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Abstract

The recent emergence of electric scooter (e-scooter) rideshare companies has greatly
increased the use of e-scooters around the world, which has increased the number of
injuries associated with their use. A primary cause of e-scooter crashes is front-wheel
collisions with a vertical surface. This research numerically simulated various e-scooter-
stopper crashes across different impact speeds, approach angles, and stopper heights to
characterize their influence on rider injury risk during falls. A finite element (FE) model of
a standing Hybrid Il anthropomorphic test device was used as the rider. The angle of
approach was found to have the greatest effect on injury risk to the rider. Additionally,
arm bracing was shown to reduce the risk of serious injury in two thirds of the impact
scenarios. Most e-scooter rider fatalities are recorded in collisions between a car and an
e-scooter. Therefore, crashes between an e-scooter and a sedan and between an e-
scooter and a sports utility vehicle were simulated using FE models. The vehicles
impacted the e-scooter at a speed of 30 km/hr in a perpendicular collision and at 15°
towards the vehicle. The risks of serious injury to the rider were low for the head, brain,
and neck, but femur/tibia fractures were observed in all simulations.
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Introduction

Since 2012, rideshare companies in the United States have offered standing two-wheel electric
scooters (e-scooters) for public short-term rental [1]. Various companies allow people to rent out
e-scooters for commuting or recreation, thereby eliminating the need for the population to
purchase, store, and maintain a scooter themselves. Despite being relatively new, these rideshare
companies have quickly increased the popularity, use, and availability of e-scooters [1-3].

The increase in e-scooter use has also led to an increase in e-scooter traffic injuries [2]. The injuries
observed were generally mild to moderate in severity and occurred most frequently to the head
and limbs [1-4]. The most common types of injuries to the body were fractures, dislocations, and
contusions [1, 3, 5, 6]. From the available literature, the most common mode of crash appeared to
be falls, and the most dangerous mode was e-scooter vehicle crashes [3, 5, 7, 8]. A Los Angeles,
California-based study found that 80.2% of injuries were caused by falls [3]. The same study also
found that collision with an object caused 11% of crashes and collision with a vehicle or other
moving object caused 8.8% of crashes [3]. Similarly, a Swedish study found that 83% of scooter
crashes involved only the scooter rider, and 12% involved other road users, such as cars or other
scooter riders [7]. While vehicle collisions account for a relatively small portion of e-scooter
crashes, 80% of rider fatalities were caused by vehicle collisions [9].

The field of e-scooter injury research is relatively new and limited, especially regarding
computational crash recreation. Much of the current literature focuses on observing injury trends
reported by emergency rooms, but not the biomechanical causes of these injuries. Experimental
and modeling-based research on the topic is sparse and has only examined either pothole-based
falls [10] or rigid body impacts where the scooter-rider drove into a stationary vehicle [11]. While
these studies are insightful, they used rigid-body rider models and were limited in their selection
of pre-impact variables. Specifically, the researchers in the pothole impact study recommended
varying the angle of approach because their study only used head-on collision scenarios [10].
Notably, neither study investigated how an attempt by the rider to catch themselves might change
the injury risks [10, 11].

Additionally, researchers from Knoxville, Tennessee, reported that 67% of collisions between an
e-scooter and an automobile occurred at an intersection [12]. Despite this prevalence of impacts,
only one study has investigated the biomechanics of this impact scenario. A previous
computational study examined a sedan laterally impacting a stationary scooter rider [13]. While
this study was insightful, it used an un-validated vehicle model to impact the rider model, it did
not examine the injuries from the rider-ground interaction, and the only variable altered was the
posture of the rider. To better investigate rider safety, further impact simulations need to be
completed using robustly validated vehicle models and a wider variety of impact conditions.
Therefore, in addition to a comprehensive literature review [14], the current researchers performed
two main studies: a numerical investigation of rider injury risks during falls caused by e-scooter
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stopper impacts (the main cause of e-scooter rider injuries) [15] and a numerical investigation of
e-scooter-to-vehicle traffic accidents (the main cause of e-scooter rider fatalities) [14]. All of these
efforts were included in a Master of Science thesis presented to the Department of Biomedical
Engineering and Applied Mechanics at Virginia Tech as well [14].

Numerical Investigation of Rider Injury Risks During Falls Caused by E-

scooter Stopper Impacts

The objective of this study [15] was to investigate the biomechanical causes of trauma associated
with e-scooter crashes resulting in fall events across a range of pre-impact conditions. These falls
were created by numerically simulating a rider falling off an e-scooter after impacting a vertical
transition referred to as a “stopper” (i.e., curb or another rigid object). To investigate this event, a
finite element (FE) model of an e-scooter was developed and the Hybrid III model (HIII), an
anthropometric test device (ATD) currently used in automotive impact regulations, acted as an e-
scooter rider to simulate falls. This study is among the first to use a deformable rider model to
explore the effect of various e-scooter pre-impact conditions and their effect on rider safety; this
study also lay the foundation for further e-scooter fall research.

Numerical Investigation of E-scooter-to-Vehicle Traffic Accidents

The objective of this study [14] was to investigate the biomechanical causes of rider injuries in
intersection vehicle impacts across a range of pre-impact conditions using FE models. This study
is among the first to use a deformable rider model and validated vehicle model to investigate rider
injury risks and expand the knowledge of vehicle-rider injury outcomes.

Numerical Investigation of Rider Injury Risks During
Falls Caused by E-scooter Stopper Impacts

Methods

To investigate e-scooter crashes, models of an e-scooter, a road, and a stopper were created. The
three pre-impact variables examined in this study were impact speed, stopper height, and approach
angle. Additionally, the simulations that modeled a head-on collision were run a second time with
arm muscle activation to simulate a rider attempting to catch themselves to break the fall.

Development of an E-scooter FE Model
The scooter geometry was created by scanning a Spin (SPIN, San Francisco, CA) Ninebot

KickScooter MAX e-scooter using a FARO laser scanner system [15]. The initial geometry was
smoothed and transformed into a non-uniform rational B-spine (NURBS) surface in Rhino 3D
(Robert McNeel & Associates, Seattle, WA) and then imported to be meshed in Hypermesh
(Altair, Troy, MI). Finally, the scooter mesh was imported into LS-PrePost (LSTC/Ansys,
Cannonsburg, PA), where the scooter parts were defined and their material properties assigned
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based on data from the literature (Figure 1). In this model, all parts of the scooter were rigid except
for the tires.

Figure 1. Computer model. Spin e-scooter FE rendering.

The e-scooter tire shells were modeled using a piecewise linear plasticity material and inflated like
an airbag [16]. The scooter was connected with 13 rigid body constraints and two joint revolute
constraints. The two joint revolute constraints were used on the rods that connect the front tire to
the front arm and the rear tire to the deck to allow the rods to spin with the tires. The wheel supports
were in between the tire shell and the rims. The e-scooter was 1,110 mm tall and 1,008 mm in
length. The deck of the scooter was 536 mm by 205 mm, and the handlebars had a 680-mm span.
The wheels had an inner radius of 69 mm, an outer radius of 111 mm, and a thickness of 60 mm.

E-scooter-Stopper Impact Simulations
To model an e-scooter crash, the calibrated HIII FE model was placed on the e-scooter model

(Figure 2). The hands and feet were constrained to the scooter using the COONSTRAINED
JOINT LOCKING keyword card [17]. The release times of the feet and hands were adjusted based
on the time of impact between the scooter and the stopper. The feet and hands were released 6 ms
after the moment of the wheel-stopper impact. The ground was modeled as a deformable asphalt
structure using the LS-Dyna material card 159 MAT _CSCM_CONCRETE [18]. The contact
between the ATD and the ground was modeled using the automatic_surface to surface contact
card [17] with the soft contact option 1. Additionally, the static coefficient of friction was set as
0.85, and the dynamic coefficient was set as 0.6.

A design of experiments (DOE) study was used to investigate the effect of impact speed, stopper
height, and approach angle on rider injury risks. The impact speeds used in this study were 3.2
m/s, 4.48 m/s, and 11.16 m/s. These speeds were chosen based on the reported operation speeds
of e-scooters [19]. The linear velocity of the scooter and ATD was achieved using initial velocity
generation and initial velocity rigid body keyword cards. Both the ATD and the scooter were given
the same initial linear velocity. An angular velocity was applied to the wheels of the scooter using
initial velocity keyword cards. This made the wheels spin as they would on a moving scooter. The
stopper heights examined were 52 mm, 101 mm, and 152 mm. The first two stopper heights were
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chosen to simulate the scooter impacting small obstacles or bumps (Figure 2a) that are sometimes
present on the sidewalks, bike lanes, and streets on which e-scooters are typically operated [5, 20,
21]. The last stopper height was selected because 152 mm is the height of a typical curb [22]. The
ground on the other side of the 152-mm stopper was raised to mimic how the ground after a curb
is generally higher than the street (Figure 2b).

Figure 2. Computer models. The scooter setup for a stopper height of 52 mm and an approach angle of 90° (a)
and a stopper height of 152 mm and an approach angle of 90° (b).

Finally, the approach angles tested were 90°, 60°, 45°, and 30°. The approach angle was the angle

between the line of travel of the scooter and the obstacle (Figure 3). A Latin hypercube scheme

was used to generate 36 crash scenarios.

Figure 3. Computer model. The initial setup for a 45° approach angle.

Nine additional simulations were run using a perpendicular initial collision configuration (90°
approach angle). In these additional simulations, the HIII was modeled attempting to break its fall
with its hands extended forward. To simulate arm activation, the ATD’s shoulder and elbow joints
were loaded directly after the wheel-stopper impact, which caused the arms to rotate forward
simulating a rider trying to catch themselves with their hands (Figure 4). The results from the arm
activation simulations were directly compared to the same simulations without arm activation to
observe how the arm activation affected the risk of injury.

[ S AFE“@ SISO IO I D I I — P 2D

EEEEEEEEEEEEEEEEEEEEEEE 4 3 SAN DIEGO STATE Z Texas AGM VIRGINIATECH
ﬂ UNIVERSITY /“ ransportation TRANSPORTATION INSTITUTE



b)
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Figure 4. Computer models. The ATD falling without arm activation (a) and with arm activation (b).

Risk probabilities of serious body region injuries (Abbreviated Injury Scale score of 3 or more
[AIS 3+]) were calculated based on head injury criteria (HIC), neck injury criteria (NIC), chest
deflection, and maximum femur force [23]. These probabilities were used to calculate the rider
injury measure (RIM) as an overall likelihood of serious injury to the rider (Table 1). The brain
injury criteria (BrIC) was not examined in this study because the presence of evidence of traumatic
brain injury in scooter crash patients was 15% or lower [2, 21, 24], and the HIII ATD has not been
tested for BrIC outcomes.

Table 1. Injury Risk Functions (AIS 3+)

Injury Risk Function Ref
metrics
e b o MHICs) = 745231 2
8 Hic = 0.73998 (23]
1
Nj PNij = 1 + @3227-1969:N;; [25]
Chest 1
Deflection Pehese = 1 + @10.5456-1.568+(Smax)**612 [23]
Femur 1
Compression Premur = T Zas795-0326-Femurrorce [23]
RIM 1— (1= Pyrc) * (1= Paric) * (1= P ) # (1 = Peese) * (1 = Premur) [23]

The Pearson product-moment correlation coefficients between DOE variables and the probability
of injuries were calculated to measure the strength of the relationship between different crash pre-
impact conditions and injury risks. The correlation coefficients were calculated by importing the
pre-impact conditions and resulting injury risks from each simulation into LS-Opt. In addition, the
global effects of each pre-impact variable on the risk of injury were examined using Sobol’s global
sensitivity analysis in LS-Opt [26]. When combined with the information obtained from the
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correlation coefficient, the sensitivities provided insight into which variables had the largest impact
on rider injury. Student #-tests were calculated to determine if arm activation caused statistically
significant changes in injury outcomes. In this statistical test, called also null-hypothesis
significance testing (NHST), a p-value is calculated, and if p < a = 0.05 [27], it is typically
considered to be statistically significant (the null hypothesis is rejected). However, it should be
mentioned that NHST has several shortcomings [28], so NHST tests can only be considered
preliminary (exploratory) heuristics [28]. The simulation set that used a head-on impact with a
stopper height of 52 mm and impact speed of 3.2 m/s was excluded from the #-tests because it was
an outlier [29].

The final e-scooter model contained a total of 392,450 elements and 387,966 nodes. All of the
scooter parts except for the tire shells were modeled using a rigid material model for steel [14].

A wide range of RIM scores—ranging from 0.08 to 1.0 (Table 3)—were observed across the
simulations. In concurrence with reported injuries, the most injured body regions were the head
and neck [1-3]. Notably, in 10 of the 11 simulations that reported RIM > 0.9, HIC was the largest
regional injury measure and typically by a large margin. Head injury AIS 3+ risks were above 25%
in 16 out of 36 simulations. Neck injury risks were above 25% in 18 out of 36 simulations. Chest
injury risks were above 25% in 2 of the 36 simulations. Femur injury risks were below 25% in all
simulations.

Approach angle had the largest influence on all four injury outcomes, reporting 56% to 91% of
sensitivities (Figure 5a). The correlation coefficients, determined using the analysis of variance
(ANOVA), a linear sensitivity measure implemented in LS-Opt, indicated that larger approach
angles were strongly correlated with larger head (0.602), neck (0.615), chest (0.648), and overall
(0.627) injury risks (Figure 5b). Approach angle had a small negative association with the risk of
femur injury (-0.19). Four of the five lowest RIM simulations used the smaller approach angles of
30° and 45°. Furthermore, nearly all the simulations with a RIM of 1.0 used a 90° approach angle.

Impact speed had the second largest effect on injury measures, with sensitivity values between 5%
and 30%. Impact speed was slightly negatively correlated with RIM (-0.025) and chest injury
(-0.062), but positively correlated with head (0.066), neck (0.121), and femur (0.263) injury. Speed
had the largest effect on femur injury risks even though femoral injury risk never rose above
21.7%.

Stopper height had the smallest effect on injury measures, with sensitivity values between 3% and
16%. Stopper height had a moderately negative correlation with RIM (-0.307), suggesting that
larger heights reported smaller RIM values (Figure 5b). Stopper height was negatively correlated
with head (-0.205) and neck (-0.073) injury risks but was positively correlated with femur (0.144)
and chest (0.045) injury risks.
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Figure 5. Graphs. Sensitivity of injury risks to pre-impact variables global sensitivity approach/Sobol (a) and

linear sensitivity approach/ANOVA (b).
ATD arm activation caused varying effects on injury risks (Table 4). Six of the nine simulations
resulted in reduced RIM scores when arms were activated. RIM typically decreased because of
lower head, neck, and chest injury risks. ATD arm activation had a statistically significant effect
on neck injury risk (p = 0.042); the effects on RIM (p = 0.065) and HIC (p = 0.064) injury risk
were not statistically significant, though the p-values were much closer to the significance level
than for the effects on chest (p = 0.119) and femur (p = 0.32) injury risk, which were also not
significant.

This study is among the first to examine e-scooter falls with a deformable rider model and a variety
of pre-impact conditions. In addition to the development of an FE e-scooter, an FE model of the
HIII pedestrian was calibrated. The calibrated HIII showed responses in the corridors of
certification tests, suggesting the ATD model can be used by the safety community in car-to-
pedestrian simulations.

Compared to a recent study performed to investigate the falls of e-scooter riders caused by potholes
[10], this study investigated a larger group of speeds and different stopper heights, and it
considered possible rider arm activation during contact with the ground. Furthermore, the current
study included the angle of approach as a variable, which had a significant effect on RIM. Finally,
an FE approach was used, which has more accurate contact modeling compared to the rigid-body
approach used by other groups [10]. Another recent study used various angles of approach;
however, that study focused mainly on the head and compared the risk of severe head injuries for
a rider wearing a helmet and a rider without a helmet [30]. In contrast, the current study observed
injuries across the entire ATD and specifically looked at how changing the angle of approach and
arm activation affected the fall kinematics and RIM.

The pre-impact condition with the largest impact on rider injury risk was the angle of approach.
Perpendicular impacts (90°) reported substantially larger injury risks than impacts at 30° to 60°.
Impact speed and stopper height, in the ranges investigated in this study, played small roles in

> SAFE:' ) > I > VIS DN P )

SAFETY THROUGH DISRUPTIGN 7 7 SAN DIEGO STATE Z Texas AGM VIRGINIATECH
3 UNIVERSITY /“ ransportation TRANSPORTATION INSTITUTE



injury risk outcomes. The surprisingly low correlation of the scooter speed with head/RIM injury
risk may be partially explained because the injuries are caused mostly by the vertical head impact
with the ground (caused by gravity), not by the horizontal velocity. Similar findings have been
observed for pedestrian ground contact injuries [31]. The recorded RIM values varied between
0.08 and 1.0. About half of the RIM scores indicated a high risk of serious injury to the rider
despite many reported injuries resulting from e-scooter use being mild to moderate in severity.
This was not surprising, as the speeds tested were in the upper 25th percentile for reported e-
scooter usage speeds [19].

Approach angle may have had the largest effect on injury measures because the angle of approach
largely determined how the rider fell and which parts of the body hit the ground first. In a 90°
impact, the ATD fell or flew forward. For example, in the high-speed 90° impact, the flung ATD’s
head hit the ground first, resulting in large HIC and RIM values (Figure 6). In the lower speed 90°
impacts, the knees hit the ground first, and the ATD collapsed forward with the chest and head
contacting the ground at high angular velocities. In contrast, an approach angle of 30° caused the
rider to land on their side and shoulder first. In most cases, the head of the HIII ATD did not
contact the ground at all, resulting in a lower HIC and RIM (Figure 7). RIM did not increase in
these shoulder-first impacts because only anterior-posterior chest deflection was examined, and
thus any risk of lateral chest deflection-based injuries was not incorporated.

Figure 6. Computer model. 90° approach angle, 52 mm stopper, 11.16 m/s impact without arm activation.

bF o

Figure 7. Computer model. 30° approach angle, 52 mm stopper, 11.16 m/s impact without arm activation.

A surprising result of the study was the small and negative correlation between impact speed and
RIM. However, when the simulations were grouped such that speed was the only variable changed
in each group (Table 4), a trend emerged between the sign of the correlations and the angle of
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approach for the group. For angles of attack of 60° and 90°, impact speed had a primarily positive
correlation with injury risk. For angles of attack of 45° and 30°, impact speed had a primarily
negative correlation with injury risk. This trend could be attributed to the angle of approach
changing the kinematics of the fall. For collisions involving higher angles of approach, the ATD
landed with its chest and head facing the ground, and speed had the expected positive correlation
with injury risk. However, for smaller angles of approach, the ATD landed primarily on its side
where little to no injury risks were observed. Thus, the direction the ATD impacted the ground
may have played a larger role in impact outcomes than speed.

Interestingly, the ATD attempting to catch itself did not reduce the risk of serious injury as much
as initially expected. This was primarily caused by the kinematics of the fall varying between each
simulation and the ATD being unable to mimic exactly how a person would respond while falling.
For example, in the case of a head-on collision with a 52 mm stopper at 3.2 m/s and arm activation,
the ATD catches itself and then bounces before eventually having its head contact the ground,
resulting in large HIC values (Figure 8). In this specific case, the HIC is higher than the no-arm
activation case, causing the RIM to increase. However, a person may not have impacted the ground
after successfully catching themselves or may have adjusted their arms to brace for the second
impact. A scenario such as this might cause a greater reduction of the risk of injury to the neck and
head regions, which were usually the biggest contributors to the RIM for the rider. Because of the
unusually large increase in RIM, this specific simulation set was excluded from the I-test
calculation.

Figure 8. Computer model. 90° approach angle, 52 mm stopper, 3.2 m/s impact with arm activation.

This study was limited in its selection of injury measures. The RIM equation only examined head,
neck, anterior-posterior chest, and femoral injury risks. This technique excluded potential injuries
caused by lateral-medial chest compression. Not including this injury measure caused the chest
injury risk for simulations where the ATD landed on its side to be unrealistically small since only
anterior-posterior deflection was examined (Figure 7). In addition, upper extremity injuries were
not examined in this study despite being reported in e-scooter falls. These injury measures were
excluded because the HIII ATD model had not been calibrated for these loading scenarios. Future
work should use a rider model that can better capture more injury measures to further explore e-
scooter falls. For example, replacing the coarse HII FE model with a detailed or simplified human
pedestrian FE model (e.g., Global Human Body Models Consortium [GHBMC], Total Human
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Model for Safety [THUMS]) [32-34], which include more impact validations (e.g. in a lateral
plane), may provide more biofidelic responses and should be investigated in the future. The rider’s
kinematics during the fall phase may be influenced significantly by the wheel-bumper impact and
the time when the rider’s hands are disconnected from the scooter handlebars. Therefore,
additional validation of the rider-scooter models is recommended when physical collision data are
available.

An additional limitation of this study was its impact speed selection. This study only examined
impacts with linear initial velocities, while real e-scooter riders experience crashes and falls during
turning or braking events. These different initial velocity and acceleration conditions may result
in rider kinematics not seen in this study. Future work should examine the turning events and
braking events prior to crashes and falls to better investigate e-scooter safety.

Numerical Investigation of E-scooter-to-Vehicle
Traffic Accidents

Methods

To investigate scooter-car crashes, a previously developed e-scooter model was acquired [35]. The
scooter rider was modeled with the GHBMC simplified 50th percentile male pedestrian model
(M50-PS) [36]. The GHBMC M50-PS was selected because it was a more biofidelic pedestrian
model than other low-computation options such as the HIII model [29]. The GHBMC was
positioned on the e-scooter to mimic a typical e-scooter rider stance (Figure 9) [37].

Figure 9. Computer model. The GHBMC model positioned on the scooter.

Two publicly available and validated vehicle models were used to impact the rider, a sedan (FCR)
and a sports utility vehicle (SUV) [38]. The two different vehicle types (low profile and high
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profile) increased the breadth of potential rider outcomes [38]. The original windshield models
were rigid, but this would have created unrealistic rider-windshield interactions; thus, the
windshield was made deformable. The deformable windshield was modeled as a dual-layer
windshield, with the top layer modeled as glass and the bottom layer modeled as polyvinyl butyral
(PVB) [39]. The ground was modeled as deformable asphalt, as in a previous FE rider injury study
[35]. An initial linear velocity of 3.2 m/s was applied to the scooter and rider, and the vehicle had
an initial speed of 30 km/h with 1 gravity of braking acceleration after the first contact with the
rider/e-scooter. The scooter's line of travel was perpendicular to the vehicle’s line of travel (Figure
10). Rider position has been examined in previous work, so only a single posture was examined in
this study.

— 30 km/h

mmmmm) 1 gravity

Figure 10. Diagram. The setup of a model of a sedan vehicle impacting the left side of the scooter rider.

There were two primary types of intersection vehicle-rider impacts [12]. The first type was a
vehicle traveling straight through the intersection and impacting a rider coming from the motorists’
right side [12]. This typology accounted for 31% of intersection collisions [12]. The second
common crash type accounted for 29% of intersection collisions and was a motorist turning right
at an intersection and a scooter again coming from the right of the motorist [12]. These two impact
types were modeled by adjusting the angle of the scooter by 15° to mimic a scooter rider being
impacted by a turning vehicle (Figure 11).
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Figure 11. Computer models. A head-on collision (a) and an angle impact collision (b).

The impact simulations were run on the Virginia Tech Advanced Researching Computing cluster
in LS-DYNA (version 10.2). Simulations were run until the rider model hit and rested on the
ground. The probability of serious injury (AIS 3+) was calculated using injury outcomes from the
HIC, BrIC, neck injury risk (Njj), femur injury risk, and tibia fracture risk (Table 2). Lower
extremity component failure (element elimination) was permitted in these simulations. If element
erosion was observed in the tibia or femur, the injury risk was recorded as 1.

Table 2. Injury Risk Functions (GHBMC M50 FE Model)

Injury metrics Risk Function Ref
HIC;s (AIS 3+) P In(HIC,s) — 7.45231 [23]
Hie = 0.73998
BriC (AIS 3+ BriC %% 23
( ) Pgrc=1-— e_(0.987) [23]
Nj (AIS 3+) _ 1 [25]
PNij - 1 + 3227-1.969+N;;
Femur Fracture Risk _ 1 [23]
Premur = 1 + e49795-0.326+F
Tibia Fracture Risk F Mz + M3 [40]

Privi, = —
Tibia Fc + Mc

Results and Discussion
All four impacts reported tibia and femur fractures (Figure 12). The risk of neck injury was low

across all the impacts (neck risk < 0.05). Three out of the four impacts reported low head and brain
injury risks, but the straight SUV impact reported more substantial risks (head risk = 0.56, brain
risk = 0.22).
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Figure 12. Graphs. Injury risks to the rider based on region.

In three of the four impacts, the head, brain, and neck reported low injury risks due to a lack of
head-vehicle or head-ground contact. In these impacts, the rider’s head never hit the vehicle;
instead, the rider rolled forward and separated from the vehicle (Figure 13). In addition, for these
impacts, the rider impacted the ground first with their legs and arms, breaking the fall and reducing
the intensity of the head-ground contact. In two impacts, the head never hit the ground due to the
arms breaking the fall.

t=601 ms

Figure 13. Computer models. Rider kinematics with minimal head injury (FCR-Straight).

The SUV-Straight impact reported larger head and brain injury risks because the rider’s head
contacted the ground (Figure 14). In this impact, the rider flipped over the hood of the SUV and
impacted the ground headfirst, resulting in large head and brain injury risks. These results suggest
that to properly protect the rider, the head-ground contact must be softened, and the vehicle impact
was not the cause of life-threatening injury.
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Figure 14. Computer models. Rider kinematics with minimal head injury (SUV-Straight).

The head, brain, and neck injuries reported in this study matched reported rider injuries in vehicle
collisions, but the tibia and femur injuries were larger than what was reported in injury surveys
[12]. One possible reason for this leg injury discrepancy is that the vehicle impact velocity in most
intersection crashes may be lower than what was modeled in this study. It is likely that smaller
impact velocities would reduce the risk of serious injuries to the femur and tibia.

This study was limited by its lack of muscle activation. It is likely a rider would attempt to break
their fall in an impact. This arm motion and muscle activation may alter the kinematic impact
response and potentially change the injury outcomes [29]. For example, shielding of the head may
have prevented the large head injury risk in the SUV-Straight impact (Figure 14). Future work
should examine the effect of bracing and shielding on impact outcomes.

In addition to a lack of muscle activation, this study was limited in its pre-impact conditions. A
single impact speed was explored. To capture a wider range of rider kinematic and injury
responses, vehicle impact speed and rider initial velocities should be varied.

Conclusions and Recommendations

Limitations and Future Work

FE models of 50th percentile standing male ATDs were used in this study to exam injury risk to a
scooter rider during a variety of crash scenarios. The main limitations of this study were the human
model selection, muscle passivity, and injury criterion selection.

Only an FE model of a 50th percentile male was used in this study. Although the median weight
for injured riders was about 82 kg, over 20% of rider weighed over 100 kg [5]. Also, 30% to 50%
of injured riders were female [1-3, 5, 6, 20, 21, 41]. This shows a gap in the current research, as
most studies have focused on male riders. Additionally, height, weight, and sex have been shown
to affect injury outcomes in car-pedestrian collisions [42, 43]. Future e-scooter crash studies should
use different anthropometries to observe what effect, if any, rider height, weight, and sex have on
injury outcomes.

The crash simulations in this study used passive models. Generally, people in real-world scenarios
would react to falling or being crashed into. The way a person reacts can affect the injuries they
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experience as a rider. The muscle activation used in this project [29] was a rudimentary attempt to
model a rider attempting to catch themselves. This muscle activation is a great starting point but
should be refined and improved in future studies. Lastly, the simulations in this study focused on
the risk of serious injury to the rider and did not look into arm injuries. As arms are one of the
most commonly injured regions of the body, future studies should create simulation use rider
models capable of outputting arm injury/fracture risk.

In this study, an FE model of a male 50th percentile standing HIII ATD was calibrated and used
in scooter-bump crash simulations. A way to model muscle activation was developed and applied
to select simulations in scooter-bump collisions. In addition, a simplified FE model of a male 50th
percentile GHBMC model was used to model a scooter rider in scooter-car crash scenarios. The
results of the scooter-bump simulations showed that, in scenarios where the rider falls off the
scooter, the head is the most likely region of the body to be injured. In a scooter-bump scenario,
should the rider fail to react to the fall, it was discovered that they would very likely experience
serious injuries to the head and neck. The rudimentary arm activation reduced the risk of serious
injury to the rider’s head and neck, too. Interestingly, the scooter-bump collision showed that for
a fall scenario, the angle of approach was the most significant factor in determining the likelihood
of serious injury and the location of injury occurrence. The scooter-car impact resulted in serious
injuries to the legs of the riders but showed primarily low risks of serious injuries to the head and
neck of the rider. The work presented in this study helped link crash mechanisms to injuries, which
can be expanded further in future studies.
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Additional Products

The Education and Workforce Development (EWD) and Technology Transfer (T2) products
created as part of this project can be downloaded from the . The
final project dataset is located in the

Education and Workforce Development Products
The EWD products developed as a part of this project are listed below.

e In May 2023, a Virginia Tech graduate student involved in the project successfully
defended a Master of Science. graduate thesis based on the subjects developed within the
research project. Three journal manuscripts of this research report are published [29] or
under review [ 14] as part of the thesis: Chontos, R., A Numerical Investigation of E-scooter
Riders’ Injury Crash Mechanisms Using Finite Element Analysis, Master’s Thesis,
Virginia Tech University, Blacksburg, 2023.

Technology Transfer Products
The T2 products developed as a part of this project are listed below.

e Two presentations related to preliminary results obtained in this project were provided
during the Biomedical Engineering Society 2021 Annual Meeting (October 6-9, 2021,
Orlando, FL) by R. Chontos and the American Society of Mechanical Engineers (ASME)
International Design Engineering Technical Conferences and Computers and Information
in Engineering Conference (August 14 — 17, 2022, St. Louis, MO) by Dr. C. Untaroiu.

e One journal paper was accepted to be published in the ASME Journal of Biomedical
Engineering [29], and two other journal manuscripts [14] are under review.

Data Products
The data products uploaded to the Safe-D collection on the VTTI Dataverse as a part of this project
are available on the at and listed below.

e The HIII standing (rider) model developed by LSTC-Ansys and calibrated by Virginia
Tech during this project.
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https://safed.vtti.vt.edu/projects/simulation-based-approach-to-investigate-the-electric-scooter-rider-protection-during-traffic-accidents-a-step-forward-for-safer-e-scooters-and-for-standardized-national-safety-policies/
https://dataverse.vtti.vt.edu/dataset.xhtml?persistentId=doi:10.15787/VTT1/GEZTAD
https://dataverse.vtti.vt.edu/dataset.xhtml?persistentId=doi:10.15787/VTT1/GEZTAD
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Appendix. Additional Result Tables for E-scooter

Stopper Impacts/Injury

Table 3. DOE Results — E-scooter Stopper Impacts/Probability of Serious Injury: Whole Body and Regional

Injuries
Case Approach Stopper Velocity RIM HIC Nij Chest | Femur
angle height (m/s)
(mm)
1 90 52 3.20 0.496 0.173 0.271 0.152 0.014
2 60 52 3.20 0.961 0.946 0.257 0.001 0.02
3 45 52 3.20 0.974 0.97 0.117 0.001 0.024
4 30 52 3.20 0.08 0 0.063 0 0.018
5 90 101 3.20 0.86 0.782 0.33 0.026 0.015
6 60 101 3.20 0.645 0.426 0.368 0.003 0.018
7 45 101 3.20 0.145 0.001 0.124 0.001 0.022
8 30 101 3.20 0.101 0 0.081 0 0.019
9 90 152 3.20 1 0.999 0.645 0.149 0.015
10 60 152 3.20 0.083 0 0.066 0 0.018
11 45 152 3.20 0.112 0 0.091 0 0.023
12 30 152 3.20 0.087 0 0.07 0 0.017
13 90 52 4.48 0.772 0.995 0.461 0.112 0.014
14 60 52 4.48 0.738 0.165 0.667 0.004 0.054
15 45 52 4.48 0.451 0.177 0.323 0.001 0.014
16 30 52 4.48 0.815 0.343 0.661 0.136 0.041
17 90 101 4.48 1 1 0.379 0.295 0.024
18 60 101 4.48 0.348 0.22 0.142 0.001 0.024
19 45 101 4.48 0.7 0.545 0.326 0.003 0.018
20 30 101 4.48 0.975 0.961 0.354 0.002 0.035
21 90 152 4.48 0.966 0.67 0.845 0.328 0.028
22 60 152 4.48 0.088 0 0.071 0 0.018
23 45 152 4.48 0.111 0 0.09 0 0.022
24 30 152 4.48 0.09 0 0.073 0 0.019
25 90 52 11.16 1 1 0.499 0.176 0.036
26 60 52 11.16 1 0.999 0.234 0.001 0.022
27 45 52 11.16 0.087 0 0.07 0 0.018
28 30 52 11.16 0.109 0 0.086 0 0.025
29 90 101 11.16 1 0.999 0.967 0.001 0.029
30 60 101 11.16 0.999 0.994 0.813 0 0.036
31 45 101 11.16 0.122 0 0.105 0 0.019
32 30 101 11.16 0.108 0 0.093 0 0.016
33 90 152 11.16 0.999 0.97 0.94 0.216 0.025
34 60 152 11.16 0.249 0.156 0.092 0 0.021
35 45 152 11.16 0.086 0 0.072 0 0.015
36 30 152 11.16 0.093 0 0.072 0.001 0.217
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Table 4. E-scooter Stopper Impacts/Risk of Serious Injury for Head-on Impact Simulations

Arm RIM | HIC | Nij Chest | Femur

Activation
Case | No 049 0.17 | 0.27 0.15 0.01
(90°,52 mm, 3.2 m/s) Yes 0.88 0.85 | 0.16 [ 0.001 0.01
Case IT | No 086 078 | 0.33 0.03 0.01
(90°,101 mm, 3.2 m/s) Yes 0.12 0] 0.09] 0.001 0.03
Case IIT | No 1 099 | 0.64 0.15 0.01
(90°,152 mm, 3.2 m/s) Yes 080 0.75| 0.20 0 0.02
Case IV | No 0.771 051 046 0.11 0.01
(90°,52 mm, 4.48 m/s) Yes 0.91 0.84 [ 0.28 0.24 0.03
Case V | No 1 1| 037 0.295 0.02
(90°,101 mm, 4.48 m/s) Yes 0.76 | 0.68 | 0.24 0.01 0.04
Case VI | No 096 | 0.67| 0.84 0.33 0.03
(90°,152 mm, 4.48 m/s) Yes 0.93 0.89 [ 042 0.01 0.02
Case VII | No 1 1 0.49 0.17 0.04
(90°,52mm,11.2 m/s) Yes 1 1| 048 0.26 0.03
Case VIII | No 1 099 096 0.001 0.03
(90°,101 mm, 11.2 m/s) Yes 0.84 1 0.18| 0.80| 0.002 0.03
Case IX | No 099 097 094 0.22 0.03
(90°,152 mm, 11.2 m/s) Yes 0.43 1 0.003 [ 0.40 0.02 0.03

Table 5. E-scooter Stopper Impacts/Correlation Coefficients between Impact Speed and Injury Risk (No Arm
Activation Cases)

RIM HIC Nij Chest | Femur
Case A (90°,52 mm) 0.91 0.96 0.74 0.68 0.99
Case B (60° 52 mm) 0.49 0.41 -0.40 -0.50 -0.31
Case C (45° 52 mm) -0.89 -0.75 -0.52 -0.99 -0.29
Case D (30°,52 mm) -0.33 -0.36 -0.33 -0.36 -0.05
Case E (90°,101 mm) 0.62 0.62 0.99 -0.43 0.88
Case F (60°,101 mm) 0.81 0.92 0.88 -0.78 0.98
Case G (45°,101 mm) -0.40 -0.36 -0.43 -0.49 -0.49
Case H (30°,101 mm) -0.36 -0.36 -0.34 -0.29 -0.46
Case I (90°,152 mm) 0.34 0.29 0.84 0.01 0.43
Case J (60° 152 mm) 0.99 0.99 1 0.98 1
Case K (45°,152 mm) -0.99 0.98 -0.99 0.93 -0.99
Case L (30°,152 mm) 0.88 0.98 0.31 0.99 0.99
Overall -0.03 | 0.066 | 0.121 -0.06 0.263
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