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ARTICLE INFO ABSTRACT

Keywords: The rising popularity of e-scooters in urban areas highlights the importance of understanding potential collision
E-scooter dynamics and consequences to enhance rider safety, especially since 80% of fatalities for these vulnerable road
Safety

users result from incidents involving motor vehicles. This study aims to identify potential injury mechanisms of
e-scooter riders involved in frontal impacts against Sports Utility Vehicles (SUVs) using Finite Element Analysis
(FEA) and a Human Body Model (HBM). Six impact scenarios at 25 km/h were simulated: on the passenger’s
side door (1-SD), on the trunk door (2-TD), on the bonnet (3-FB), on the bonnet from the side (4-SB), on the
windshield from the side (5-SW), and finally, on the bonnet with an offset (6-FO). A wide range of Injury
Risk Criteria (IRCs) was analyzed, including A3MS, HIC15, BrIC, DAMAGE, Cmax and PC Score, and head
contact forces were output. Injury Risk Curves were then used to calculate the probability and severity of the
sustained injuries predicted by the mentioned IRCs. Overall, the results corresponding to the most injurious
scenarios suggested serious (30% to 40% overall probability) and critical (45% probability for the 4-SB scenario)
brain, moderate head (30% probability for scenarios 1-SD and 2-TD), and serious thoracic (26% to 78% overall
probability) injuries. Additionally, in two scenarios (1-SD and 2-TD), the e-scooter rider’s mandible impacted
against the vehicle’s roof side rail and rear spoiler, involving potential anterior-posterior serious mandible
fractures. The conclusions reached in this study help to understand potential injury sources and provide valuable
information for the design of specific safety systems or the creation or improvement of e-scooter legislation.

Injury risk criteria
Human body model
Ssuv

Finite element analysis

1. Introduction falls, collisions against static objects, or being impacted by a moving
object. Even though crashes involving motor vehicles only account for
8.8% of all injured e-scooter riders [3], they are responsible for 80% of

Over the last years, the popularity of micromobility has experienced
all deaths [4]. Even the integration of e-scooters in the future of urban

rapid growth in urban environments in response to traffic congestion,

air pollution and the need for a more affordable and convenient alterna-
tive to conventional mobility for short distances. In 2019, 136 million
trips were reported in the USA for shared micromobility services, a 60%
increase from 2018 [1]. Among these shared services, e-scooters were
the most used in 2019 in the USA, with 63.2% of the total, according to
the same source.

However, with the rise of these modes of transportation, injuries
and road traffic collisions in which they are involved have also become
more frequent. Regarding e-scooters, injuries in the USA increased by
507% from 2014 to 2019, reaching 14,919 to 44,338 injured users (95%
confidence interval) [2]. These e-scooter-related incidents can involve
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mobility seems to be challenging, as their detection by autonomous ve-
hicles and advanced driver-assistance systems needs to be significantly
improved [5].

In response to these numbers, governments have implemented dif-
ferent regulations regarding the use of e-scooters. Concerning the USA,
there are considerable differences among states’ current and proposed
regulations and definitions for e-scooters [6]. In Europe, Germany legal-
ized e-scooters in 2019, and a maximum speed of 20 km/h and power of
500 W was defined for these vehicles. Additionally, their circulation on
the road was allowed, although helmets were not made compulsory [7].
Furthermore, in Spain, the latest update adds to the maximum speed of
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Table 1
Literature review on real-world data of injuries of e-scooter riders.
Study [31 [71 [13] [14] [12] [10]
Injured Users 228 76 90 59 180 190
Head (minor) 38.2 6.6 36.7 33.9 -
Head (concussion) 0.4 3.9 - 6.8 11.7
Head (ICH) 2.2 6.6 6.7 1.7 4.4 -
Injuries Face 5.3 21.1 44.4 20.3 10.6 40
(absolute % Face‘(surge'ry) - 5.3 5.6 8.5 2.8
per study) Cervical Spine 0.4 - - 3.4 0.6 -
Thorax 1.3 9.2 4.4 6.8 3.3 18
Upper extremities 19.8 47.4 64.4 50.8 16.7 70
Lower extremities 5.3 36.8 47.5 17.8 55
Fractures 31.1 48.6 64.4 31.7 41.7 84
Mandible (fracture) - - - 3.4 2.2
Tooth (fracture) - 5.3 - 17.0 6.1

25 km/h, the mandatory use of a helmet for all ages under terms yet
to be defined, the prohibition of traveling on sidewalks or pedestrian
zones, and the inclusion of a circulation certification by 2027 [8]. On
the other hand, the French city of Paris banned in April 2023 all shared
e-scooter services after a vastly-supported referendum [9].

On user behavior, real data shows a 0.5 to 4.4% rate of helmet use
by e-scooter riders during collisions, according to studies conducted in
the USA [3,10], Denmark [11], and New Zealand [12] with different
duration periods between 2016 and 2019. Combining these studies, 718
e-scooter riders were injured, but only 18 (2.5%) wore a helmet at the
moment of the crash. At the time of these studies, helmet use was not
compulsory by law in their respective city, state, or country.

Delving into the specific injuries sustained by e-scooter riders, Ta-
ble 1 summarizes the six most relevant and detailed studies on real-
world incidents found in literature, including sample size and occur-
rence of different types of injury. All proportions refer to the sample size
of each study. Head, face, and extremities were the areas with a higher
incidence of injuries. As for the severity, head injuries were mainly mi-
nor (AIS 1 from the Abbreviated Injury Scale), such as lacerations and
contusions, although there were also cases of moderate or serious in-
juries (AIS 2 and AIS 3), like concussions and intracranial hemorrhages.
Additionally, mandible and tooth fractures were observed, with a 2.2 to
3.4% and 5.3 to 17.0% proportion, respectively. Face surgery (exclud-
ing dentist-related) was needed in 2.8 to 8.5% of all injured e-scooter
riders. Overall, a bone fracture was observed in 31.1 to 84% of the stud-
ied e-scooter crashes.

However, understanding the injury mechanisms behind these colli-
sions is key in the mitigation and prevention of them. As highlighted
in Nasim et al. [15], both rotational and linear accelerations are in-
volved in head and brain injuries, but only the latter was considered
until recently in the current ECE R22.05 motorcycle helmet regulation.
Once this new injury mechanism was identified, studies as [15] were
able to focus on solutions to mitigate the effect of this mechanism. An-
other example could be neck hyperextension, one of the main injury
mechanisms behind Whiplash Associated Disorders (WADs), and the im-
plementation of cervical airbags in bicycle helmets such as that of study
[16]. Hence, an in-depth biomechanical study of e-scooter collisions
could provide valuable information for the development of e-scooter
safety systems.

Only three previous numerical-simulation-related studies have been
found addressing various scenarios involving injuries in e-scooter riders.
Matt et al. [17] analyses e-scooter impacts against a curb at different
angles using the THUMS Human Body Model (HBM) in LS-Dyna. Simi-
larly, Pasinee et al. [18] studies e-scooters to curb impact kinematics for
different dummy model sizes in Madymo. Additionally, Ptak et al. [19]
investigates the kinematics involved in e-scooters to Sport Utility Vehi-
cles (SUVs) impacts for two scenarios using Madymo Hybrid-III dummy
and e-scooter models and a simplified LS-Dyna vehicle in coupled sim-
ulations.

This study aims to identify potential injury mechanisms in e-scooter
riders involved in frontal impacts with Sport Utility Vehicles (SUVs) us-
ing Finite Element Analysis (FEA) and a Human Body Model (HBM),
through a comprehensive set of Injury Risk Criteria (IRCs). To the
knowledge of this study, this is the first time a Human Body Model,
and not a dummy model, is used for injury characterization in e-scooter
impacts against a motor vehicle. This allows for a more in-depth and
precise analysis of the sustained injuries in potentially fatal e-scooter
collision scenarios, a noble approach that provides valuable informa-
tion as the main original contribution of this study for the improvement
of current legislation or the creation of specific active or passive safety
systems, among others.

2. Material and methods
2.1. Software and hardware

For all numerical simulations, the FEA method was used. In particu-
lar, the explicit-based software package LS-Dyna MPP v9.3.1 with single
precision was selected. On the hardware side, 88 HPC (High Performing
Computing) cluster cores were assigned to this study.

2.2. Collision scenarios and boundary conditions

Six scenarios regarding e-scooter frontal impacts against an SUV
were defined and simulated. These were: (1-SD) impact on the passen-
ger’s side door at the point of maximum height of the vehicle, (2-TD)
impact on the trunk door, (3-FB) impact on the bonnet from the front,
(4-SB) impact on the bonnet from the side aligning the head of the e-
scooter’s rider with the motor block, (5-SW) impact on the lower part of
the windshield from the side, and (6-FO) impact on the bonnet from the
front with an offset so that the e-scooter rider impacts with more rigid
elements of the vehicle. These scenarios are superpositioned in Fig. 1.

In all cases, the e-scooter initial velocity was set to 25 km/h, consid-
ering the regulations in European countries regarding e-scooters. On the
other hand, the motor vehicle was stationary. Additionally, no helmet
was included for the e-scooter rider, considering the most restrictive
case found in the heterogeneous governments’ regulations and their
aforementioned generalized lack of use by the e-scooter rider commu-
nity. Furthermore, gravity was considered for all components of the
simulation. For all scenarios, the total simulation time was set to 500
ms to address the rider-vehicle impact adequately.

2.3. Modeling components

2.3.1. E-scooter model

An e-scooter finite element model was developed by measuring the
Segway Ninebot Kickscooter eS2, a worldwide available commercial
e-scooter. The physical e-scooter was disassembled in three parts to ac-
curately capture its mass distribution, inertia tensor, and the position of
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Fig. 1. Analysed impact scenarios.

Table 2
E-scooter specifications.

Mass [kg]  Center of mass [mm]  Inertia tensor [kg mm? x 10%]
[ 202 00 -270]
Partl  3.15 (620.0,0.0,0.0) 00 4116 00
-270 0.0  409.0
~ [43 00 00]
Part2  3.22 (0.0,0.0,0.0) 0.0 7.8 0.0
0.0 00 43
[463.0 00 -10.6]
Part3  5.18 (100.0,0.0,498.9) 0.0 4564 0.0
-106 00 94
14078 00 -3454
Total ~ 11.55 (213.9,0.0,223.8) 0.0 23383 00
—3454 0.0 9649

Fig. 2. Exploded view of e-scooter model: Parts 2, 1 and 3 (left to right).

the center of gravity (CoG). These parts included the stem, battery and
handlebar (Part 1), the front motor wheel (Part 2), and the deck and
rear wheel (Part 3), as observed in Fig. 2. The e-scooter virtual model
(Fig. 3) consists of 32,574 shell elements with non-deformable standard
aluminum as their assigned material.

Additionally, a revolute joint was defined for the motor wheel, and
the handlebar height was adjusted to fit the selected e-scooter rider
virtual model ergonomically. Consequently, the e-scooter model’s main
specifications included an 11.55 kg total mass, a 120.49 cm handlebar
height, an 80.08 cm wheel-to-wheel distance, and a 20.32 cm wheel di-

ameter. Additionally, Table 2 summarizes the main physical properties
of the model, where the origin of the coordinate axes used in the study
is located in the frontal motor wheel’s geometrical center. The X-axis
follows the longitudinal direction of the e-scooter, whereas the Z-axis
follows the vertical direction.

2.3.2. Motor vehicle model

The vehicle model selected was the 2020 Nissan Rogue version 1, a
detailed open-source model developed in 2021 by the Center for Col-
lision Safety and Analysis (CCSA) of George Mason University (GMU)
in collaboration with the National Highway Traffic Safety Administra-
tion (NHTSA), as shown in Fig. 4. This model consists of 3,088,092
elements. Among these, the elements that interact with the other mod-
eling components are shell-type. Its representability as a Sport Utility
Vehicle (SUV) was analyzed by comparing its silhouette to that of the
general SUV vehicle of the Euro NCAP’s TB024 certification protocol.
This comparison was only performed from the beginning at the front
until the end of the windshield, considering the parametrization scope
of the mentioned reference SUV vehicle. From that reference, an offset
of 75 mm for each side was computed to serve as a corridor for the se-
lected vehicle model’s silhouette. Fig. 5 shows how the Nissan Rogue
overall falls inside these offsets.

2.3.3. E-scooter rider model

The most recent version of the Toyota THUMS pedestrian 50" per-
centile male HBM was chosen for this study, corresponding to v4.0.2 of
January 2021 and with 1,976,359 elements. The variant without frac-
tures was considered. A pre-simulation was performed to position the
model as an e-scooter rider. Among the various foot placement config-
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(b)

Fig. 3. E-scooter model ISO view (a), Lateral view (b) and Top view (c).

Fig. 4. Motor vehicle model (a) Front view (b) Lateral view.
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urations found in the real world, the tandem style with the front toes
forward and the rear toes angled was selected, following the 75% oc-
currence observed in the study by Ittai et al. [20]. Additionally, a hand
grip was added to the model.

2.4. Injury risk criteria

The injury assessment focused on the head, face and thorax regions,
following the most recurrent and severe injuries observed in the real-
world e-scooter-related incident data gathered in section 1. Thus, the
IRCs analyzed included the 3-millisecond acceleration of the head CoG
(A3MS), the Head Injury Criterion (HIC15), the Brain Injury Criterion
(BrIC), the Diffuse Axonal Multi-Axis General Evaluation (DAMAGE),
the Cmax and the Principal Component (PC) Score. These IRCs were
later translated to injury severity using the AIS scale [21]. Additionally,
head contact forces were studied to predict the likelihood of mandible
fractures.

2.5. Simulation setup and parameters

The simulation setup in LS-Dyna was based on an explicit dynamic
analysis with the central difference method time integration scheme.
The internal energy dissipated by viscosity was included in the en-
ergy balance. Hourglass energy, rigid wall energy, sliding interface
energy dissipation, Rayleigh energy, and initial reference geometry en-
ergy were also considered in the energy balance. The time step of the
simulation was adaptative with a scale factor of 0.9 to improve numer-
ical stability and a minimum time step of 4.44E-4 was defined. This
minimum time step selected was that of the HBM, considered the most
complex model in the system (the minimum time step of the vehicle
model was greater).

The contacts to define the interaction between the different com-
ponents of the simulated system were based on common practices in
biomechanics and impact simulation research derived from the exist-
ing literature, including the LS-Dyna and THUMS HBM manuals. The
contact between the vehicle and the floor was not modified from the
original model. Overall, friction was set to 0.3 and viscous damping to
20.0, following the Technical Bulletin 024 of EuroNCAP [22] and Osth
et al. [23], respectively. The contact between the e-scooter and the floor
was defined as a rigid body one way to rigid body, as both of these
components were rigid bodies. The remaining contacts were defined as
automatic surface to surface, following the official recommendations of
LS-Dyna for crash analysis and THUMS HBM ([24] and [25]). For con-
tacts involving the HBM, the penalty stiffness was not modified from
the default value [25]. However, the value of the penalty stiffness was
three times increased for the e-scooter to vehicle contact to better cap-
ture the overall stiffness behavior of the parts that form these two more
rigid components.

3. Theoretical foundation

This section describes theoretical considerations regarding the pro-
posed injury assessment of this study.

3.1. Abbreviated injury scale (AIS)

The Abbreviated Injury Scale (AIS) is a widely used tool in the field
of trauma medicine and injury and biomechanics research to catego-
rize and quantify the severity of injuries. It provides a standardized and
systematic way to assess injuries based on their anatomical and physio-
logical characteristics. The AIS classifies injuries on a scale from 1 to 6,
with each level representing a different degree of severity: Minor (AIS
1), Moderate (AIS 2), Serious (AIS 3), Severe (AIS 4), Critical (AIS 5),
and Maximum (AIS 6). These levels signify varying degrees of anatomi-
cal disruption and physiological impact. The severity levels are specific

Results in Engineering 21 (2024) 101936

to the body region assessed, making direct comparisons between, for in-
stance, an AIS 2 head injury and an AIS 2 chest injury impossible. This
ensures a more accurate assessment of the overall impact of injuries
on an individual. Additionally, an AIS 9 designation is used when the
severity of an injury is unknown or cannot be determined, and an AIS 0
is associated with no injury sustained.

3.2. Head injuries

In this study, the A3MS (3-millisecond acceleration of the head
CoQ) criterion was addressed following the Post Mortem Human Sub-
ject (PMHS) tests of Got et al. [26] that suggest a value of 80g as the
minor head injury threshold (AIS 1) and 130g as a threshold value for
a serious (AIS 3) injury. Based on the results in the study [26], the
current study assumed that A3MS values above these two thresholds re-
sulted in a 100% probability of AIS 1 and AIS 3, respectively. Moreover,
the HIC (Head Injury Criterion) was calculated using equation 1 [27],
and the associated probability and severity of head injuries was ad-
dressed using Hayes et al. [28], where the associated injury risk curves
were gathered from PMHS studies and validated by real-world data on
vehicle-to-pedestrian collisions.

t 2.5

/a(t)dt (t,— 1)) (@]

1

HIC5 = max
() || 12— 1

3.3. Brain injuries

Regarding the BrIC (Brain Injury Criterion), its value was calculated
using equation 2 [29]. In this equation, @, , and w, are the maximum
angular velocities of the c.0.g. of the head in each axis, and w,,, @y,
and w, ., refer to the critical values for each direction. The maximum
principal strain (MPS) based critical values 66.30, 53.80 and 41.50
rad/s were considered, following the conclusions drawn in Takhounts et
al. [29]. This same study was followed to address brain injury probabil-
ity and severity via injury risk curves in the different impact scenarios.
Additionally, The DAMAGE (Diffuse Axonal Multi-Axis General Eval-
uation) brain injury criterion values were calculated following Gabler
et al. [30]. This criterion considers the maximum brain strain due to
angular motion in each axis as a second-order physical mass-spring-
damper system. Then, the equations of motion under forced excitation
are solved (equation 3), where 6(¢) is the displacement vector solution
of the mentioned equations, and f is a scale factor used to fit the metric
to maximum brain strain (MPS). This metric was translated into injury
probability and severity using the injury risk curves for AIS 2 and AIS
4+ levels of the Technical Bulletin 35 of Euro NCAP [31].

2 2 2
() @ w
BrIC=\/( X > +<—y) +< Z) 2
a)xcr a)ycr wZC"

DAM AGE = pmax, { [3) } 3)

3.4. Thoracic injuries

The Cmax and PC Score (Principal Components Score) thoracic in-
jury criteria were assessed in this study following Poplin et al. [32]
and Piqueras et al. [33]. The study [32] compared a PMHS test dataset
with both criteria applied to the IR-TRACC sensors of a THOR 50 per-
centile ATD (Anthropometric Test Device) and formulated an AIS 3+
injury probability index included for both metrics, with the expression
included in Table 3. In this equation, x is the value obtained for the
metric (Cmax or PC Score), and f and A are the parameters associ-
ated with the survival model of each metric. The age considered for
the e-scooter rider was 50 years old. These criteria and their associated
injury estimated probability was implemented in the current study fol-
lowing the study [33], by including in the HBM output nodes on the
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Table 3
Summary of the Theoretical Foundation.
Metric Area Comments Injury assessment References
A3MS Head Threshold definition based 80g (AIS 1 100%), 130g (AIS 3 100%) [26]
HIC15 Head Vehicle to pedestrian based  Injury Risk Curves [27,28]
BriC Head MPS based Injury Risk Curves [29]
DAMAGE Head Euro NCAP TB035 Injury Risk Curves (AIS 2 & AIS 4+) [30,31]
. 3356
Cmax Thorax Adapted to HBM P(AIS3+|x)=1- ef[ ATTE001750 ] [32,33]
. 33n
PC Score Thorax Adapted to HBM P(AIS3+|x)=1- e_[ 2 BEB-001:30 ] [32,33]
Contact Force Mandible Variable comparison based PMHS test datasets from references [34,36]

4™ and 8™ ribs bilaterally. The Cmax metric was obtained as the ab-
solute maximum peak resultant deflection out of the four HBM output
nodes, whereas the PC Score was obtained following equation 4 [32].
In this equation, U P,,, and LOW ,,, are the time-independent sums of
peak values for the upper and lower deflections, respectively, UP,;
and LOW ;;, are the absolute time-dependent maximums of the differ-
ence between the left and right sides, /, are the principal component
loadings, and s, are the standard deviations of the deflection metrics.

Up LOW UP, oW,
PC Score =1, <¢>+12( "”>+l3< d’f>+l4< @
S Sy §3 Syq

@
3.5. Mandible injuries

Head contact force was also included in this study to address the
potential for mandible fractures, an injury fairly present in the afore-
mentioned gathered real-world data on e-scooter incidents. Three ex-
perimental studies [34-36] were identified in the literature that used
PMHS data to address and analyze mandible fractures. These studies
characterized mandible fractures based on various parameters, such
as impact force and energy, impact velocity and direction relative to
the mandible, and contact area. However, for the present study, only
Nahum [34] and McElhaney et al. [36] were considered, as the study
[35] analyzed high-velocity impacts ranging from 33 to 50 m/s, which
were not relevant to the current analysis. The present study assumed
that in the simulated scenarios where the mandible-related impact pa-
rameters could be considered comparable with those of a PMHS test
from the mentioned references, the severity of the fracture (if present)
from that PMHS test would be expected in the correspondent simulation
scenario, and its associated probability would be of 100%.

In addition, Table 3 shows a summary of the described Theoretical
Foundation.

4. Results

Table 4 shows the afore-described IRCs for each scenario and Table 5
summarizes their correspondent AIS severity and probability (if avail-
able). Only injuries with a probability higher than 5% were considered.
Subsequently, potential head, thorax and mandible injuries associated
with the simulated scenarios are analyzed.

4.1. Head injuries

Regarding A3MS and HIC, the most injurious scenario was the im-
pact on the passenger’s side door (1-SD), reaching an AIS 1 and having
a 30% probability of AIS 2 injuries, as suggested by A3MS and HIC15
criteria, respectively. The subsequent two scenarios with higher head
injury metrics were the impact on the trunk door (2-TD) and the impact

Table 4

Values obtained for the IRCs from the simulations.
IRC Units 1-SD 2-TD 3-FB 4-SB 5-SW 6-FO
A3MS [g] 79.04 58.37 71.79 40.51 26.65 20.61
HIC15 [-1 409.58 434.6 261.57 82.91 24.19 18.18
BriC [-1 0.70 0.76 0.73 1.06 0.72 0.69
DAMAGE [-] 0.41 0.36 0.37 0.37 0.18 0.19
Cmax [mm] 57.26 46.27 37.95 40.50 53.25 44.62
PC Score [-1 7.16 5.63 4.99 5.37 6.57 5.69

> on the bonnet (3-FB), where only the HIC15 criterion predicted an in-

jury, in the first case an AIS 2 injury with a 30% probability, and in the
second case an AIS 1 injury with a 35% probability. Both IRC metrics
found no significant injury in the rest of the scenarios.

4.2. Brain injuries

Moreover, BrIC and DAMAGE criteria showed some discrepancies in
injury severity and probability. On the one hand, the DAMAGE met-
ric suggested AIS 2 injuries with a significant probability in the first
four scenarios (1-SD, 2-TD, 3-FB and 4-SB). In this case, the most inju-
rious scenario was the first one with a 45% probability, 5% more than
the rest of the mentioned scenarios. On the other hand, the BrIC metric
suggested a 30% to 40% probability of AIS 3 injuries across all scenar-
ios, except for the impact on the bonnet from the side (4-SB). In this
case, a 45% probability of AIS 5 injury was estimated.

4.3. Thoracic injuries

The results show consistency among Cmax and PC Score metrics,
although Cmax predicts a higher probability of AIS 3 thoracic injury
for all scenarios. The most injurious scenarios were 1-SD and 5-SW,
showing for an AIS 3 injury, a 63 and a 53% probability for PC Score
and a 78 and a 69% probability for Cmax, respectively. The rest of the
scenarios range in AIS 3 probability from 26 to 37% for PC Score and
from 31 to 52% for Cmax.

4.4. Mandible injuries

The association of mandible-vehicle peak contact force with mandible
fracture needs the analysis of the impact force and energy, the impact
velocity and direction with respect to the mandible, and the contact
area. Thus, a combination of quantitative and qualitative output data
is required. To this end, Figs. 6 to 8 are shown. These illustrations
correspond to frames of interest for each scenario, such as the peak
mandible-vehicle contact force frame.

The head-vehicle contact force signal in the impact on the passen-
ger’s side door (1-SD) and the impact on the trunk door (2-TD) scenarios
showed three and two different peaks, respectively. In both cases, the
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Table 5
Severity [AIS] and Probability [%] of injury for each scenario and IRC.
1-SD 2-TD 3-FB 4-SB 5-SW 6-FO

A3MS 1 (100%) 0 0 0 0 0
HIC15 2 (30%) 2 (30%) 1 (35%) 0 0 0
BriC 3 (30%) 3 (40%) 3 (35%) 5 (45%) 3 (35%) 3 (30%)
DAMAGE 2 (45%) 2 (40%) 2 (40%) 2 (40%) <2 <2
Cmax 3 (78%) 3 (52%) 3 (31%) 3 (37%) 3 (69%) 3 (48%)
PC Score 3 (63%) 3 (36%) 3 (26%) 3 (32%) 3 (53%) 3 (37%)

Results in Engineering 21 (2024) 101936
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Fig. 8. Scenarios 5-SW (a) and 6-FO (b).

first and highest of them corresponded to an anterior-posterior impact
on the mandible (Figs. 6-a and 6-b). For these mandible impacts, the
recorded impact forces were 5.16 and 5.26 kN, the impact energies
were 85.70 and 40.26 J, the impact velocities were 7.72 and 7.68 m/s
and the contact areas were 22.38 and 21.40 cm?, respectively.

In the case of the impact on the bonnet from the front 3-FB, the first
and highest impact (out of two) was produced in the anterior-posterior
direction on the mandible area (Fig. 7-a), as in the previous two sce-
narios. In this case, the impact force was 1.45 kN, the impact energy
was 50.3 J, the impact velocity was 7.34 m/s, and the contact area was
25.83 cm?.

Furthermore, in the impact on the bonnet from the side 4-SB (Fig. 7-
b), the head contact between the rider and the motor vehicle was only

located in the parietal skull bone region and not in the mandibular one.
Consequently, mandible-vehicle contact forces were not assessed.

In the impact on the windshield from the side scenario 5-SW
(Fig. 8a), the e-scooter rider-vehicle impact head regions were the
frontal skull and maxilla bones. Similarly, the head contact region on
the impact bonnet with an offset scenario 6-FO (Fig. 8-b) was observed
to be located in the frontal bone area.

Table 6 summarizes the main characteristics of the observed im-
pact peaks for each scenario. In the impact region field, MB stands
for mandible bone, MX for maxilla bone, P for parietal bone, and F
for frontal bone, whereas in the direction field, AP stands for anterior-
posterior and O for oblique.
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Table 6
Summary of the observed head-vehicle contacts.
1-SD 2-TD 3-FB 4-SB 5-SW 6-FO
Peak No. 1 2&3 1 2 1 2 1 1 2 1
Region MB MX MB MX MB F P F MX F
Direction AP AP AP AP AP AP o AP AP o
6-FO 5-SW 1-SD )
A3MS A3MS A3MS
HIC15 HIC1S HIC1S
BriC 30% BriC 35% % BriC
DAMAGE ' DAMAGE ' DAMAGE 45%
Cmax 48% Cmax 69% Cmax 78%
PC Score 37% PC Score 53% PC Score 63%
Mandible CF Mandible CF Mandible CF | 100%

A3MS

Hic1s  [35%]
BriC 35%
DAMAGE 40%
Cmax 31%
PCScore | 26% 4-SB
Mandible CF A3MS
HIC15
gric R
8 DAMAGE 40%
Cmax 37%
PCScore | 32%
Mandible CF

AIS
Injury
Color

30%
40%
40%

BriC
DAMAGE
Cmax 52%
PC Score 36%
Mandible CF /100%

9 0 1 2 3 4 5 6

Unknown No  Minor Moderate Serious Severe Critical Maximum

Fig. 9. Summary of results.

Table 7
Summary of mandible bone fracture assessment.
Units 1-SD 2-TD 3-FB

Force [kN] 5.16 5.26 1.45
Energy [J] 85.70 40.26 50.30
Velocity [m/s] 7.72 7.68 7.34
Area [em?] 2238 2140 25.83
Fracture [-1 Yes Yes Unknown
AIS [-1 3 3

On mandible fracture assessment, the results obtained for the first
two scenarios (1-SD and 2-TD) had, in comparison with the study [34],
greater in terms of impact force, energy and velocity. Thus, an AIS 3
mandible fracture with a probability of 100% was predicted for both
cases. Nevertheless, when comparing the results of the third scenario (3-
FB) with the mentioned literature studies, no conclusions on mandible
fracture could be drawn, as energy and velocity impact values were
greater, but the recorded impact force fell below the given range. The
contact area in the three simulations was considered as sufficiently sim-
ilar to that of the study [34]. Table 7 summarizes the results of the
mandible fracture assessment.

Finally, Fig. 9 shows a graphical summary of all the results obtained
in this study.

5. Discussion
5.1. Head and brain injuries

The results observed for A3BMS and HIC criteria were consistent
among scenarios in terms of injury risk and other quantitative and qual-
itative factors. Nonetheless, BrIC and DAMAGE criteria offered some
discrepancies among each other in injury severity and in which scenar-
ios should be considered as more injurious. There are two factors to take

into account regarding this observation that could explain these dissimi-
larities in both injury criteria. First, no AIS 3 injury risk curve was found
for the DAMAGE criterion, hindering a fair comparison against BrIC in-
jury prediction results. Second, the impact scenarios simulated in the
present study showed overall rapid angular velocities but with low an-
gular accelerations, especially in the impact on the bonnet from the side
4-SB scenario. Nevertheless, Gabler et al. [30] analyzed the head injury
predictions of an HBM in multiple impact scenarios and concluded that
the DAMAGE criterion correlated better in the estimation of brain MPS
than the BrIC criterion, with a significant difference in pedestrian im-
pact conditions (closest in boundary conditions to e-scooter impacts in
standard impact tests datasets). Thus, the DAMAGE criterion should be
considered above the BrIC criterion for characterizing head injury in the
present study. Overall, BrIC and DAMAGE criteria predict significantly
higher head injury severities than A3MS and HIC, suggesting a preva-
lence of head rotation-related injuries over those potentially caused by
translation in the simulated scenarios.

5.2. Thoracic injuries

The Cmax criterion suggested higher injury probability than PC
Score across all scenarios. Nevertheless, PC Score takes into account
asymmetric loads and, thus, is a more complete and accurate thoracic
injury criterion than Cmax [32], especially when addressing oblique im-
pacts [33]. Hence, the PC Score should be considered above Cmax for
characterizing thoracic injury in this particular study. The asymmet-
ric thoracic loads observed in the simulated scenarios were caused by
the initial position of the e-scooter rider, which forced the handlebar of
the e-scooter to make oblique contact with the abdominal region and,
subsequently, rotate the torso of the rider before impact. However, in
scenarios 3-FB and 4-SB, one of the user’s arms interacted with the vehi-
cle, reducing this rotation of the torso and, consequently, significantly
decreasing the oblique component of the impact. As a result, the differ-
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ence between both Cmax and PC Score regarding injury probability for
AIS 3 severity was reduced from 16% in other scenarios to 5%.

5.3. Mandible injuries

In addition, three of the simulated e-scooter collision scenarios (1-
SD, 2-TD and 3-FB) involved a direct impact of the mandible against
the motor vehicle. In particular, the involved vehicle areas were the
roof side rail, the rear spoiler and the bonnet. For the first two cases, an
AIS 3 anterior-posterior mandible fracture was predicted. Recorded im-
pact forces and energies were significantly high, which seems coherent
with the high stiffness of the impacted vehicle areas. However, for the
mandible impact involving the bonnet, no injury could be determined
as it was not possible to match the obtained values with the literature.
These results seem to suggest that a standard open-face helmet may
have limited effectiveness in preventing facial fractures because of the
exposure of the mandible. Several studies regarding motorcycles (Wu et
al. [37]) and bicycles (Sorenson et al. [38] and Stier et al. [39]) agree
on the lack of prevention or mitigation of facial injuries when using an
open-face helmet and the need to make integral helmets mandatory. Fu-
ture work comparing facial injury mitigation in open-face and integral
helmets with PMHS testing may be needed to further investigate this.

5.4. Considerations

Overall, the obtained results initially seem not to match the observed
real-world injuries gathered from the literature. However, the type of
incidents analyzed in this study has been found to account only for
8.8% of total e-scooter collisions but also for 80% of all e-scooter rider
deaths, as previously mentioned. Unfortunately, there is no data on in-
jury occurrence in these fatal incidents.

Nonetheless, there are some limitations to this study. As agreed by
the National Transportation Safety Board, there is a general lack of trip,
injury and user behavior data related to e-scooters [40]. This limits the
ability to define scenarios and boundary conditions accurately and ne-
cessitates relying on the best available knowledge. Therefore, the results
of this study should be considered as a first step towards understanding
the biomechanics of e-scooter riders in impacts against SUVs.

Furthermore, the simulations did not consider muscle activation and
response time, as insufficient input on these characteristics related to
e-scooter drivers was available. On the one hand, muscle activation
could impact the simulations with the evolution in time of the defined
initial grip, among other user-behavior-related factors. On the other
hand, most of the proposed impact scenarios in this study account for
the e-scooter rider being absent-minded or unable to predict the colli-
sion. Thus, whether the e-scooter rider could significantly modify any
activation-related event is uncertain.

Additionally, the translation of IRCs and other metrics into injury
probability and severity in this study was performed considering, when
possible, the context of e-scooter collisions. There are usually two key
factors that affect the applicability of a specific set of injury risk curves
to assess the values obtained for its respective injury criterion. On the
one hand, whether that criterion was conceived for an ATD or an HBM
or whether the selected set of injury risk curves accounts for this. On the
other hand, the context in which the injury risk curves were validated
(pedestrian or car occupant, direction of impact or distance from the
impact).

For instance, the selected injury risk curves associated with the HIC
criterion of Hayes et al. [28] were calibrated for HBMs and validated
by real-world data on vehicle-to-pedestrian collisions. Similarly, the
boundary conditions from the PMHS tests conducted by Got et al. [26]
and Nahum [34] and McElhaney et al. [36], which enabled the cur-
rent study to define the thresholds for A3MS and to predict mandible
fractures, respectively, could be considered comparable to those of the
simulated scenarios, especially on those where a more rigid vehicle sur-
face was involved. In addition, the DAMAGE criterion and injury risk
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curves were created for their application on HBMs and validated using
a correlation with MPS on a wide range of different impact conditions,
including vehicle-to-pedestrian [30].

Regarding BrIC, the selected injury risk curves proposed in the study
[29] accounted for an HBM but showed a lower correlation to MPS than
those of the DAMAGE criterion in vehicle-to-pedestrian collisions [30].
Cmax and PC Score AIS 3+ injury risk equations from Poplin et al. [32]
were conceived for THOR ATDs, and even though their applicability to
HBMs was demonstrated in the study [33], the PMHS test datasets used
as a reference in both studies involved occupant protection.

Moreover, this study proposes future work to analyze further and
understand injury mechanisms in e-scooter crashes involving motor ve-
hicles. First, dummy and PMHS experimental testing could help provide
more information on the interaction between the system components in
this type of incident. Second, this study covers a wide range of collisions
of e-scooter frontal impacts against an SUV. However, oblique impacts
fall out of scope, needing further research to address injury mechanisms
related to them.

6. Conclusions

Six different scenarios of e-scooter frontal impacts against an SUV
at 25 km/h were simulated. An e-scooter model developed by reverse
engineering, the THUMS AM50 v4.0.2 HBM and an FE model of the
2020 Nissan Rogue were utilized as modeling components. The major
findings suggested by the results of this study include:

Serious brain injuries across all scenarios with a probability ranging
from 30% to 40%, except for scenario 4-SB where a 45% probabil-
ity of critical brain injury was obtained.

Moderate head injuries with a probability of 30% for scenarios 1-
SD and 2-TD.

Serious thoracic injuries sustained in all scenarios, with probabili-
ties ranging from 26% to 78%.

Potential serious mandible anterior-posterior fractures in scenarios
1-SD and 2-TD.

These findings should help to understand potential injury sources
for e-scooter riders as this means of transportation becomes more pop-
ular. Moreover, they could provide valuable information for the design
of specific safety systems or the creation or modification of e-scooter
legislation. Future recommendations include dummy and PMHS exper-
imental testing to help provide more information on the interactions
between the components of the system.
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