKO, we gain
better insights into the crash occurrence by using this source instead.

The fields BRPX and BRPY were used to reconstruct the collision points between cyclist and car.
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Table 3.
Evaluated GIDAS data fields

Records Name Description
BEFRAG  ABSICHT Intention of action before crash
ANTSCH Share of fault for the crash
BETEIL URSAMT1 Official cause of the crash
STRASSE SICHTBV  Presence of permanent or non-permanent visual obstructions
SICHTV Kind of visual obstruction if present
STFUHO Crash location
TZEIT Time of day regarding light conditions
UMWELT VKREG Traffic regulation at crash site
VSTUFE Traffic density at time of crash
gﬁgi Point of first contact of both opponents
SEQT Duration of the sequence
REKO TREAKTV Time in sequence until reaction
TSYNC Start of sequence regarding to global time
VO Speed at begin of the sequence
VK Speed at the end of the sequence / the collision

RESULTS

The first subsection of this chapter, Environmental circumstances, contains the analysis results using the records
BEFRAG, BETEIL, STRASSE, and UMWELT, as introduced in Evaluation of selected crash cases. Subsequently,
Collision speeds concentrate on the speeds at the time of the collision and the seconds before. Contact points finally
addresses the point where the cyclist collided with the car.

Environmental circumstances

The analysis of the crash location, depicted in fig. 2, shows that more than half of the crashes occur at junctions:
with 52.7 %, the share of these crashes is just slightly higher for UTYP 341 crashes than the 51.6 % corresponding to
UTYP 342 crashes. The same applies to KSI crashes, with 53.9 % and 51.5 %. The difference in crashes at crossings
and property entrances is more notable: 30.6 % (KSI: 32.0 %) of the crashes where the cyclist came from the left
occurred at crossings, as opposed to 24.1 % (KSI: 24.6 %) of cases where the cyclist came from the right. In contrast,
13.9 % (KSI: 10.2 %) of the UTYP 341 and 21.7 % (KSI: 21.7 %) of the UTYP 342 crashes occurred at property exits.

Crash Location

100%

o B 341 0=725)
80% 341 KSI (n=128)
60% B 342 (n=1749)

342 KSI (n=272)
40%
i 0 N DY
0%———= . - -
junction crossing property parking straight others roundabout curve
entrance

Figure 2. Frequency distribution of the crash location.

Fig. 3 shows the frequencies of rules of the road at the crash site. With 74.5 % of crashes with the cyclist coming
from the left (UTYP 341) and 68.5 % with the cyclist coming from the right (UTYP 342), in the majority of the
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crashes, the car driver had to give way. The frequencies for UTYP 341 and 342 KSI crashes differ slightly

(74.2 %/64.9 %). 10.6 % (cyclist from left) and 13.3 % (cyclist from right) of the crashes occurred at property entries
and exits with no significant difference in KSI crashes (9.7 %/13.5 %). Stop signs were present in 6.3 % and 9.9 %,
respectively, of the crashes or 4.8 % and 11.6 %, respectively, of the KSI crashes. Traffic lights were present at 4.9 %
and 4.3 % for crashes of all severities and 7.3 % and 5.4 % for KSI crashes.

Rules of the Road
100%

’ B 341 (n=654)
80% 341 KSI (n=124)
60% B 342 (n=1690)

342 KSI (n=259)
40%
20%
0% - . ——— - .
give way property Stop traftic lights others zebra crossing priority to
entrance/exit the right

Figure 3. Frequency distribution of rules of the road at the crash site. Categories with a frequency of < 1% are
not shown.

The intent of the car driver is depicted in fig. 4 for situations where the cyclist intented to go straight over the
crossing. For other intents of cyclists, there are less than 1 % of cases for each UTYP 341 and UTYP 342.

In most of the crashes and regardless of the UTYP, the car driver wanted to turn right: this was the car driver’s intent
in 66.8 % of the collisions with the cyclist coming from the left. This intent is even more pronounced for the
collisions with the cyclist coming from the right, with 89.0 %. The KSI crashes’ frequencies are distributed similarly
(61.7 %/87.6 %). Turning left was the second most common intent of the driver with 21.0 % and 7.5 %, respectively,
of all crashes and also 26.7 % and 9.0 %, respectively, of the KSI crashes. The car driver wanted to go straight in
11.9 % (KSI: 10.0 %) of the UTYP 341 crashes and 3.4 % (KSI: 3.4 %) of the UTYP 342 crashes. In a single KSI
crash with the cyclist from the left (0.3 % of all; 1.7 % of KSI), the driver was parking.

Intent of Car Driver

100%

! B 341 1=310)
80% 341 KSI (n=60)
60% B 342 @n=611)

342 KSI (n=89)
40%

=
0% - | —
turning right turning left straight ahead was parking

Figure 4. Frequency distribution of the intent of the car driver before the crash when the cyclist intended to go
straight ahead. Intents with a frequency of < 1% are not shown.

The evaluation of the traffic density at the time of the collision, as depicted in fig. 5, shows that most crashes occur
in light traffic, with 42.4 % (UTYP 341) and 44.4 % (UTYP 342) of the crashes of any given severity. The numbers
for KSI crashes are even slightly higher, with 45.4 % and 46.4 %. In 35.6 % of the collisions with the cyclist coming
from the left and 35.1 % of the collisions with the cyclist coming from the right, there were cars on the street just
occasionally. For KSI crashes, these numbers are slightly lower (32.8 % and 31.8 %). In 20.3 % (KSI: 21.0 %) of the
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UTYP 341 and 19.0 % (KSI: 19.7 %) of the UTYP 342 collisions, while there was dense traffic on the road, it was still
possible to drive the maximum allowed speed. Collisions between cyclists and cars were rare when there was
slow-moving traffic or traffic jam (all below 2 % each).

Traffic Density
100%

0 B 341 (n=637)
80% 341 KSI (n=119)
60% B 342 @0=1627)

342 KSI (n=239)
40%
20%
0% . 5 — ; :
occasional light traffic dense traffic slow-moving traffic jam
cars (reg. speed) traffic

Figure 5. Frequency distribution of the traffic density at the time of the collision.

As shown in fig. 6, most crashes between cyclists and cars occur during daylight, as the analysis of daylight
conditions at the time of the crash indicates. While 76.1 % of UTYP 341 crashes and 71.4 % of KSI crashes occurred
during daylight, the percentage of these collisions is even higher within the UTYP 342 scenario, with 88.5 % of
crashes and 91.0 % of KSI crashes. A fraction of 15.9 % (KSI: 19.0 %) of UTYP 341 crashes occurred at night,
whereas only 5.7 % (KSI: 3.0 %) of UTYP 342 crashes occurred without any daylight. Twilight conditions were
present in 8.0 % of UTYP 341 crashes and 5.8 % of UTYP 342 crashes of any severity, and 9.5 % and 6.0 %,
respectively, of KSI crashes.

Daylight Conditions
100%

’ B 341 (n=674)
80% 341 KSI (n=126)
0% B 34210=1752)

0

342 KSI (n=266)
40%
20%
0% - E— I E—
day night twilight

Figure 6. Frequency distribution of daylight conditions at the time of the collision.

The evaluation of visual obstructions from the driver’s perspective (depicted in fig. 7) shows that, in most cases,
there was no obstruction in the line of sight. The fraction of crashes without obstruction is higher for those with the
cyclist coming from the left (72.0 %) than for those with the cyclist coming from the right (62.1 %) and higher for all
crashes than for KSI crashes only (64.5 % and 55.8 %, respectively). In the cases where the view was obstructed, the
most common issues were structural circumstances, e.g., buildings, vegetation, or hills, with 19.0 % of collisions with
the cyclist coming from the left and significantly more collisions with the cyclist coming from the right (32.3 %). In
KSI crashes, these were present in 21.5 % and 35.1 % of the cases. Parking vehicles play a role in 4.4 % of UTYP 341
and 4.0 % of UTYP 342 injury crashes, as well as 5.4 % and 7.1 % of KSI crashes. Other circumstances are not of
significant matter.
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Visual Obstructions (POV: Car)

100% n

341 (n=479)
80% 341 KSI (n=93)
60% B 342 @©=1077)
342 KSI (n=154)
40%
20%
0% . " - - -
no structural parking waiting or others own vehicle driving
circumstances vehicles starting veh. vehicles

Figure 7. Frequency distribution of visual obstructions seen from the perspective of the driver.

The analysis of the share of fault for the crash (depicted in fig. 8) shows that in 87.2 % of crashes of UTYP 341, the
cyclist had no responsibility for the crash. In contrast, in UTYP 342 crashes, the cyclist was not even partially at fault
in 35.6 % of crashes. The KSI crashes show similar numbers, with 91.7 % and 29.4 %. In only 10.0 %, the cyclist
coming from the left was partially at fault for the crash, but in 60.2 %, the cyclist coming from the right was partially
responsible. For the KSI crashes, again, the numbers are alike at 5.6 % and 65.2 %. When coming from the right, the
cyclist was determined to be at the main fault in 3.2 % of crashes of all severities and 4.5 % of KSI crashes. Other
constellations were present in less than 2 % each.

Subsequently, an analysis of the official cause of the crash yields further details: considering only the collisions
where the cyclist’s share of responsibility was not labeled as “not at fault” or no data was encoded, leaving only
crashes where the cyclist was to blame partially, in 82.1 % of the UTYP 342 collisions, the cyclist was wrongfully
riding on the road or cycleway, e.g., riding in the wrong direction (not depicted). For UTYP 341 crashes, in only

24.5 %, the cyclist was riding illegally on the road/cycleway.

Cyclist's fault for crash

100%

! B 341 (n=562)
80% 341 KSI (n=108)
0% B 342 (n=1369)

0

342 KSI (n=201)
40%
0% - - — —
no fault partial fault main fault sole fault

Figure 8. Frequency distribution of the cyclist’s share of the fault for the crash.

Collision speeds

Fig. 9 shows the distribution of the cars’ speeds at impact. More than half of the cars have a speed between 3 kph
and 13 kph at the time of collision with the cyclist. In 95.9 % of the UTYP 341 and 98.3 % of the UTYP 342 crashes,
the speed was 28 kph or less. Considering KSI crashes only, the speed was equal to or below 28 kph in 91.7 % and
95.5 % of the collisions, respectively.
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Car Collision Speeds

40%
B 341 (n=594)
30% 341 KSI (n=122)
B 342 @=1512)
20% 342 KSI (n=245)
10%
0% — —
(-1,3]  (3,8] (8,13] (13,18] (18,23] (23,28] (28,33] (33,38] (38,43] (43,48] (48,53] (33,58]

kph

Figure 9. Frequency distribution of the cars’ speeds at the time of the collision. One UTYP 341 and one UTYP
341 KSI crash each in bin [78, 83) are not shown.

In comparison, fig. 10 represents the distribution of the cyclists’ speeds at impact. Compared to cars, the speed of
cyclists is higher at the time of the collision: More than 60 % of the cyclists had a speed of 8 kph to 18 kph just before
the collision. Above 90 % of cyclists were riding with a 23 kph maximum, and more than 97 % with a 28 kph
maximum, both including the KSI cases. It is noticeable that the higher collision speeds are primarily present when
the cyclist was riding along the usual driving direction: In ca. 26 % of UTYP 341 crashes, the cyclist was going

18 kph to 28 kph, whereas in less than 13 % of UTYP 342 crashes the cyclist was going this speed. The collision
speeds of KSI crashes are similarly distributed as all injury crashes.

Cyclist Collision Speeds

40%
B 341 (n=594)
30% 341 KSI (n=122)
B 341 n=1512)
20% 342 KSI (n=245)
10%
0%

(-1,31 (3,81 (8, 13] (13,18] (18,23] (23,28] (28,33] (33,38] (38,43] (43,48] (48,53] (53,58]
kph

Figure 10. Frequency distribution of the cyclist speed at the time of the collision.

Fig. 11 shows the distribution of maneuvers conducted by the driver in the last four seconds before the collision.
The data originates from the crash reconstruction and subsequent assignment in intervals, as described in Evaluation
of selected crash cases. If data was unavailable for this interval, the related interval is marked as “unknown”. There is
good data availability for the last 0.9 s before the impact: data could be reconstructed in more than 80 % of cases.
Two seconds before the impact, not more than 40 % is available. For the UTYP 342 crashes, only one fifth of the
crashes had data recorded at t = —3.9 s.

With 39.5 %, more drivers in UTYP 342 crashes were accelerating in the last tenth of a second compared to the

33.2 % of UTYP 341 participants. In contrast, more drivers were braking before colliding with the cyclist from the
left (27.0 %) compared to crashes with the cyclist coming from the right (21.0 %). In both crash types, a rise in
braking maneuvers can be seen in the last 0.5 s before impact. In UTYP 342 crashes, more drivers stood still once in
the last seconds before impact compared with UTYP 341 crashes, with a maximum of 20.6 % vs. 13.7 % at

t =—1.5s. Att =0 s, the constant velocity driving maneuver is slightly more frequent in UTYP 341 crashes (33.6 %)
than in UTYP 342 crashes (30.6 %). The distribution of maneuvers of KSI crashes is similar to the distribution of all
injury crashes except for more constant driving and less acceleration maneuvers in UTYP 341 crashes.
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Car Maneuver before Impact
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Figure 11. Frequency distribution of the cars’ maneuvers in the last four seconds before the collision.

Due to the declining availability of reconstructed speed for t <= —1 s, the focus during the following analysis lies
only on the last second before the collision. Fig. 12 depicts the analysis of the cars’ speeds during the last second
before the impact, clustered into the three maneuvers accelerating, constant speed drive, and braking.

For UTYP 341 crashes where the car was accelerating in the actual interval, the median speed was 5.78 kph (Q1:
4.48 kph, Q3: 9.24 kph) at one second before the impact and 10.0 kph (Q1: 8.0 kph, Q3: 15.0 kph) at impact. Median
speeds for UTYP 342 are similar, while quartiles are lower with 5.33 kph (Q1: 4.0kph, Q3: 7.13kph) at = —1 s and
10.0kph (Q1: 7.0 kph, Q3: 12.0kph) att = 0 s. There is no significant difference for acceleration crashes in speeds
between KSI and all injury crashes.

In the group of the cluster of braking intervals before the crash, speeds are higher: the median for the interval at

t =—1sis 17.76 kph (Q1: 14.54 kph, Q3: 21.74 kph) for UTYP 341 and 17.1 kph (Q1: 12.03 kph, Q3: 21.5 kph) for
UTYP 342 crashes. Att =0 s, the medians for intervals are 12.0 kph (Q1: 7.0 kph, Q3: 17.0 kph) for UTYP 341 and
10.0kph (Q1: 7.0 kph, Q3: 15.0 kph) for UTYP 342. KSI crashes show higher speeds over the last second before the
impact: for UTYP 341 collisions, especially at t = —0.7 s, the speed is notably higher with 19.8 kph (Q1: 14.98 kph,
Q3: 28.62 kph) compared to 16.4 kph (Q1: 12.6kph, Q3: 22.4 kph) for all injury crashes. UTYP 342 KSI crashes
have similar speeds to all injury crashes.

The intervals with constant speed have the following properties: The reconstructed speed intervals of 341 crashes
are slightly higher than for 342 crashes. For example, the speed at t = —1 s is 15.0kph (Q1: 10.0kph, Q3: 22.0 kph)
compared to 12.0 kph (Q1: 9.0kph, Q3: 20.0kph) and the speed at # = 0 s is 13.0kph (Q1: 8.0 kph, Q3: 20.0 kph)
compared to 10.0kph (Q1: 8.0kph, Q3: 15.0kph). The speeds for the KSI crashes exceed the speeds of their
respective crashes of all injuries as well.
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Figure 12. Box plots of the cars’ speeds in the last second before the collision, grouped by maneuver performed in
the particular interval.

Contact points

Fig. 13 represents the first contact points between cyclist and car for UTYP 341 & 342 collisions. These are
measured in centimeters from the point at the very front of the vehicle’s longitudinal axis. Compared to the
predominantly centered contact point in UTYP 342 collisions, the majority of contacts in UTYP 341 crashes are
located more to the left with a maximum at —70 cm, which is where the headlight is located. Additionally, with

27.4 %, significantly more cyclists collided with the side of the car compared to 14.0 % in UTYP 341 crashes. Most
collisions into the side were recorded right at the front of the vehicle for UTYP 342 crashes, but around 50 cm to the
rear for UTYP 341 crashes. KSI crashes occurred under very similar conditions regarding all aforementioned aspects.
Only the share of contacts at the vehicle’s side is slightly shifted towards the front.
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Collision points
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Figure 13. Distribution of first contact points of the cyclist at the car. Two UTYP 341 collisions at the rear not
displayed.

DISCUSSION

Discussion of results

Summarizing the findings in Results, we can draw a picture of the “typical crash” between cars and crossing cyclists
at junctions with similarities, as well as notable differences between the collisions with the cyclist coming from the
left (UTYP 341) and the right (UTYP 342):

Similarities between crashes More than half of the crashes occur at junctions. Next to that, for UTYP 341
crashes, the share of crashes at crossings is more than twice as high for collisions at property entrances. However,
UTYP 342 crashes occur nearly as often at crossings as at property entrances.

”’Give way” is the most dominant of the rules of the road at the crash site, with two thirds to three quarters of the
collisions. Property entrances/exits, stop signs, traffic lights, and others play a minor role in these crashes. Between
the UTYP 341 and UTYP 342 crashes, there is only little difference in the distribution. A slight shift toward more
crashes at stop signs and property exits can be noticed for UTYP 342 collisions.

Most crashes are turning right crashes: In nearly 90 % of the cases with the cyclist coming from the right, the car
driver wanted to turn right at the junction. Other actions, therefore, only constitute slightly more than 10 % of the
crashes. With the cyclist coming from the opposite side, the most common intent of the car driver is turning right as
well, but here, in one third of the crashes, the driver intended to turn left or go straight ahead.

Nearly all crashes occur at low traffic densities: In about 4 out of 5 collisions, there was light traffic or only
occasional cars on the road at the time of the crash, similarly distributed for crashes with the cyclist coming from left
and right.

The crashes are mostly daylight crashes: While nearly 9 out of 10 UTYP 342 crashes occur during daylight, the
number for UTYP 341 crashes is moderately lower, with 3 out of 4 crashes.

Visual obstructions are present in one third of collisions: In most crashes, no visual obstructions were on site. Yet,
if there was an obstruction present, it is more likely to be in the crashes with the cyclist coming from the right than
from the left, more likely for KSI crashes, and more likely to be a structural circumstance than a temporary obstacle
such as a parking or waiting vehicle.

Collisions occur at relatively low speeds and while the car is accelerating: more than half of the crashes show a
car’s speed of 13 kph or below, and in more than 90 % of the cases, the speed is 28 kph or less. However, the analysis
of the maneuvers performed in the last second before the collision shows that accelerating was the most common
action.
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Cyclists are most often hit by the car’s front bumper: in 70.4 % of the UTYP 341 and 85.2 % of the UTYP 342
crashes, the collision point between cyclist and car was recorded at the car’s front. In crashes where the cyclist came
from the right, the share of impacts to the side of the vehicle is comparatively lower, and the contact point is more
centered at the front bumper — both facts indicate that the car reached the cyclist at a later point in time compared to
the crashes where the cyclist came from the left.

Differences between crashes Crashes where the cyclist comes from the right are more frequent: compared to
the crash type UTYP 341, the related UTYP 342 crash occurs 2.6 times more frequently.

The cyclist coming from the right might not be expected on this side: as shown in Environmental circumstances,
in more than 60 % of the collisions, the cyclist was ruled to be at least partially responsible for the crash. In over

80 %, the reason was the wrongful use of the cycleway against the prescribed driving direction, meaning that the
driver of the car could not have expected the cyclist to come from this direction.

Drivers “fail to look” at cyclists coming from the right and ’look but fail to see” cyclists from the left: crashes,
where data shows that reduced visibility could play a role, are more present in the UTYP 341 group. For example, as
seen in fig. 6, the collision ratio at night is nearly three times as high as in the UTYP 342 crashes. It is also notable
that UTYP 342 crashes are almost entirely turning-right crashes. When the driver wanted to turn left or go straight
over the crossing and therefore had to also look for traffic coming from the right, notably fewer crashes occur when
the cyclist comes from the right. Following the work of Summala et al., we assume that once the driver is forced to
look right to avoid collisions with other cars, the cyclist is perceived as well [3]. Visual obstructions are also more
present in UTYP 342 crashes, thus blocking the chance of seeing the cyclist coming from the right in time.

Crashes with the cyclist coming from the right occur at lower speeds: in UTYP 342 crashes, the (collision) speed
of the cyclist is lower compared to the opposite crash scenario. We suppose that cyclists might drive slower,
purposely knowing that they are not expected by the cars’ drivers when coming from that direction. The speed of the
cars is also lower before and at the time of the collision, and drivers are more often accelerating again after standing
still. The share of crashes at stop signs is higher compared to UTYP 341 crashes, indicating that the driver had
stopped or was about to stop before the collision. Additional time gained by slower maneuvers could have prevented
the crash by decreasing the chance of overlooking the cyclist coming from the left, while in UTYP 342 crashes, the
two participants still collided, backing the thesis that the cyclist from the right is not seen at all due to visual
obstructions or the drivers’ omission to look right.

The cyclist’s speed at the time of the collision does not affect the severity. In contrast, the car’s speed does: A
comparison of the speeds of both cyclist and car with the speeds for KSI crashes shows that there were not
significantly more severe injuries or deaths when the collision speed of the cyclist was higher. However, the
distribution of the collision speed of the car is visibly shifted to higher speeds for KSI crashes compared to all injury
crashes.

Comparison to related works

As mentioned in Related Works, this work shares its methodology to some extent with the SECUR publication [10].
However, it focuses on a subset of a certain type of cyclists crashes within the group of crashes in the SECUR
so-called “accident scenarios” Straight Crossing Path — Left & Right Direction Bicyclist (SCP-LD-BC &
SCP-RD-BC). It is obvious to compare the characteristics of the UTYP 341 and UTYP 342 crashes with these
accident scenarios. Since the SECUR publication focuses on KSI crashes, only these are considered in the following
comparison:

Compared to 50 % of the crashes in the SCP-LD-BC group and 55 % of crashes in the SCP-RD-BC group, in 74.2 %
of the UTYP 341 and 64.9 % of the UTYP 342 KSI collisions, the car driver had to yield. Structural visual
obstructions were present in 17 % (30 % presence of obstructions times 57 % structural obstructions) for SCP-LD-BC
and 24 % (35 % times 69 %) for SCP-RD-BC compared to 21.5 % and 35.1 % in our analysis. Reported traffic
densities were similar (sporadic or light traffic was present in 80 % for both SCP-LD-BC and SCP-RD-BC vs. 78.2 %
and 78.2 %), as well as daylight conditions (80 % and 87 % vs. 71.4 % and 91.0 % crashes during daylight.) This
indicates that the UTYP 341 & 342 crashes are especially prone to visual obstructions in comparison to the larger
group of crashes in similar constellations, and required yielding by the car driver is more common than other forms
of rules of the road, such as stop signs or traffic lights.

The work’s results align with the results of Summala et al., who analyzed car-cyclist crashes from 1987 to 1989 in
Helsinki and found that the prevalent crash type is one where the cyclist came from the right and the car driver
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wanted to turn right [3]. The crashes studied also showed low traffic densities. The authors also assumed that
measures reducing the speed at the intersection and, thus, providing the driver more time increases the chance to see
the cyclist and hence avoid the collision.

Gohl et al. state that in crashes where the cyclist came from the right, the driver "failed to look™ into the cyclist’s
direction, whereas in crashes where the cyclist came from the left, the driver "looked but failed to see” the cyclist [4].
Our findings, for example, the high share of right-turning maneuvers in UTYP 342 crashes and the comparatively
higher proportion of visual obstacles confirm their statements. Their finding that drivers pay less attention when they
expect the other party to comply with traffic regulations also backs up our result that the cyclist riding on the wrong
lane and, therefore, crossing the car’s path from the right might not be expected.

Using the data from several European countries, Uittenbogaard et al. highlighted that whether a cyclist is severely
injured or killed is influenced by the car’s speed at the time of impact, not by the cyclist’s speed [6]. Our data also
revealed similar results but for severe versus slight injuries.

Limitations of this study

In the present study, we solely used the famous GIDAS dataset as the basis for our evaluation. This data, collected in
two cities in Germany, is as representative as possible of German crashes according to the data’s providers due to
sampling and weighting mechanisms [14]. Yet, the results cannot be projected directly onto other nations’ crash
occurrences. Especially the frequency of the selected crash scenarios, UTYP 341 & 342 presumably differs from
country to country, e.g., due to other road infrastructure, traffic rules, or driver education. Other works proved that,
e.g., in Hungary, the most common crash scenarios are those in the longitudinal direction [15]. Though, there is also
a high relevance of crossing scenarios in France, Italy, the Netherlands, Sweden, the UK [5], Australia [9], and the
USA [8], as previous works have demonstrated. We, hence, suppose that the underlying principles of these crashes
are similar in other countries. For example, it can be assumed that drivers turning right often focus on traffic from the
left; therefore, cyclists from the right are not noticed. This has also been shown by similar works in Finland [3].
Since records are only added to GIDAS if the crash is rated as an injury crash, we do not have any information about
the milder crashes without injuries. Also, due to the significant underreporting of crashes with cyclists [16, 17], data
might be skewed toward the crashes that are reported. This includes especially crashes with low injury severity, while
in contrast, crashes with pedelecs are relatively more often reported [2].

CONCLUSIONS

This work’s goal lies in exploring the most common crash scenario between cars and cyclists and its characteristics.
Therefore, using the GIDAS database, we first identified the crashes where the car collided with a crossing cyclist
riding on a cycleway as the most significant crashes with a share of 28.9 % of all car-cyclist collisions. In the
subsequent analysis, we then focused on these crashes but discriminated between the cases where the cyclist came
from the left and the cases where the cyclist came from the right, as well as between crashes with all levels of injuries
and crashes with killed and severely injured (KSI).

The most common crashes between cyclists and cars, as recorded in the GIDAS data set, can be described as crashes
with light injuries at junctions where the car driver disregarded the right of way of the crossing cyclist. The car driver
intended to turn right and merge into light traffic while the rules of the road required yielding. In the significantly
more common case, the cyclist came from the right and was partially to blame for the crash for riding in the wrong
direction. Most of the collisions occurred in daylight and without visual obstructions. The car’s speed was less than
or equal to 13 kph, and the cyclist’s speed was less than or equal to 18 kph. In the last second before the collision, the
car was accelerating or driving with nearly constant velocity. At the collision, the cyclist made first contact with the
front of the car.

‘We demonstrate that besides similarities in environment and course of events of the crash, there are few features
distinguishing the collisions with the cyclist coming from the left and the right: for instance, we assume that, in
right-hand traffic, the driver “fails to look™ at the cyclist from the right and ”looks but fails to see” the cyclist from the
left. The circumstance that a cyclist coming from the right might not be expected could contribute to these collisions.
It is noticeable that comparatively fewer crashes occur in a situation where the driver had to look right, i.e., turning
left or driving straight over a crossing. Our work also shows that the cyclist’s severity of injuries is only influenced by
the car’s, not the cyclist’s speed.
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The present results highlight the need for measures reducing crashes with cyclists, especially in crossing situations.
This includes well-designed traffic infrastructure protecting cyclists at junctions and crossings or avoiding crossing
situations of these parties at all, but also novel in-vehicle safety applications making the driver aware of cyclists and,
in general, VRUSs in critical situations. Since Vehicle-to-everything (V2X) communication does not require
line-of-sight conditions, systems based on this technology could support creating awareness of VRUSs in the near
future [18].

By means of the results presented, our follow-up work will consist of developing these novel safety applications
based on vehicle-to-everything communication to avoid these types of crashes. The results will help us to understand
the crash occurrence between cars and cyclists and allow us to determine requirements and derive parameters for
aforementioned applications.
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ABSTRACT

Potential neck force and moment limits in UN Regulation No.129 are part of on-going regulatory discussions.
Pragmatic limits for the QO0, Q1 and Q1.5dummies were proposed to regulators in 2020, based on analyses of
type-approval monitoring data. However, chin-to-chest contact was acknowledged as potentially skewing the
analysis and undermining the proposed limits. The aims of this study were to: 1) investigate the effect of
impact direction and child restraint orientation on neck tension force and 2) quantify the effect of chin-to-chest
contact on a large study sample of child restraint type-approval tests, for all Q Series dummies (QO to Q10).

Over 200 official type-approval tests were collected from our internal database with data extracted for neck
tension force and head vertical acceleration. The head vertical acceleration multiplied by the head mass was
used to calculate the neck tension force due to inertial loading from the head. This was compared with the
measured neck tension force to determine the frequency of chin-to-chest contact and its likely influence on
neck tension force in type-approval tests. The data were then separated for each Q-Series dummy by impact
direction and child restraint orientation to identify trends for each test or installation parameter

The inertial neck tension force calculated from head vertical acceleration was lower than measured neck
tension force in almost all front impacts with forward-facing child restraints and in many rear impacts with
rear-facing child restraints. Differences were in the region of 30-50 percent depending on the dummy and child
restraint installation parameters. This indicated the presence of chin-to-chest contact in a large proportion of
the tests in the sample. Forward-facing child restraints generated highest neck loads in front impact, whereas
rear-facing child restraints generated highest loads in rear-impact.

Our analysis suggests chin-to-chest contact occurs frequently in child restraint type-approval tests with
substantial influence on neck measurements. This confirms that pragmatic limits derived for regulation from
type-approval data are likely to be skewed upwards by this contact. Subsequent measurements in future type-
approval tests are also likely to be skewed upwards and hence mitigating chin-to-chest contact may be
incentivised more than limiting inertial neck loading. Although large, our sample comprised tests from one
child restraint manufacturer only. A larger sample, comprising a broad range of manufacturers, is needed to
validate our findings fully. Nevertheless, this study has demonstrated a robust approach for such analyses.

Child restraints are very effective in reducing the risk of serious neck injury to children in collisions.
Nevertheless, a relatively large range of neck loads can be measured in type-approval, which can be influenced
by dummy chin-to-chest contact, as well as child restraint installation parameters. Quantifying these influences
will contribute to ongoing regulatory discussions about the use of neck force and moment limits in UN
Regulation No.129.
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INTRODUCTION

United Nations (UN) Regulation No. 129 specifies Q-Series dummies to assess the performance of child restraint
systems in dynamic impact tests. The upper neck tension force and flexion moment must be recorded for monitoring
purposes, but thresholds are not currently applied to the measurements during type-approval. However, the UN
Working Party on Passive Safety (GRSP) is considering introducing neck thresholds for the QO0, Q1 and Q1.5
dummies in frontal and rear impact tests in a future amendment of UN Regulation No. 129 [1]. To that end, the
European Association of Automotive Suppliers (CLEPA) proposed pragmatic thresholds to GRSP for tension force
and flexion moment, developed from a large sample of international type-approval monitoring data [2-3]. This
approach was authorised by GRSP because previous efforts to derive child neck injury assessment reference values
from accident reconstruction were unable to generate valid neck injury risk curves [4]. Prior to that, the European
Enhanced Vehicle safety Committee (EEVC) proposed thresholds scaled from Hybrid IIT 50" percentile male (adult)
dummy regulatory thresholds, and from Hybrid III child dummy neck injury assessment reference values [5].
However, these were not adopted by UN Regulation No. 129 because a very high proportion of child restraint
systems on the market would have failed to meet them, which didn’t reflect real-world neck injury risk [6].

During the regulatory discussions at GRSP, it emerged that chin-to-chest contact has the potential to increase the
neck tension force measured by Q-Series dummies (i.e., beyond the level it would reach under purely inertial
loading from the head) [7]. This means that the pragmatic thresholds developed from type-approval monitoring data
may have been skewed upwards by chin-to-chest contact and that any subsequent regulatory test measurements
might be similarly skewed [8-9]. Unfortunately, the frequency of chin-to-chest contact and its effect on the proposed
thesholds was impossible to quantify in the type-approval monitoring sample because the data gathering exercise

in [2] was limited to the peak neck tension force and flexion moment. Other parameters that might have revealed the
presence and extent of chin-to-chest contact were not collected. Nevertheless, the implication of adopting thresholds
skewed by chin-to-chest contact is that preventing such contact might be incentivised by regulation as a means of
reducing the dummy neck force measurements, without real consideration of the true inertial loading to the cervical
spine [8-9].

The Spanish delegation to GRSP proposed a method for calculating the inertial neck force using the head vertical
acceleration multiplied by the head mass above the neutral axis of the load cell [7]. This method offered the
potential to derive purely inertial neck loading, free from the influence of chin-to-chest contact. Research tests
confirmed the method was capable of predicting the measured neck force up to the period of chin-to-chest contact,
but it could also generate unexpected results, particularly when chin-to-chest contact occured at the same time as the
peak inertial loading [9-10]. Furthermore, as head vertical acceleration was not included in the initial data gathering
exercise, it was also impossible to apply this method to the type-approval monitoring data in order to determine its
potential effect on the pragmatic thresholds.

The frequency and influence of chin-to-chest contact in UN Regulation No. 129 tests has been highlighted with
relatively small research test studies [8-10]. The full extent to which chin-to-chest contact influenced the pragmatic
thresholds proposed for the regulation is unknown and is impossible to determine from the monitoring data provided
by type-approval authorities. There appears to be little appetite currently from regulators to repeat the collection of
type-approval monitoring data with additional parameters (either to identify chin-to-chest contact and/or to calculate
purely inertial neck force). Therefore, the aims of this study were to use an internal sample of type-approval test
results to: 1) investigate the effect of impact direction and child restraint orientation on neck tension force and 2)
quantify the effect of chin-to-chest contact on a large study sample of child restraint type-approval tests, for all
Q-Series dummies (QO to Q10).

METHODS
This study followed the methods used by CLEPA in [2-3] to derive pragmatic neck tension force thresholds from

type-approval monitoring data. However, in our study, the source was limited to CYBEX type-approval tests. No
external data were used.

Data collection

Over 200 official type-approval tests were collected from our internal test database. These comprised front and rear
impact tests carried out for new type-approvals and for extensions to existing approvals. Production qualification
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tests, which are part of the type-approval process in UN Regulation No. 129, were excluded so as not to skew the
sample with repeat tests. Research and development tests on prototype products were also excluded because they
may not reflect real product performance and because most research and development tests will ultimately be
repeated as an official type-approval test.

The sample was collected according to a template that included brief details of each test such as the dummy (QO,
Q1, Q1.5, Q3, Q6 or Q10), impact direction (front or rear), orientation of the child restraint (rear- or forward-facing)
and its adjustment (where applicable, upright or reclined). The main test data extracted were the peak neck tension
force (i.e. +F, channel) and the peak head vertical acceleration (i.e. +a,). We extracted data for tests performed in
our own crash test laboratory only because the correct sensor polarity was essential for the reliability of our study.
This limited our sample to tests that were performed in 2019 and later (after our laboratory was installed), but it was
our only means of guaranteeing that SAE J211 sign conventions had been used when the impact test was carried out.
The sample included several tests with the same child restraint and dummy. This was due to the various test and set-
up conditions required during the type-approval process. All such tests were included to maintain reasonable sample
sizes for analysis.

Data analysis

As a first step, the data were separated for each Q-Series dummy by the impact direction and the child restraint
orientation. The inertial neck force was then calculated according to the method proposed in [7] and set-out in
Equation 1.

Inertial neck force (N) = Dummy head mass (kg) x Head vertical acceleration ( ms?) (Equation 1)

The inertial neck force was calculated for rear impact tests with rear-facing child restraints and front impact tests
with forward-facing child restraints only. These are the only combinations of impact direction and child restraint
orientation in which chin-to-chest contact can occur during the main laoding phase of the impact. The inertial neck
force was not calculated for front impact tests with rear-facing child restraints because chin-to-chest contact occurs
only in rebound and does not influence the overall peak neck tension force. Furthermore, as the head is in contact
with the back of the child restraint from the outset, it seems likely that the calculation of the inertial neck force
would not deliver a meaningful result. The intertial neck force was also not calculated for child restraints in which
the child is restrained with an impact shield or in which an integrated child restraint airbag deployed. In both cases,
chin-to-chest contact does not occur because the head comes into contact with the shield or with the airbag, before
chin-to-chest contact can occur.

The percentage change from the measured neck tension force to the calculated inertial neck tension force was
calculated for each applicable test. This was used to determine the presence of chin-to-chest contact and to estimate
the level of neck force that might have been measured, if the contact had not occurred or had been mitigated.
Substantial chin-to-chest contact was assumed to have occurred when the percentage change in the neck force was
10 percent or greater. This was a somewhat arbitrary figure chosen to ensure the level of difference was greater than
that expected through normal test-to-test repeatibility. To validate this approach, a selection of representative time
histories were analysed to verify the presence, or not, of chin-to-chest contact for a given level of percentage change.
In each case, the external head contact force was calculated and plotted with the neck force (measured and
calculated inertial). The external head contact force was determined using the procedure specified in

SAE J2052 [11]. The procedure uses the head mass (above the neutral axis of the load cell), the head acceleration
components (ay, ay, a,) and the neck force components (Fy, Fy, F,) in a root sum square calculation. A contact is
assumbed to have occurred when the external head contact force level has reached 500 N.

Worst-case combinations of impact direction and child restraint orientation from which to derive pragmatic
thresholds were identified in [2] for each Q-Series dummy. No further separation by child restraint adjustment was
made after an initial scan of the data revealed very low sample sizes for some combinations of dummy, impact
direction and child restraint adjustment.Two statistical analyses were carried out on the results from these worst-case
combinations: 95" percentile and the mean plus two standard deviations (“Mean +2SD”). We identified the same
worst-case combinations and performed the same statistical analysis, in order to compare our sample with the larger
study and to investigate how reduced data that avoided the influence of chin-to-chest contact might have influenced
the pragmatic proposals.
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RESULTS

Sample characteristics

Our study sample comprised around 20 child restraint systems and 210 type-approval tests with Q-Series
dummies (Table 1). In UN Regulation No. 129, the stature range of the child restraint determines which
dummies must be used in the dynamic tests. For a given dummy, impact direction and orientation, each child
restraint is typically tested several times to cover different seat and/or support leg adjustments (where
applicable). After the data were separated by impact direction and child restraint orientation, each sub-sample
ranged from 7 tests (Q10, front impact, forward-facing) to 32 tests (QO, rear impact, rear-facing). Tests with
the Q6 were removed from the sample to avoid the specific model of child restraint being identified.

Table 1.
Child restraint system (CRS) type-approval sample characteristics

Impact . . Number of | Number of

Test dummy direI; tion CRS orientation CRS tests
Q0 Front Rear-facing 13 27
Rear Rear-facing 12 32
Q1 Front Rear-facing 4 9
Rear Rear-facing 5 9
Front Rear-facing 9 23
QL5 Forward-facing 5 16
Rear Rear-facing 10 21
Front Rear-facing 7 17
Q3 Forward-facing 10 30
Rear Rear-facing 7 19
Q6 Front Forward-facing 0 0
Q10 Front Forward-facing 3 7
Total =20% 210

*All child restraints cover more than one dummy/impact direction/orientation
Effect of test and child restraint parameters on neck tension force

The peak neck tension force measured by the upper neck load cell tended to increase with dummy size
for any given impact direction and child restraint orientation (Figurel). A large spread in the neck
tension force values was observed in most combinations of conditions and was substantial in the front
impact tests with forward-facing child restraints. Although there were overlaps, the highest neck
tension force tended to be measured in rear impact tests for both the QO and the Q1 dummies. The
highest tension force was measured in front impact with forward-facing child restraints for the Q1.5,
Q3 and Q10 dummies. These ‘worst-case’ combinations of impact direction and child restraint
orientation for each dummy reflect those used in the development of pragmatic neck thresholds in [2].

The inertial neck tension force (calculated from the head vertical acceleration) followed similar overall
trends to the measured force (Figure 2). However, there were some important differences. Firstly, the
spread in the values reduced markedly for the forward-facing child restraints. This meant that the upper
value, and the mean were also reduced greatly. More moderate effects were observed in the rear impact
tests (i.e. with rear-facing CRS). Nevertheless, the spread in the values with the Q0 was visibly
reduced. The inertial force was not calculated for the rear-facing child restraints in front impact, but the
unchanged measurements were included on the chart for comparison with the other conditions. Despite
these differences, the worst-case combinations of impact direction and child restraint orientation
remained the same. In some tests with the QO (5 tests) and Q1.5 (10 tests), the calculated neck force
increased compared with the measured force. It was unclear why this happened and until measurement
errors could be ruled out these tests were excluded from subsequent analyses of the difference between
the measured and the calculated force.
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Effect of chin-to-chest contact on neck tension force

The percentage change from the measured neck tension force to the calculated neck tension force varied
across each combination of impact direction and child restraint orientation (Table 2). The percentage
change also varied to some extent within each combination. This suggests that chin-to-chest contact
was more frequent in some combinations of impact direction and child restraint orientation than others,
but that individual cases could occur in almost all combinations. For example, the greatest average
percentage change was observed with the Q0 dummy in rear impact tests and the Q10 dummy in front
impact tests, albeit with a very small Q10 sample. In the case of the QO0, 85% of tests displayed
evidence of chin-to-chest contact (as defined by a percentage change of 10% or greater).

Relatively large differences were also observed with the Q1.5 and Q3 in forward-facing child restraints,
which displayed average percentage changes of 18% and 26%. Although these average changes did not
reach the level of those observed with the QO, substantial proportions of each sample were affected,
with 57% and 90% of applicable tests in each condition being affected by chin-to-chest contact. In
contrast, the Q1 and Q1.5 (in rear impact) seemed least influenced by chin-to-chest contact and the Q1
in particular seeming to be unaffected in any of the tests, although the sample was small.

Table 2.

Percentage change in peak neck tension force from measured value to calculated value

Test Impact CRS No. of % change in neck tension | Proportion with chin-
. . . . (measured to calculated) to-chest contact
dummy | direction orientation tests
Average Range

Q0 Rear RF 27 -43% -64% to -29% 85%
Q1 Rear RF 9 -4% -9% to -1% 0%
QL5 Front FF 7 -18% -30% to -4% 57%
) Rear RF 10 -6% -33% to -1% 10%
FF 20 -26% -40% to -1% 90%
Q3 Front FF — Integral 15 -23% -34% to -1 % 87 %
FF — Boosters 5 -32% -40% to -27% 100%
Rear RF 19 -11% -29% to -2% 50%
Q10 Front FF 7 -43% -52% to -39% 100%

* RF: rear-facing; FF: forward-facing

A clear chin-to-chest interaction can be distinguished in representative time history plots in which the
calculated force exceeded the measured force by a large margin (Figure 3). Two different responses are
illustrated in the examples below. The Q3 (rear impact, rear-facing), Q1.5 (front impact, forward-
facing) and Q10 (front impact, forward-facing) showed an initial, purely inertial, peak prior to chin-to-
chest contact, followed by a second, much larger peak during the period of contact. The onset of this
second peak corresponded with the time of engagement between the chin and chest, identified from the
external head contact force. The second tensile peak, due to chin-to-chest contact, was the overall peak
value. In each case, the calculated inertial neck force followed the measured force very closely up to
the point of chin-to-chest contact at which point it diverged from the measured force over the period of
contact. In some examples (i.e., the Q1.5 and Q3 in Figure 3), the inertial force fell away very rapidly.

The QO dummy (rear impact, rear-facing) displayed different behaviour. As shown in the example
(Figure 3, top left), the calculated force diverged from the measured force earlier than the other
examples, over the period of peak neck force. This behaviour was typical of the QO tests. The external
head contact force did not reach the 500 N threshold specified in SAE J2502, however, the threshold
was likely developed for adult dummies in mind. The external head force reached around 400 N with
the QO and suggests some degree of contact occurred.
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Figure 3. Upper neck axial force and head contact force — representative examples with large
percentage change from measured to calculated neck tension force

In tests where the peak calculated force was similar to the measured force, the representative time
history plots showed that chin-to-chest contact was either marginal or occurred somewhat late in the
impact event (Figure 4). In the examples with the Q1 and the Q3 (both rear impact, rear-facing), the external
head contact force did not reach the 500 N threshold at which a significant contact is assumed to have occurred
in SAE J2502, although it was quite close with the Q1 (400 N). In both cases, the inertial force followed the
measured force very closely, but still diverged over the period of marginal contact. However, this did not
influence the overall peak value. In the example with the Q1.5 (front impact, forward-facing), the external
head contact force indicated a substantial chin-to-chest interaction, but although it increased the measured
force compared with the inertial force, this second peak due to contact was only marginally larger than the
inertial peak.

As mentioned above, there were some tests in which the calculated force exceeded the measured force
(Figure 5). This was observed with the QO and Q1.5 dummies only (both rear impact and rear-facing
child restraints). This occurred in cases where the contact was inconclusive or not sufficient to reach
the threshold specified in SAE J2502. Further analysis is needed to understand what happened in these
tests.
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Potential implications for the development of pragmatic neck tension thresholds

Despite fewer tests and less product diversity, the sample used in this study shared many characteristics
with that used by CLEPA in [2-3] to derive pragmatic limits for the QO0, Q1 and Q1.5 (Table 3). Our
sample featured slightly lower measurements overall for the Q0 and Q1.5 dummies, compared with the
larger sample, but slightly higher measurements for the Q1. If the same approach used to derive
pragmatic thresholds from the full type-approval monitoring data were used in our sample, it would
yield similar thresholds for our measured neck force data (i.e. for the QO, Q1 and Q1.5). However, if
the method was used on our calculated inertial data, it would yield much lower thresholds than those
proposed for UN Regulation No.129. In fact, the neck tension force thresholds proposed by EEVC in
[6] for a 20% risk of AIS>3 injury are quite similar to the upper range of the inertial force for the QO,
Q1 and Q10. However, the EEVC thresholds are somewhat higher than the upper range for the Q1.5 and
Q3, and are closer to the mean value instead.

Table 3.
Measured and calculated neck tension force parameters and comparison with XXX
Neck tension force Threshold
Impact CRS . 95™ | Mean + | CLEPA | EEVC
Sample Dummy | i ection | orientation | ™ | Min- | Max. | Mean | g5 | 54gp) [2-3] [6]
CLEPA [2-3] 71 83 | 884 347 | 720 720
CYBEX QO Rear RF 32 | 217 | 911 437 | 656 656 700 498
CYBEX: inertial 32 | 140 | 415 263 | 343 343
CLEPA [2-3] 40 | 242 | 1004 642 | 905 1018
CYBEX Q1 Rear RF 9 | 620 | 1139 858 | 1110 1196 950 1095
CYBEX: inertial 9 | 597 | 1127 823 | 1092 1169
CLEPA [2-3] 54 | 204 | 2914 | 1509 | 2122 2443
CYBEX QlL.5 Front FF 16 | 1057 | 1996 | 1379 | 1909 1942 | 2000 1244
CYBEX: inertial 16 | 1057 | 1420 | 1242 | 1409 1468
CYBEX 30 | 1154 | 3177 | 1913 | 2779 2906
CYBEX: inertial Q3 Front FF 30 | 1065 | 2039 | 1535 | 1888 2063 i 1533
CYBEX 7 | 2725 | 3563 | 2986 | 3408 3539
CYBEX: inertial Q1o Front FF 7 | 1467 | 2137 | 1712 | 2040 2160 i 2241

* RF: rear-facing; FF: forward-facing

DISCUSSION

The neck tension force measured by the upper neck load cell was highest in front impact tests with
forward-facing child restraints. However, there were overlaps such that the lowest measurements in this
‘worst-case’ combination of conditions were consistent with the highest measurements in other
conditions with the same dummies, notably rear impact with rear-facing child restraints. This was
somewhat surprising given that the rear impact test in UN Regulation No. 129 is performed at a lower
severity than the front impact test (i.e. 32 km/h, 14-21 g vs. 50 km/h, 20-28 g). Rear impact is not
currently viewed as a high priority for child occupant protection, but that may change in the longer
term, if automated vehicles lead to more frequent rear impact collisions as suggested by some

studies [12]. Currently, consumer tests of child restraints encourage improved performance in front and
side impact, but rear impact is left to the regulatory test.

Calculating the inertial neck tension force from the head vertical acceleration reduced the mean value
and the spread of values for each combination of impact direction and child restraint orientation.
Nevertheless, the same general trends were observed in terms of the worst-case combinations of impact
direction and child restraint orientation. That said, compared with the measured force, the inertial force
reduced the differences between the child restraint orientations in front impact, particularly with
respect to the mean value. Ultimately, predicting non-contact, inertial neck injury risk is challenging.
Aside from the complicating factor of chin-to-chest contact, the stiff thoracic spine of child dummies
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results in high neck forces and moments that are not representative of the true injury potential [13].
Real-world data on the risk of neck injury in child restraints is inconclusive. The most recent studies
suggest neck injury rates are very low [14]. Case studies with serious neck injury continue to be
reported, but it is not always possible to rule out head impact, high collision speed or child restraint
misuse as a factor [15]. Specifying a limit on (resultant) head acceleration likely provides some
measure of control on tensile neck loading. However, UN Regulation No. 129 specifies thresholds for
the head, chest and abdomen, and so adding thresholds for the neck could reduce the potential for
uninstrumented load paths to be exploited.

Chin-to-chest contact occurred frequently in our sample of child restraint type-approval tests (as
indicated by the discrepancies between the measured and the calculated neck tension force). It appeared
to be particularly prevalent with the QO in rear impact, and with the Q1.5, Q3 and Q10 in front impact
(with forward-facing child restraints). It was unclear why certain combinations of impact direction or
child restraint orientation were more susceptible. Previous studies have highlighted that dummy posture
and child restraint design can influence chin-to-chest contact characteristics [16-17]. A broad range in
the effect of chin-to-chest contact was observed within each combination of impact direction and child
restraint orientation in our sample (denoted by the percentage change from the measured to the
calculated force). It seems plausible that dummy positioning and posture played a role, but a much
larger study sample would be needed to investigate such influences. The prevalence of chin-to-chest
contact in real-world collisions and its effect on child injury potential, if any, does not appear to have
been reported. Chin-to-chest contact has been observed in child cadavers [13] and in human body
models [18]. However, the severity of contact and its effect on neck forces seems to be much greater in
dummies, primarily due to the stiffness of their components [19].

The calculated inertial neck tension force was used primarily as a means of identifying where
significant chin-to-chest contact occurred. It was also used to comment on the likely neck tension force
under purely inertial loading, for example, if chin-to-chest contact was not present. Although it was
proposed for that purpose [7], the reliability of the calculation is unclear. The calculated neck force
predicted the measured force up to the point of chin-to-chest contact very well in most tests; however,
in some tests, the calculated force fell away very quickly when contact began. This might indicate that
the chin-to-chest contact itself influenced the vertical head acceleration and consequently the calculated
neck force. Similar findings were observed in an impact test study with prototype adapted heads with
little chin structure [10] and in a large analysis of consumer tests of child restraints (under different
impact conditions) [20].

Despite reservations over the reliability of the calculated neck force to predict the true inertial force in
all tests, it was useful in confirming that the pragmatic neck tension force thresholds proposed for UN
Regulation No. 129 were likely to have been influenced greatly by chin-to-chest contact (i.e., assuming
our limited sample reflected the larger monitoring sample). Unfortunately, it is unknown whether the
measured force (and thresholds derived from it) was skewed to the extent predicted by the calculated
force, or whether chin-to-chest contact masked a more moderate increase in the tension force that the
calculated force could not detect. However, if the calculated inertial force was meaningful, it suggests a
marked influence on the pragmatic thresholds proposed for the Q0 and Q1.5 dummies. In fact, the
inertial force reduced the values to such an extent that previously proposed thresholds scaled from
Hybrid III child dummy injury assessment reference values appear to become more meaningful. That
said, scaling with child dummies (from adult dummies, or between child dummy families and/or sizes)
requires significant assumptions to be made about the difference in geometry, stiffness and failure
stress between subjects [21]. Combinations of human and dummy ratios are used, which do not take
account of differences in behaviour and performance between the dummies used [6].

Limitations
Our study sample comprised type-approval tests from CYBEX child restraint systems only. Although
our data shared many characteristics with the larger type-approval monitoring sample used to derive

pragmatic neck tension thresholds, child restraints from other manufacturers may be less susceptible to
chin-to-chest contact (or even more susceptible). A larger sample, comprising a broad range of
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manufacturers and products, is needed to validate our findings fully. Nevertheless, this study
demonstrated a useful method for identifying and characterising chin-to-chest contact from a large
dataset.

Similarly, the limited nature of our sample meant that some combinations of dummy, impact direction
and child restraint orientation yielded very low sample sizes from our database. For example, there
were very few tests with the Q1 dummy, and none with Q6. UN Regulation No. 129 requires that the
smallest and the largest dummies corresponding to the stature range of the child restraint must be used
in the dynamic tests. For most of our product range, these are ‘intermediate dummies’ and are
consequently less likely to feature in our database.

Chin-to-chest contact can also influence Q-Series chest deflection [22-23] and abdomen pressure [24].
This study focussed on axial neck force only. We don’t currently have a method to investigate the
potential influence on these other measurements based on a simple analysis of peak type-approval
measurement parameters. A detailed study of time history plots, possibly including the use of adapted
dummies would be needed to investigate the effect of chin-to-chest contact on these other
measurements.

CONCLUSIONS

Child restraints are very effective in reducing the risk of serious neck injury to children in collisions.
Nevertheless, a relatively large spread of neck loads can be measured during type-approval. In our study, the
neck tension force measured by the upper neck load cell of the Q-Series dummies was influenced primarily by
the impact direction and the orientation of the child restraint. Front impact with forward-facing child restraints
generated the higher neck forces than other scenarios. However, there were overlaps with rear impact tests
with rear-facing child restraints, despite the lower rear impact severity. The calculated neck force (derived
from the head vertical acceleration) displayed similar trends as the measured force in terms of the influence of
the impact direction and child restraint orientation on the magnitude of the force. However, the level of
difference between certain combinations of impact direction and child restraint orientation we reduced. This
was likely due to the influence of chin-to-chest contact on the measured data, which was particularly
pronounced with front impact tests on forward-facing child restraints.

Chin-to-chest contact occurred frequently throughout our study sample of internal child restraint type-approval
tests. If the frequency and magnitude of chin-to-chest contact observed in our study was reflected in the larger
type-approval monitoring sample in [2], it is likely that the pragmatic limits proposed for UN Regulation No.
129 are also likely to have been affected (i.e. increased). Subsequent measurements in future type-approval
tests would also likely to be affected in the same way and hence mitigating chin-to-chest contact rather than
inertial loading might become the priority for child restraint design. However, although the calculated inertial
force was useful for identifying chin-to-chest contact and estimating its effect on the neck tension force
measurement, it may also be influenced by chin-to-chest contact, such that encouraging contact at a certain
time in the impact might be a means of reducing the vertical head acceleration and hence the calculated neck
force value.
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ABSTRACT

In Japan from 2000 to 2019, the number of motor vehicle occupant fatalities decreased significantly. Pedestrian road
user type contributes to 37% of total traffic fatalities, the highest compared to other road user types since 2009. In
pedestrian accidents, Head and chest body regions account for 51% and 40%, covering about 91% of the total AIS4+
injuries, respectively. So, head and chest protection are important elements for reducing pedestrian fatalities. At
present, there are test procedures for head and lower extremities injury protection, but no test procedure exists for
pedestrian chest protection. BAST has proposed a specific thorax injury prediction tool (TIPT) developed from side
impact dummy ES-2. Based on their proposal, an adult chest impactor will be impacted by several predefined impact
grid points covering a range from a child’s lower rib height (WAD: 770mm) to a 95th-%ile male’s upper rib height
(WAD:1540mm). Injury criteria for TIPT were based on injury risk curves of 45 to 67 year-old adults. In this paper,
the influence of different parameters of vehicles and pedestrians on chest injury using human body models (HBM)
and TIPT modules are studied in detail. It can be concluded that (a) similar to the existing head injury evaluation
impactors, child and adult TIPT impactors need to be different since the biomechanical characteristics are different
(b) based on human body models’ CAE simulation with the target generic vehicles models (GVM), the chest impact
velocity is considerably lower than those recommended values of BASt and (c) it has been observed that BLE height,
bumper lead upper, hood angle are the significant parameters for the chest impact velocity.

INTRODUCTION

Societies of advanced countries are aging demographically. Based on serious injury comparison among different body
regions for the age group 25-64 and >65 year-old categories, the thorax body region ranks 3rd for the age group 25-
64 and ranks 2nd for the age group >65 [Wisch et al., 2017]. Presently pedestrian regulations do not consider chest
protection. Project SENIORS (Safety ENhanced Innovations for Older Road userS) aims to improve the safe mobility
of the elderly and overweight persons, using an integrated approach that covers the main modes of transport.
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Figure 1. No. of fatalities based on the Japanese traffic accident database ITARDA, 2000-2020
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According to International Transport Forum Report for Japan, pedestrians account for 37% of traffic fatalities in Japan
for the year 2020. The road fatality rate per 100000 population for different age groups shows the risk for 65-74 &
>75 year-old age groups is high compared to other age groups. Within 65-74 & >75 year-old age groups road fatality
rate for different road user categories shows, pedestrian accidents account for a major share as shown in Figure 1.

The mission of BAST, a German organization for the Federal Highway Research Institute, is to improve the safety,
environmental compatibility, economic efficiency, and performance of roads. It does Testing, certification, approval,
and recognition activities in the field of road traffic. BAST’s research activities have a considerable influence on EU-
Regulation/ Euro-NCAP. BAST proposed a test tool for predicting thoracic injuries and assessment procedures as
they did previously for bicyclist’s head protection which was later included in EuroNCAP Roadmap 2021-2025. They
have extracted the chest module from a side impact dummy EUROSID-2(ES-2), which has good capability in
measuring chest injuries for side impact conditions. ES-2 dummy chest module was converted into an impactor TIPT
(Thorax Injury Prediction Tool) which was designed to launch against the vehicle at the designed speed and angle.
The test area was marked on the vehicle from WAD 770mm (height of lowermost rib of 6 year-old) to WAD 1540mm
(height of uppermost rib of 95th-%ile male). Based on the half of the height of 160mm and width of 276mm of the
chest module, evaluation impact points are marked with a pitch/interval of 80mm and 133.5mm as shown in Figure
Al. Impact angle and velocity vary with the type of vehicle as shown in Figure 2 below and in Figure 4 of the method
section. Scores are proposed based on the serious injury risk parameters for 45 year-old and 67 year-old PHMS test
data. Nothing is mentioned about the child’s chest injury criteria.

47°-58" angle within launcher
T| PT 62°-75° resultant (impact) angle

Launcher

(stowed or removed)

Figure 2. ES-II dummy chest-based TIPT module and a typical testing procedure (Oliver 2019)

This paper focuses on the following topics (i) to survey the chest injury characteristics of children and adults based
on past published literature, (ii) to study the chest impact testing conditions using GHBMC pedestrian human model
simulations against generic vehicles models (GVM), and (iii) to estimate the most influential front-end vehicle profile
parameters contributing to a chest injury and impact conditions.

LITERATURE SURVEY

Children suffer fewer rib fractures and less blunt cardiac injury, but more lung contusions. Children’s thoracic injuries
are more often associated with head injuries and less often with spine injuries than those observed in adults. Notably,
the majority of pediatric deaths were secondary to traumatic brain injury rather than thoracic injury. There was a
significantly lower mortality rate in the pediatric group (16.7% v. 27.8%; p=0.037), despite Injury Severity Score ISS
values in the two groups being similar [Skinner, 2015]. Osteopenic changes and co-existent underlying disease may
also play a significant role in this process [Bass, 1990]. The overall outcome of child pedestrian casualties appears
to be relatively constant across the pediatric stature range. However, pedestrian height seems to affect the
frequency of injury to individual body regions, including the thorax and lower extremities. This suggests that
vehicle safety designers need to account for the difference in injury patterns between adult and pediatric
pedestrian casualties [Ivarsson, et al., 2007]. Based on Japan Trauma Data Bank 2004-12, the percentage of
MAIS2+ thorax injuries in pedestrians of age 0-14 year-old children (M:16.3%, F:14.0%) are comparatively less
than those of adults above 15 years (M:24.7%, F:22.6%) [Ito, et, al., 2015]. Due to the lower incidence of rib
fractures, as mentioned in a number of past published literature[Ziegler1994], the patients in the pediatric age group
need alternative criteria to identify patients with major chest injuries. The main focus of the present study is to identify
the rationality of the chest protection proposal as recommended by BAST for adult pedestrian populations only.
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METHOD

TIPT CAE Model Development

As per BAST recommendation, the CAE TIPT module was developed from an ES-2 dummy with a mass of 22.2kg
as shown in Figure 3. ES-2 is already an authorized dummy for evaluating the side impact performance of existing
vehicles. The mode of the impact of the pedestrian’s chest is somewhat like that of a pure lateral impact for an
occupant inside a car. Hence, there is an underlying basic assumption that the TIPT is expected to perform well in
evaluating pedestrian chest injuries when impacted with the front end of a car also.

ES-2 Dummy TIPT Module

Figure 3. TIPT CAE module derived from ES-II dummy
TIPT impact conditions with vehicles (BASt proposal)

BAST recommended impact locations for chest protection, ranging from 6 year-old(YO) children to 95th-%ile male
adult pedestrians as shown in Figure A1l. Testing conditions such as orientation, impact speed, and impact angle vary
for different types of vehicle categories based on BLE height and front-end profiles. Scoring for each impact location
is decided based on the amount of maximum rib deflection. A five-level scoring method was recommended based on
the injury risk curves of 67-YO & 45-YO as shown in Figure 4. A separate impactor was not proposed for child chest
protection. Rather the same scoring system as adult injury risk conditions is indicated for evaluation in child impact
zones near WAD>770mm with the TIPT chest module of 22kg mass.

Vehicle FCV SUVv MPV/ Max Score
BLE<835 | BLE>836 | VAN Color | deflection Injury Risk
TIPT (mm)
FRD | Impact Angle (deg) | 15(75) 20(70) 28(62) Green <28 5"?’63212)1)53 1
of -
BLR- Velocity Angle(deg) 19 23 5 I 25 3s 20% of AIS3 1075
RL* Impact speed(kph) 27 15 21 yellow (45Y0)
FRD Impact Angle (deg) 90 30% of AIS3 0.5
to : orange 35 -40
BLR Velocity Angle(deg) 0 45YO
RL* Impact speed(kph) 40
* Bonnet Leading Edge Reference Line

Figure 4. TIPT Evaluation proposed by BAST and injury score criteria

Pedestrian evaluation condition with different vehicle types

The present study used Generic Vehicle Models (GVMs) for standard vehicle categories (Family Car, SUV &
MPYV). In line with real-world pedestrian safety evaluation methodology as proposed by Euro-NCAP, CAE models
of HBMs (GHBMC, AM50, AF05 & AM95) as mentioned in “Euro-NCAP Technical Bulletin TB 024” was chosen
for this study. Refer to Figure 5 and Euro-NCAP technical bulletin [TB-024, 2022].

PAL 3



FOS5-P M50-P M95-P

Figure S GVMs and different pedestrian human body models (GHBMC, AMS0, AF05 & AMO95).

RESULTS

HBM interaction with GVM
i B

Figure 6 Evaluation of a typical SUV at the hood region with TIPT “with-arm & without arm” condition

Stage:1 Leg impact

Stage:2 Leaning over

This study simulated the different vehicle categories of GVM with different sizes (AM95, AM50 & AF05) of human
body models (HBMs) at 40kph as shown in Figure 6. There are two stages of pedestrian-vehicle interaction; 1) at first,
the vehicle impacts the pedestrian’s legs and causes injuries to leg bones (femur, tibia, fibula, etc.) and if the velocity
is more, then the second stage will start ii) pedestrian slips and slides over the vehicle, which cause injuries to arms,
chest, and head. At 40kph impact, AF05, AM50 & AM95 HBMs were impacted against different GVMs and the
chest velocity is monitored at the time of contact between the vehicle and chest skin as shown in Table 1. The study
reveals that

a) Chest impact velocity for a small family car (FCV) category is high, followed by MPV and SUV
categories, It shows a similar trend recommended with BASt.
b) However, chest impact velocities identified are lower than those of BASt recommendations
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Table 1: Chest impact velocity for FCV, SUV and MPV/VAN at 40kph impact speed

Chest impact velocity (kph)
Category FCV SUV MPV/VAN
BAST
(Recommendation) 2 9 2
AM95 21.6 14.4 19.1
AMS50 17.8 10. 1 14.4
AF05 18 6.1 11.9

Based on this limited case of the simulation studies, the proposed BAST impact velocities are high in all vehicle
categories compared to the present simulation results which are tabulated in Table 1.

Effect of vehicle front-end profile

To understand the effect of different dimensional parameters of a vehicle’s front-end profile (refer to Figure A2-1) on
pedestrians’ chest impact velocity on the hood, the morphing technique is used in this present study. Morph volume-
based method was used to develop a series of new front-end profiles created from the original base vehicle. The front-
end profile dimensions, such as BLE height, hood angle, bumper profile heights at different locations, etc., are some
of the top influential parameters having a higher degree of sensitivity with respect to the chest impact velocity of
AMS50 HBM. Among all geometric parameters, the position of the BLE with respect to the pedestrian’s CG location,
which is located near the sacrum of the pedestrian, is the most influential parameter (relative sensitivity of 72%) in
determining the kinematics of the chest as shown in the sensitivity chart of Figure A2-1. As the BLE height increases
to a level of 120% of the BLE of the reference vehicle (BLE:100%, chest velocity:100%, as shown by the red dot of
Figure A2-2), the CG of the pedestrian will be almost equal to the BLE height. The gradient of chest impact velocity
becomes flat as highlighted by the blue segment in Figure A2-2.

DISCUSSION

Effect of impact velocity

Percentage of Impact Velocity of Chest vs Car Speed

140
120
100
80
60
40
- il
0
FCV MPV SUV

B V=10kph ®V=20kph ®V=30kph ®mV=40kph ®V=50kph

Figure 7. Impact velocity influence on chest velocity (normalized with FCV, V40kph as 100%)

Encompassing a wider range of real-world traffic accidents, the AMS50 human model was impacted against different
GVNMs at different velocities ranging from 20 to 50 kph (Figure 7). Chest impact velocity is positively correlated with
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impact velocity. Linear relationships exist between chest impact velocities and the corresponding impact velocities
for different GVM. Irrespective of the initial impact velocity of the car, the chest impact velocity for sedan/small
(FCV) cars is higher compared to those of other types of GVM. As the height of the bonnet leading edge (BLE)
increases, the overlap portion and the initial contact area of the lower part of the pedestrian with the vehicle front end
will be increased. As a result, the vehicle will exert more horizontal force to throw or push the pedestrian forward
further. Consequently, there will be more forward translational movement causing a delay in the start of the rotational
movement of the upper part of the pedestrian. Hence, the impact velocity of the chest just before it touches the hood
will be significantly reduced.

Effect of walking speed

In general, walking speed significantly decreases as age increases. Walking speed decreases slightly each year as one
gets older. This averages out to a difference of 1.2 minutes slower for every kilometer at age 60 than at age 20.
However, the walking speed changes over time, with smaller velocities in the first, and larger velocities in the second
half of the crossing time at the intersection [Asano, 2017]. The AM50 human model was impacted against different
GVMs at 40kph impact velocity and a walking speed of 3.5kph and 5kph. Pedestrian walking speed has less influence
on chest impact velocity, as the lateral walking speed component near an intersection is much less than the impact

Percentage of Chest Impact Velocity vs Walking Speed
for 40kph car impact speed

FCV MPV SUV
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Figure 8. Influence of walking speed on chest impact velocity (normalized by FCV, AMS0 walking speed Okph)

velocity of the vehicle (refer to Figure 8). However, the situation will be different, in the case of bicyclists who travel
at a relatively higher speed of an average of 15 kph than a pedestrian. Refer to the paper by Pal, et al. [Pal, 2020] for
a detailed study of bicyclist kinematics which shows the effect of the speed of the bicycle.

Pediatric injury protection

The thoracic cage of a child is more elastic and flexible than that of an adult. Age-related bone diseases like
osteoarthritis, osteoporosis, osteomalacia, and osteopenia are very less likely in children compared to adults and the
elderly >65 year-old population. Children have significantly lower mortality than adults, despite having similar Injury
Severity Scores, ISS. Compliance of the pediatric thorax is much greater than that of the adult thorax, because of the
pliability of the cartilage and bony structure. With the same level of mortality, ISS=15 for adults is equivalent to
1SS=25 for children [Skinner 2015, Brown 2017].

Based on human body models (Figure A3), the approximate child chest mass is 5-7 kg (height =178 mm, width =195
mm, depth = 111mm) and it is quite different from TIPT characteristics (mass=22.2kg, height =272 mm, width =
302mm, depth = 268mm). TIPT was derived from an adult side impact dummy with 22.2kg mass and injury criteria
based on 67-year-old and 45-year-old populations (Figure 4). It may be a debatable issue whether such an adult
dummy-based TIPT chest module can be used for predicting pediatric chest injury accurately.
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TIPT evaluation with or without arm

The arm and shoulder will play an important role in rib deflection. In most real-world scenarios, a pedestrian’s arm
and shoulder will influence the level of chest injury. As a rational approach, the TIPT module should be evaluated
with arms for more accurate chest injury estimation. From Figure 9, it is evident that the pedestrian arm interacts with
the vehicle before the chest impact. From Figure 10, it is also evident that the ‘TIPT with arm’ rotation behavior is
different from TIPT ‘without arm’.

FCR MPV Suv

Figure 9. Typical arm interaction just before chest impact with the hood for different GVMs

Initial stage Impact Stage Rebound stage

- TIPT without hand TIPT with hand: rotation behavior

- TIPT with hand is different

Figure 10. TIPT kinematic impact behavior with-arm and without-arm after hood contact

Effect of TIPT arm angle

+8 deg * 0 deg * -8 deg

Maximum of all chest displacements as 100% ~4

e N T
Impact location

8 Deg = Zero Deg m Neg8 Deg
Figure 11. Arm angle influence on TIPT displacement for a typical SUV vehicle hood based on BAST test
evaluation procedure at different locations as marked green on the hood.
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TIPT with 3 different arm angle positions (-8 deg, 0 deg, +8deg) were impacted against the typical SUV vehicle as
shown in Figure 11. Irrespective of TIPT arm angle positions, rib deflection for all impact locations will vary in the
order of 12% for TIPT arm angle variations -8 deg. to +8 deg with respect to its corresponding values at 0 deg. vertical
arm position. Hence, the arm angle is not a significant influential parameter for TIPT chest displacement.

Effect of vehicle speed on impact chest-spine angle before impact

20kph 30kph 40kph 50kph
Impact Speed

L+
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~
S W

Impact angle
e ]
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S W

Figure 12. Variation of chest-spine angle for AM50 HBM impacted with SUV GVM with different speeds.

Figure 12 shows the variation of the chest-spine angle of AM50 HBM impacted with an FCV GVM for different
vehicle speeds of initial impact. There is a positive increasing linear relationship between the chest-spine impact angle
of HBM AMS50 and vehicle impact speed. However, above 40kph vehicle speed, the gradient of change of chest-spine
angle is decreased. The values of TIPT impact angles (refer Figure 4, FCV:15deg., SUV: 20 deg. and MPV:28deg.)
as proposed by BAST [Oliver, 2019] are slightly different from the respective GVM-based simulations results of
chest-spine angles (FCV:16.7deg., SUV: 25deg. and MPV:18.5deg.). As shown in Figure A4, the kinematics of the
upper extremity above the pelvis undergoes three stages, i) initial state ii) intermediate hand interaction state and iii)
final chest interaction state. However, at a high speed of 50kph impact, there will be no distinct separation between
the intermediate hand interaction state and final chest interaction state. Due to the higher inertia effect at 50kph, the
leaning/deformation patterns of the spine and head are different when compared with those of the 20kph kinematics.
As a result, the chest impact angle is high for a 50kph impact.

Considerations for future evaluations

In the future, in regulations and NCAP evaluation procedures, if such test procedures are necessary to be introduced
to ensure better chest injury protection to address the issue of increasing elderly pedestrian population using existing
dummy chest modules, one needs to keep in mind the following point also.

A detailed accident data analysis is necessary to identify the actual benefits of new evaluation procedures [Henrik
Liers, 2009] and to establish relevant detailed test procedures with a sufficient level of confidence related to
repeatability and reproducibility. Further, detailed basic research is necessary before it is to be implemented in actual
vehicle safety performance evaluations in the future to include findings from real-world accident data and associated
effectiveness studies in the development of passive safety measures, legislation tests, or ratings like NCAP.

Based on the outcome of ongoing European HBM4VT WG activity and the trend of roadmaps of Euro-NCAP, from
2026 onwards, the NCAP evaluations will have more focus on using digital virtual testing procedures. Hence, it may
be a more rational approach to incorporate the present TIPT based pedestrian chest injury evaluation procedure within
the above framework.

CONCLUSION

To check the impact velocity conditions of TIPT test procedures as mentioned by BASt in the 2019 ESV paper, Euro-
NCAP recommended GVMs and detail GHBMC HBMs are used in the present study to check the impact velocity
conditions of TIPT test procedures as mentioned by BASt in the 2019 ESV paper, It is observed that, the chest impact
velocities are lower than those proposed by BASt.

Chest impact velocity for a family small car (FCV) is highest, followed by MPV and SUV. The height of the BLE of
a vehicle will be inversely proportional to the chest impact velocity of the thorax on the hood. Based on the present

PAL 8



sensitivity study of vehicle front-end profile parameters, it is more appropriate to define the impact speed of TIPT
more precisely as a function of the height of the BLE of the vehicle under consideration instead of defining it
approximately by a broad category definition of the vehicles.

Unlike a faster bicyclist’s travel speed, a slower pedestrian walking speed will have negligible influence on chest
impact velocity.

Based on accidents in real-world scenarios, TIPT with arms should be considered for chest injury evaluation. Arms
will interact with the thorax before hitting the hood as observed in all simulations of the present study. A detailed
TIPT model is developed to check the kinematics of TIPT in “with arm” and “without arm” impact conditions.
However, the position or angle of arm has marginal effect.

However, for child chest protection evaluation criteria, a separate impactor should be considered to represent not only
the chest geometry (size, shape, etc.) but also, appropriate chest injury criteria which are very different from those of
adults [Brown, 2017].
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NOMENCLATURES

ADAS: Advanced Driver-Assistance Systems

AMI5, AM50 & AF05: Male 95%ile, Male 50%ile, Female 05%ile population
BLE: Bonnet Leading Edge,

BLR-RL: Bonnet Leading Edge Reference Line
EUROSID-2(ES-2): European Side Impact Dummy
GVM: Generic Vehicle Model

HBM: Human Body Model

HBM4VT: Human Body Model for Virtual Testing
ISS: Injury Severity Score

TIPT: Thorax Injury Prediction Tool,

WAD: Warp Around Distance

APPENDIX
* WAD?770 (height of lowermost rib of 6YO)
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Figure Al. TIPT evaluation Grid map locations with all impact target locations at the
intersection of the TIPT middle rib and vertical rib center planes (Oliver, 2019)
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Figure A2-1. Morphing parameters, morphing method, morphed models and sensitivity chart of influential

parameters for HBM AMS50 chest velocity.
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Figure A2-2. Sensitivity of chest impact velocity w.r.t BLE height of the original vehicle (100% as reference).
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Figure A3. Comparison of chest size (TIPT vs Child)
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ABSTRACT

Different vehicle crash scenarios may produce different crash pulses dependent on several variables. Crash
simulations utilizing a sled system are more repeatable but may subject anthropomorphic test devices (ATDs) to
different input pulse levels depending on sled type and its settings. Those different input pulses may influence the
test device’s response. The goal of this current study examined different sled pulse inputs and their influence on
child ATDs. ATDs were secured in child restraint systems on the proposed updated frontal test bench for Federal
Motor Vehicle Safety Standard (FMVSS) No. 213 and subjected to three input pulses with the same target delta-v
(48 kph). All three input pulses were within the FMVSS No. 213 boundaries. Hybrid IIT 10-year-old and 6-year-old
test devices were tested using four belt positioning booster seats and one forward facing harness seat. Head, chest,
neck, and belt load metrics were examined for coefficient of variation, trends related to input pulse acceleration
increases, and any significant differences. Examination of the study results indicate that increased acceleration pulse
inputs had the most influence on head accelerations, chest accelerations, and neck tensions but had little effect on
chest deflections or head and knee excursions.

INTRODUCTION

Many studies have examined the effect of crash pulses on occupant kinetics. Crash pulse shape or characteristics can
be influenced by vehicle structure, crash delta-v, and collision partner [1], [2], [3], [4], [5]. One study examining full
scale crash tests of 1998 to 2002 model year vehicles including full frontal (48 kph), offset deformable (40 kph), and
underride guard barriers (64 kph) demonstrated distinctly different pulse shape during the vehicle deceleration from
the three types of crash tests [1].

Results from a study by Locey [2] examining crash pulse characteristics (CPC) of model year vehicles from 1997 -
2010 found new vehicle crashes within the same vehicle group and under the same conditions have become more
homogenous as the model years increased. They found the range of peak acceleration was greater for the model year
1997 — 1999 vehicle group (17.1 G) vs the model year 2009 — 2010 vehicle group (10.7 G) [2]. That study also noted
the same trend for maximum acceleration time and pulse duration was reduced from group to group for the newer
model year vehicles. One conclusion was that as crash pulses become more homogenous, restraint system design
can become more universal.

Most studies have examined effects to adult occupants or adult sized anthropomorphic test devices (ATD). One
modelling study using a HIII 50™ male ATD model found different pulses with the same delta-v affected HIC and
chest Gs [6]. Another adult modelling study concluded that the CPC influences the occupant kinematics and the
timing of potential injury [7]. One study of four different sled pulse effects on the spine response of a HIII 50"%
found changes to the thoracic load, lumbar load, pelvis accelerations, and belt loads [8]. One field study reported
that long-term neck injury consequences were more likely as mean and peak accelerations increased [9].

A previous NHTSA study reviewing test procedures found that drivers subjected to a stiffer pulse had a higher
frequency and risk of serious to fatal injuries [3]. The NHTSA study defined a “soft pulse” as having a duration
longer than 125 ms and a peak deceleration below 20 Gs, while a “stiff pulse” was defined as short duration, under
110 ms, and higher peak decelerations, approximately 25 Gs.
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One recent study examined pulse effects on a Hybrid III 6-year-old, Hybrid III 5"% adult female, Hybrid III 95"%
adult male, and THOR ATDs [4]. In that study the authors used a soft and severe pulse based on NHTSA New Car
Assessment Program (NCAP) crash tests conducted at 56 kph. The severe pulse had an approximate peak of 57 Gs
and duration of 85ms while the soft pulse had an approximate peak of 28 Gs and 110 ms duration and same delta-v.
This study [4] concluded sled pulse changes from a soft to severe pulse resulted in increased HIC, neck tension,
chest Gs, and chest deflection.

Most of the pulse influence studies have used adult ATDs and models. There is limited data for the influence of
pulse on child occupants and child occupants using add-on child restraint systems. It is known that adult and child
injuries differ in vehicle crashes [10], [11]. This study’s goal was to analyze any response differences of child ATDs
in child restraint systems (CRS) secured on the Federal Motor Vehicle Safety Standard (FMVSS) No. 213 proposed
updated frontal standard seat test bench [12] subjected to different sled acceleration pulse inputs. The current
FMVSS No. 213 sled pulse peak acceleration corridor extends from 19 G to 25 G with a duration between 75 and 90
ms. The tests conducted in this research targeted three pulses peaking at 21.5 G, 23.0 G and 24.5 G and a pulse
duration less than 90 ms [13].

METHODS AND DATA SOURCE

Four belt positioning booster (BPB) seats and one forward-facing CRS with an internal harness (FFH) (n =5 CRS
models) were tested using three different frontal acceleration pulses at a 48-kph change in velocity (delta-v) (n = 15
test configurations). The CRSs tested included no-back BPB (NB-BPB), high-back BPB (HB-BPB) and forward-
facing harness CRS. Hybrid III 6-year-old (HIII-6YO) and Hybrid IIT 10-year-old (HIII-10YO) ATDs were used for
testing on each type of BPB, and the FFH was tested only with a HIII-6YO.

The three pulses had target peak accelerations of 21.5 G, 23.0 G and 24.5 G (low, mid, and high-pulse respectively)
while remaining within the FMVSS No. 213 frontal pulse upper and lower acceleration boundaries and targeting a
48 kph delta-v (Figures 1 & 2). Tests were conducted on a Seattle Safety accelerator type sled. FMVSS No. 213
research test setup procedures [13] were followed. ATDs and CRS were secured on the proposed updated frontal
standard seat assembly per the FMVSS No. 213 research procedures [12], [13], [14] and the CRS manufacturer
supplied instructions. A 3-point fixed belt was used for the BPB seats (tensioned at 2-4 pounds) and the LATCH
was used for the FFH CRS (tensioned at 12-15 1bs).

All data were collected and post-processed according to SAE J211 [15] specifications. A total of 41 sled tests were
used for analysis. Collected data included head and chest accelerations, chest deflections (not regulated in FMVSS
No. 213), upper neck axial forces (not regulated in FMVSS No. 213), head and knee excursions, and seat belt
webbing loads (not regulated in FMVSS No. 213). Additional data for two BPBs was downloaded from the NHTSA
database for three low-pulse tests.

The ATDs’ triaxial head and chest accelerometers, chest potentiometer, upper neck force transducer, and belt
webbing load cells were collected at 20,000 Hz. utilizing a DTS (Seal Beach, CA) data acquisition system. Seat belt
webbing loads were measured with Denton seat belt load cells (Denton, Michigan, United States) installed on the
shoulder and lap belt, and when possible, on the lower anchors and top tethers. Head and knee excursion data were
calculated from video analysis using TEMA (Specialised Imaging, United Kingdom) software using the 4-point
target method [13].

Final ATD measurements were done with a coordinate measuring machine (CMM). Generally, head, thorax, belt
and CRS positions were within 15 mm of each test for same CRS and ATD set up. Belt tensions were set per the
FMVSS No. 213 research procedures [13]. Comparisons between corresponding peak metrics for each ATD-CRS
combination and the acceleration inputs were analyzed. When data for more than one test was available, the results
were averaged in each pulse group and a coefficient of variation calculated. Generally, each individual CRS pulse
group had good repeatability for the metrics in this research.

Regression analysis was conducted to determine trends related to the changing pulses. R® greater than 0.8 was
considered an excellent fit, and an R* greater than 0.7 was considered a good fit. Single factor ANOVA was
computed for each CRS-ATD group to determine if there was a significant difference between the pulse groups. P-
values less than 0.05 were considered as being significantly different. Post hoc Tukey tests were performed to
determine if a specific group in each metric was related to causing the difference. Coefficient of variation (CV) was
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calculated for the metrics and pulses for each CRS-ATD-Pulse group when more than one sled test was available,
10% or less was considered a low degree of variation and good test repeatability. For each metric with a CV, the
team calculated the substantiveness of the variation relative to the IARV or performance limit. Sigma-to-Limit (StL,
or) (Equation 1) results above 2.0, would indicate at least two standard deviations between the average response and
the ARV or performance limit.

(Limit — %) Equation 1
o

Sigma — to — Limit (STL,0;) =
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Figure 1. Average acceleration vs time with FMVSS No. 213 upper and lower boundaries
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Figure 2. Average delta-v vs time of three input pulses.
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RESULTS

The five different CRS models were evaluated comparing each CRS results from each pulse group. Results include
analysis of HIC36, 3ms chest acceleration, chest deflection, neck tension, head excursion, knee excursion and belt
loads. Averages were calculated from each pulse group and used to determine any correlation of increases or
decreases between pulse inputs. Single factor ANVOA statistical results were calculated for each metric of the
whole CRS group and pulses, and regression analysis was done comparing each metric relative to the pulse
acceleration change. For this study p-values less than 0.05 are significant and R” values over 0.8 are considered
excellent correlation. Tukey post hoc test were conducted for any metric found to be significantly different. Sigma-
to-limit was calculated for each CRS / ATD group, and responses greater than two identify “good” levels of
variation that are unlikely to cross the IARV or performance limit. Detailed results are presented in tables 1, 2, 3 and
4. IARV and performance values are included for reference only, some metrics are not regulated by the FMVSS No.
213 such as neck tension, chest deflection, belt loads and HIC36 for the HIII 10YO.

Head Acceleration

Thirty-six millisecond head injury criteria (HIC36) were calculated for each test. All five CRS had increased HIC
values as the peak sled pulse acceleration was increased (R = 0.88-0.96). Three of the CRS had significant HIC36
differences between the low- and high-pulses (all p<0.004). The NB-BPB with the HIII-10YO had the largest
increase from the low to high peak pulse ranging from 502 to 831, and there was significant difference between
pulses (P = 0.004). The FFH CRS with the HIII-6YO had the greatest significant difference (P = 0.0001) with
average HIC36 values ranging from 389 to 625. Generally, the CV for HIC values within CRS pulse groups
demonstrated good repeatability. Calculated CVs across all three pulses demonstrated high variation and ranged
from 6.2% to 26.7%. Only the HB-BPB with HII-6YO had a CV less than 10% across the three pulses. The HIC
values did not exceed IARV or performance limits for any test (Figure 3). The NB-BPB HIII-10YO sigma-to-limit
calculation was 1.8, all other combinations were over 2.

HIC36 Averages
1000 - en e en e em e e e e e e
900
800
700
600
500
400
300
200
100
0
Low Mid High
s FFH HI-6 [ HB-BPB HIII-6 NB-BPB HIlI-6
s NB-BPB HIll-10 msssm HB-BPB HIlI-10 == =]ARV

Figure 3. HIC 36 averages across pulses and IARV [16].

Chest/Thorax

ATD peak chest deflections (not regulated) were measured for each test. The HB-BPB with the HIII-6YO chest
deflection recorded the largest increasing difference (8.2 mm) from low- to high-pulse (R* = 0.85) and was
significantly different between pulses (P = 0.001). The HB-BPB with the HIII-6YO chest deflection ranged from -37
to -45 mm. The HB-BPB with a HIII-10YO also had significant differences between pulses (P = 0.03) but did not
have any correlation nor trend related to pulse inputs and only recorded a 2 mm difference between the three pulses.
Post hoc test of the results found that the significance differences were between the low- and mid-pulses. Other CRS
chest deflections only varied about 1.0 mm. The chest deflections exceeded IARV values for the HIII-6YO in BPB
seats for some tests in low-, mid- and high-pulse inputs [16].
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Three millisecond chest accelerations (CLP3) were calculated from the thoracic resultant acceleration. All the CRS
tested had increases of the calculated CLP3 with increasing pulse severity. Four of the CRS CLP3 calculations
correlated well to the pulse increases (R*=0.82 - 0.99) and one correlated good (R*=0.77). The NB-BPB with HIII-
10YO, had the lower correlation (R* = 0.77) due to the calculated average CLP3 for the mid and high-pulses being
almost identical (47.9 G and 48.0 G respectively) while the low-pulse average was 42.7 G. The two BPBs with the
HII-10YO did not have significant CLP3 differences between the pulse inputs (P = 0.06 and 0.07), although the
HB-BPB with HIII-10YO demonstrated a good correlation to pulse increases (R” = 0.99). All CRS tested with the
HII-6YO had CLP3 values that were significantly different between pulses (P = 0.0001 — 0.001). Post hoc analysis
indicated that all the CRS with the HIII-6YO were significantly different between the low-pulse and both the mid
and high inputs. The 6YO in BPBs had average CLP3 values near the maximum performance values (59.4 and 59.5
G) both during the high-pulse.

Both chest deflection and CLP3 demonstrated good repeatability and low variation across each CRS pulse group and
across all the CRS pulse groups, ranging from 2.7% to 6.6% for chest deflection and 5.2% to 9.3% for CLP3. All
sigma-to-limit values for chest deflections were over two. CLP3 sigma-to-limit calculations were under two for both
BPBs with the HII 6YO. Average results are presented in Figures 4 and 5.

Chest Deflection Averages
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Figure 4. ATD Chest Deflection averages across pulses and IARV [16].

3ms Chest CLP Averages
60.0 09090900 s em e e e e e e e e e = = =
50.0
40.0
30.0
20.0
10.0
0.0
High
s FFH HIN-6 mwmm HB-BPB HIII-6 NB-BPB HIIl-6
= NB-BPB HIII-10 === HB-BPB HIII-10 = =Max CLP

Figure 5.ATD Chest 3ms CLP averages across pulses and performance limit.
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Neck Tension

Neck tension values (not regulated) were measured for each test and CRS-ATD combination. Four of the CRS had
increasing neck tension values as the pulses were increased, three of which correlated well (R*= 0.81 - 0.99) and the
fourth was good (R*= 0.77). One CRS did not have increasing neck tension with the increasing pulse, HB-BPB with
HIII-10YO (R*= 0.08). The HB-BPB with HITI-10YO had a lower average peak neck tension during the three mid-
pulse tests (2.7 kN) compared to the low-pulse (3.1 kN) and high-pulse (3.3 kN). Only three of the CRS had
significant differences between the pulse inputs; HB-BPB with HIII-10YO, NB-BPB with HIII-6YO, and FFH with
HII-6YO (all P <.04). Calculated CVs within the CRS pulse groups varied from 1.8% for a HB-BPB with HIII-
10YO during the high G pulse to 17.7% for the NB-BPB with HIII-6YO during the high G pulse. Only the HB-BPB
with HIII-6YO had a CV less than 10% across all tests, the other CRS ranged from 11.2% to 20.4% indicating
variations between the lower and higher pulses. Neck tension calculated sigma-to-limit values were less than two for
all CRS except the HB-BPB with the HIII 6YO. Average neck tension results are presented in Figures 6.
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Figure 6. ATD Neck Tension averages across pulses and IARV [16].

Head / Knee Excursion

Measured head excursions between pulse groups were not significantly different for any CRS (P > 0.05). Both HB-
BPB with HIII-10YO and HIII-6YO had increased head excursion which correlated with the increased pulse inputs
(R* = 0.97 and 0.96 respectively). The measured increases were small, HB-BPB with HIII-10YO was 9 mm
difference, and the HB-BPB with HIII-6YO was 18 mm difference from low to high-pulses. The FFH with HIII-6
had the greatest excursions (628 to 671 mm). The lowest excursions were the NB-BPB with the HIII-6YO (453 to
472 mm) There was a reduction of head excursion for the FFH CRS of 23 mm (R2 = 0.95). There was no

correlation of pulse inputs to changes of head excursion for the NB-BPB HIII-10YO and HIII-6YO (R* = 0.01 and
0.22 respectively).

Three CRS did not have any correlation to the pulse differences (R* < 0.8) for the measured average peak knee
excursions for HB-BPB HIII-10YO, NB-BPB HIII-10YO and NB-BPB HIII-6YO. The NB-BPB with HIII-6YO
knee excursion did demonstrate a significant difference (P = .01) between the pulse inputs which ranged from 567 to
598 mm (R” = 0.7). The average knee excursion during the mid-pulse test was only 2 mm larger than the high-pulse
but was 31 mm larger than the low-pulse. The FFH HIII-6YO had a decreasing trend for average peak knee
excursion (R* = 0.75) and resulted in 2 mm differences, between the low- to high-pulses. The greatest excursions
occurred with the FFH with HIII-6YO (779 to 801 mm) while the lowest excursions were with the NB-BPB with
HII-6YO (551 to 607 mm).

Head and knee excursions were very repeatable and had low variation across the individual pulse groups and across
the three pulse groups. CVs were very low across the three CRS pulse groups (< 3%). No excursion performance
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requirements were exceeded for any test (head < 720 mm and knee < 813 mm) (Figures 7 and 8). Sigma-to-limit
calculations were over two for both head and knee excursions for all CRS groups.
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Figure 7. ATD Head Excursion averages across pulses and lower performance limit.
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Figure 8. ATD Knee Excursion averages across pulses and performance limit.

Belt Webbing Forces
Measured peak shoulder belt loads (not regulated) for the HB-BPB and NB-BPB increased as the pulses increased

(R*> 0.8) (Figure 9). Shoulder belt loads had significant differences for three of the BPB (P = 0.001 to 0.05), while
the NB-BPB HIII-10YO calculated significant difference was P = 0.06.

The peak lap belt loads for the HB-BPB and NB-BPB increased as the pulses increased. Three of the CRS had an
excellent correlation (R* > 0.80) and the HB-BPB with HIII-10YO had a good correlation (R* = 0.76) (Figure 10).
Only the NB-BPB with HIII-6YO had a significant difference (P = 0.001) for the lap belt load with a 1.1 kN
difference from the low to high-pulses. The HB-BPB with HIII-10YO lap belt loads was significantly different and
while only presenting a 0.3 kN difference from the low- to high-pulse, while the mid- and high- pulse demonstrated
nearly the same values (4.0 kN) for the lap belt loads (P = 0.05, R* = 0.76). Post hoc tests of this group indicated
most significant differences were due to the low-pulse tests as compared to both the mid- and high-pulse tests.
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The FFH CRS with the HIII-6YO was secured with lower anchor and tether webbing. The lower anchor and tether
webbing peak loads did not have an increasing or decreasing trend as the pulse acceleration peaks became higher
(R? = 0.57 and 0.05 respectively). The lower anchor and tether loads were significantly different across the pulse
inputs (P = 0.01 and 0.0001 respectively). The lower anchor loads recorded a difference of 1.2 kN between the
pulses with the highest average peak measured during the mid-pulse (5.3 kN). The tether only recorded a 0.4 kN
peak difference between the pulses, while the low-pulse had the highest average peak load (3.1 kN).

Within each CRS pulse group, the belt webbing forces calculated CVs demonstrated good repeatability, CV<10%
for all except one group which was 11.1%. For the combined three groups shoulder belt force CVs ranged from
3.3% to 10.6% and the lap belt force differences ranged from 3.8% to 16.5% for the BPBs. The LATCH lower
anchors and tether forces CVs were 12.0% and 6.1% respectively across the three pulses for the FHH.
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Figure 9. Shoulder/Tether Belt Webbing Force averages across pulses.
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Figure 10. Lap/Lower Anchor Belt Webbing Force averages across pulses.
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Table 1. ATD metric increases correlation to sled acceleration increases.

R2 values
Shoulder
/ Tether | Lap /LA
Chest Chest Neck Head Knee Belt Belt
Type ATD HIC36 Deflec CLP Tension |Excursion|Excursion| Force Force
HB-BPB HIlI-10 0.94 0.02 0.99 0.08 0.97 0.35 0.86 0.76
NB-BPB HIl-10 0.97 0.08 0.77 0.85 0.01 0.64 0.99 0.91
NB-BPB HIlI-6 0.89 0.24 0.99 0.77 0.22 0.70 0.92 0.88
HB-BPB HIll-6 0.96 0.85 0.91 0.81 0.96 0.39 0.93 0.90
FFH HIll-6 0.88 0.02 0.82 0.99 0.95 0.75 0.05 0.57
Table 2. ATD metric increase or decrease trend related to input pulse.
Trend Direction
Shoulder
/ Tether | Lap /LA
Chest Chest Neck Head Knee Belt Belt
HIC36 Deflec CLP Tension |Excursion|Excursion| Force Force
Type ATD
HB-BPB HIII-10 |increase |none increase |none increase |none increase |increase
NB-BPB HIIl-10 |increase |none increase |increase |none none increase |increase
NB-BPB HIIl-6 |increase [none increase |increase |none none increase |increase
HB-BPB HIII-6 |increase |increase |increase |increase [increase |none increase |increase
FFH HIII-6 |increase |none increase |increase |decrease |decrease |none none
Table 3. ATD metric p-values related to differences across all pulses.
P values
(F - value)
Shoulder
/ Tether | Lap /LA
Chest Chest Neck Head Knee Belt Belt
Type ATD HIC36 Deflec CLP Tension |Excursion|Excursion| Force Force
HB-BPB HIll-10 0.002 0.03 0.06 0.04 0.36 0.70 0.05 0.24
(F-value) 22.163 6.38 4.687 5.54 1.23 0.31 6.03 1.94
NB-BPB HIlI-10 0.020 0.98 0.07 0.13 0.92 0.22 0.004 0.54
(F-value) 11.570 0.02 5.45 4.35 0.08 2.29 30.16 0.71
NB-BPB HIll-6 0.004 0.69 0.001 0.04 0.06 0.01 0.001 0.001
(F-value) 16.642 0.40 24.506 5.68 4.65 11.41 23.372 | 23.541
HB-BPB HIlI-6 0.07 0.001 0.0001 0.13 0.26 0.41 0.009 0.20
(F-value) 4.199 81.214 | 29.810 3.54 1.92 1.11 19.430 2.43
FFH HIll-6 0.0001 0.67 0.0005 | 0.00001 0.18 1.00 0.0001 | 0.0078
(F-value) 55.896 0.427 36.022 133.66 2.27 0.04 73.791 12.15
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Table 4. Sled and ATD minimum, maximum, min-max differences, average, standard deviation, coefficient
of variation, and sigma-to-limit across all three pulse groups and performance limits and/or IARV [16].

Shoulder
Chest Neck Head Knee Belt Lap Belt
CRS Peak HIC36 | Deflec. | Chest | Tension | Excursion | Excursion | Force Force
Type ATD Accel |(10YO*)| (mm)* |CLP (Gs)| (N)* (mm) (mm) (N) * (N) *
IARV or Performance belt only (2290/
Criteria (10YO / 6YO) n/a 1000 (36/31) 60 1890) 720 /813 915 n/a n/a
HB-BPB | 10 [Min 21.1 589 -36 45.5 2658 541 695 4785 3749
Max 24.5 734 -35 50.0 3266 549 702 5761 4024
Diff 3.4 146 2 4.5 608 9 7 976 275
Avg. 229 651 -35 47.6 3004 548 699 5206 3954
SD 1.5 69 1 2.5 336 7 11 551 191
(97 6.4% 10.6% 2.7% 5.2% 11.2% 1.3% 1.5% 10.6% 4.8%
StL, o, 5.0 78.9 5.0 -2.1 37.3 20.6
NB-BPB [ 10 [Min 21.1 502 -41 42.7 2003 511 658 5280 4042
Max 24.1 831 -41 48.0 2904 518 674 6136 4363
Diff 3.0 330.0 1 5.3 901 7 16 856 321
Avg. 22.6 674 -41 45.7 2583 516 666 5716 4190
SD 1.5 180 2 3.3 524 12 9 443 381
(9 6.9% 26.7% 5.1% 7.3% 20.3% 2.3% 1.6% 7.7% 9.1%
StL, o, 1.8 36.6 4.3 -0.6 25.6 26.8
NB-BPB| 6 [Min 21.2 518 -42 50.2 1821 453 567 4485 2611
Max 24.6 737 -41 59.4 2603 472 598 5611 3713
Diff 3.3 218 1 9.2 782 19 32 1126 1103
Avg. 23.0 650 -42 55.0 2334 462 587 5141 3277
SD 1.5 109 2 4.2 476 11 17 539 539
(97 6.3% 16.8% 3.7% 7.7% 20.4% 2.3% 2.9% 10.5% 16.5%
StL, o, 3.2 49.8 1.2 -0.1 33.2 19.0
HB-BPB| 6 [Min 21.2 485 -45 45.9 1570 576 626 4385 3176
Max 24.6 538 -37 59.5 1794 594 629 5256 3540
Diff 3.4 53 8 13.7 225 18 3 871 364
Avg. 234 524 -44 56.2 1674 583 626 5032 3455
SD 1.3 32 3 5.2 141 16 5 324 174
cv 5.5% 6.2% 3.0% 9.3% 8.4% 2.7% 0.9% 6.4% 5.0%
StL, o, 14.9 26.6 0.7 4.4 14.4 56.7
Lower
Tether | Anchor
(N) (N)
FFH 6 |Min 21.3 389 -18 44.2 1526 632 786 2738 4041
Max 24.6 625 -17 51.6 2200 655 788 3094 5264
Diff 3.3 236 1 7.4 674 23 2 355 1223
Avg. 23.0 532 -17 48.9 1885 645 787 2949 4775
SD 1.4 112 1 3.7 297 15 8 180 571
cVv 6.3% 21.0% 6.6% 7.5% 15.8% 2.4% 1.0% 6.1% 12.0%
StL, o, 4.2 43.9 3.0 0.02 4.9 16.8

Notes: Three tests from another other lab were included for low pulse tests; data includes HIC 36 and Chest CLP,

Chest Deflection, Belt Forces and excursions NB-BPB with HIII10YO, and HB-BPB with HIII 6YO.

* HIC36 for HIII-10, chest deflection, neck tension, and belt webbing forces are not regulated by FMVSS No. 213.
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DISCUSSION

This preliminary study examined different sled pulse inputs influence on child ATD biomechanics secured using
CRS on the proposed FMVSS No. 213 updated frontal standard seat assembly test bench fixture using three
different peak acceleration pulses (targeting peak 21.5 G, 23.0 G, and 24.5 G) utilizing the same delta-v (48 kph).
This research evaluated the measured metrics for trends, repeatability, and significant differences across the
different pulses. The test set up during this research included the same CRS and belt configurations in each group
with only the acceleration pulse changing.

In this research, while the peak sled pulse acceleration values, approximately 21.5 G to 24.5 G, from the three test
groups demonstrated a CV less than 7%, ATD metrics had higher CV values, increasing trends, some variations, and
differences. While the delta-v remained consistent with less than 0.8 kph difference across the differing pulses, some
occupant metrics were influenced by the pulse changes. This research found the small increases in peak pulse had
the most influence on the head accelerations, chest acceleration, neck tensions and shoulder belt webbing tension.
Results indicated only small increasing or decreasing trends for the chest deflections, head excursions and knee
excursions. Chest deflections, head excursions and knee excursions generally did not demonstrate significant
differences, any large variations, and appear be affected little by pulse changes.

Test device data differences may be attributed to lab set up processes, test fixtures, material types, restraint material
characteristics, CRS design, CRS variability, and/or ATD instrumentation or construction variances. Sled systems
input pulses are controlled with several methods such as computer-controlled braking, air pressure modulation, or
hydraulic or mechanical deceleration control. Each producing their own CPC. Repeatability and reproducibility
testing can account for differences in test methods, test labs, test pulses (within the specified boundary conditions)
and ATDs with a calculated CV.

Vehicle CPC vary from one vehicle model to another model. Objects impacted can also change a CPC. As vehicle
structure and CPC may influence injury it is important to examine the standard test methods to evaluate the different
influences on the ATDs. This investigation is important to ensure the test methods, ATDs and crash pulses are
robust enough to capture different crash scenarios. Additionally, as lab differences can be encountered, this research
can identify CRS and ATD sensitivities related to the acceleration changes.

Other studies have examined the crash pulse influence on occupant kinetics. Most studies were conducted
examining the influence on adult occupants, or supplemental restraint systems ([1], [3], [4], [6], [8], [17], [18].
Research has also been conducted to analyze the vehicle structure for crashworthiness [5] and studies found an
increase of thoracolumbar spine fractures increased with newer model year vehicles [17], [18]. Pintar [17] suggested
that the possibility of stiffer vehicle structure may influence injury patterns, and that study also concluded the struck
object had an influence on the crash pulse and subsequent injuries.

Locey’s [2] research found that the newer vehicle fleets, including all vehicle types, have a more homogenous pulse.
Their research reported that the latest vehicle group in their dataset (2009 — 2010) only had a peak acceleration
difference of about 11 Gs and pulse duration difference of about 13 ms. Across all three pulse variations, the average
sled acceleration peaks in our research had a 3 G difference and about a 10 ms difference in pulse duration (Figure
1).

As vehicle CPC become more homogenous it will be advantageous for CRS design and regulatory performance
requirements. The FMVSS No. 213 pulse used in this research allows for a range peak acceleration from 19 G to 25
G and a 75 to 90 ms duration. The current FMVSS No. 213 small pulse variations presented in this study are more
homogenous than the current vehicle fleet but did present some differences of some measured metrics.

The small peak acceleration changes in pulse during this preliminary study found minimal effect on the ATDs chest
deflections, head excursions and knee excursions. Our study used the fixed 3-point belt system specified in the
FMVSS No. 213 procedures for the BPB. The FFH CRS used the child restraint manufacturer lower belt webbing
and a tether attached to the LATCH anchors. The fixed belt and LATCH webbing likely limited the head and knee
motion during the different pulses.

There were strong correlations of increased head acceleration, chest acceleration, and neck tension as the peak pulse

acceleration increases for most of the CRS. The head injury and chest injury values are measured with
accelerometers; it would be expected that there would be an increasing trend since pulse acceleration was increased.
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Force is based on mass times acceleration and therefore the neck force trend increase would also be expected. Of
those which had a good correlation, only three CRS in each metric demonstrated significant differences between
pulses.

Seat belts and CRS belts with load limiters may have more influence on head and knee excursions and chest
deflections, particularly as ATD or occupants become heavier. Load limited seatbelts and CRS or other advanced
restraints may decrease the head and chest accelerations and neck tensions during increased accelerations as
described in another study [4]. The Hu study [4] results are similar to our study except for the chest deflection. That
study [4] used a production rear vehicle seat and belt system, and other advanced restraint systems.

Limitations in this study include that only two ATDs, HIII-10YO and -6YO, were examined. Only five models of
CRS were tested which included NB-BPB, HB-BPB, and FFH CRS types. Two groups of data had only one test and
three tests were data collected at a different facility (Table 5). Although these limitations exist the results are similar
to other research conducted.

CONCLUSIONS

This preliminary study concluded that a small increase in peak sled acceleration, while maintaining constant delta-v,
influenced ATD head acceleration, chest acceleration and neck tension values most. The change in pulse did not
significantly affect chest deflection, and head and knee excursion of ATDs restrained in most CRS, although there
may have been slight changes. Many metrics increased with the pulse changes and resulted in differences, but they
only had small variations, which included belt webbing forces, chest accelerations, and other individual CRS-ATD
metrics. Generally, CV results and ANOVA calculations both demonstrated the pulse influence for head
accelerations and neck tensions, while other metrics varied across both analysis methods. This study includes new
research related to child ATDs and CRS sensitivity during different test conditions.

Table 5. CRS and ATD test notes

Number | Number | Number
Low Mid High
Pulse Pulse Pulse
Model Type ATD Tests Tests Tests Notes

Evenflo Amp HB-BPB HIII-10 3 3 3
Chicco GoFit NB-BPB HIlI-10 3* 1 3 Limited data, only 1 test 23 G pulse tests
Harmony Youth NB-BPB HIll-6 3 3 3
Graco Turbobooster |HB-BPB HIll-6 1** 3 3 Limited data, only 1test 21.5G pulse tests
Evenflo SureRide FFH HIll-6 3 3 3 Tether and lower anchor forces

* Two tests from the NHTSA database  ** One test from the NHTSA database

Low-pulse = peak approximately 21.5 G / 48 kph
Mid-pulse = peak approximately 23.0 G / 48 kph
High-pulse = peak approximately 24.5 G / 48 kph

ABBREVIATIONS

ATD - Anthropomorphic Test Devices

CPC - Crash Pulse Characteristics

CRS - Child Restraint System

CV - Coefficient of Variation (CV)

FMVSS — Federal Motor Vehicle Safety Standard
HB-BPB - high-back belt positioning booster seat
NB-BPB — no-back belt positioning booster seat
HIC - Head Injury Criteria

LATCH - Lower Anchors and Tether for Children
NHTSA — National Highway Traffic Safety Administration
FFH - Forward-facing-harness child restraint system
HIII-10YO - Hybrid III 10-year-old ATD

HIII-6YO - Hybrid III 6-year-old ATD
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