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ABSTRACT

E-scooters have becoman increasingly popular mode of transportation over the recent years, with many
companies offering sharedscooter fleets which are a very convenient micromobility option for a large
demographic of users. However, with the increase-scooter use, there has been a corresponding rise
in e-scooter crashes, injuries, and safety critical events. Asoeters are easily accessible by most
members of the public, there is a large variation in both proper riding techniques and knowlédge o
policies and regulations across users. Until recently, very little formal research has been conducted on the
safety of escooters, and if left unaddressed;seooters may not continue to serve as a legitimate
transportation method. The goal of this dist#ion is to improve the safety of-ecooters for all riders, as

well as other road users, through several approaches. The first dElgpoter Safety Assessment and
Campus Deployment Plannjngorked to understand the contributing factors to safetytical events
involving escooters and identify effective policies and procedures for promoting safeoeter use
through naturalistic data collection. During this study, it was discovered thatoeter design may
contribute to safety, which led to the send studyEScooter DesigiiPerformance and Safety Evaluation
During this effort, the relationship betweenseooter design, rider factors, and road infrastructure was
evaluated through controlled benchmark testing to identify design features with teatgst safety
benefits. As the results from these two studies helped to determine vehicle, road, and policy
countermeasures, the final step was to tackle safety from the perspective ofseeaer user. From the
E-Scooter Desigstudy, it was observedhtt rider performance is highly dependent upon previous
experience and general physical skill, and therefore, it was decided that the best way to assist riders is
through education and training. The final studgvelopment of Training for&cooter Ridersaimed to
develop an effective set of training materials for riders throungivice riderfocus group feedback and
riding datacollection The results from these three studies have led to a detailed set of recommendations
for improving escooter safety thacan be implemented by policymakers ang@oter companiedNith
adoption,| believe these recommendations will reduce tinequencyof e-scooter crashes, injuries, and
safety concernsnablinge-scooters toserveas a safe and effective micromobilitylstion.
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GENERAL AUDIENCE ABSTRACT

Hectric scooters or escooters,have become an increasingly popular form of transportation over the
recent yearsHowever, there have been numerous reports of safety concerns, crashes, and injuries for e
scooter riders and otheroad users as a result ofseooter misuse. Until recently, very little formal
research has been conducted on the safety of thisromobility solution. This dissertatiahescribes a
series of studies that have investigated the contributing factorssadety concerns anddentified
countermeasures such as policy recommendations, desiggtimization and training that can be
implemented with an end goal of improvingseooter safety.
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Chapter lintroduction

History and Current State

Electric scooters, or-scooters, are twewheeled scooters powered by electric motors which users
typically stand on to ride. While privately owneeseooters have been around earlier, in late 2017 many
companies started releasing fleets of shared scooters in cities for use by the public. In these new systems,
all that is needed to rent an-scooter is to be above the required age specified by the local governing
body and to have access to the smartphone appesponding to the scooter brand. Largely due to their
convenience, escooters have become an increasingly popular transportation option in the recent years,
serving as a micromobility solution for first and last mile transportation and short distaipse tn
addition to their accessibility, there are many advantages associated witb@ter use, such as reducing
carbon emissions and providing an affordable transportation option for a large demographic of users.
Since their introduction in 2017, scastshare has overtaken bikeshare as the most popular form of
micromobility, increasing the total number of shared micrmobility trips from 35 million in 2017 to 84
million in 2018 and accounting for 86 million trips in 2019 (NATCO, E@fi0el).
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Figurel. Shared micromobility use from 2012019. (Source: NATCO, 2020)

Bird was the first company to deploy a fleetsbfared scooters, starting in Santa Monica, CA, with other
companies such as Spin, Lime, and Skip following shortly after (DuPuis, Griess, & Klein, 2019). In these
early deployments, most companies deployed thesiceoter fleets in cities without askingrfpermission

first (DuPuis, Griess, & Klein, 2019). Local governments had varying reactions to the unexpected
deployments; for instance, New York City limited operation until regulations were established, and
Milwaukee, WI, impounded scooters and took Iegetion against the companies (DuPuis, Griess, & Klein,
2019). Conversely, some companies chose to work with cities prior to launching to avoid being issued any
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ceaseanddesist letters, including Spin, Skip, and GOAT. This strategy put Hseseter veadors in a
cooperative rather than adversarial relationship with the cities while also allowing cities and companies
to work together on adapting the legal framework to accommodate this new form of transport (Anderson
Hall et al., 2019).

A number of citieslecided to run pilot programs to work on rules and regulations in cooperation with e
scooter companies. These typically consist of companies submitting formal requests for proposals so that
the cities and the company can work together to establish ruled eegulations (NATCO, 2020).
Washington, D.C. ran a pilot program for sigceoter companies, and after a scoctetated fatality
occurred in September 2018, the District passed regulations that required companies to apply to release
scooters in the Dtdct and limited the number of scooters per provider as well as their travel speed
(DuPuis, Griess, & Klein, 2019). A pilot study in Portland, OR, showed a collaboration between the Portland
Bureau of Transportation andscooter companies to best incorgade scooters into the city. In the 120

day pilot program, there were 700,369 total trips (Eudaly et al., 2019), indicating that scooters were a
popular form of transportation.

More recently, the coronavirus has affected the use of micromobility solutiien the World Health
Organization first declared coronavirus a pandemic in March 2020, the use of micromobility increased due
to people choosing to avoid mass transit and seek alternative modes of transportation (Fischer, 2020).
However, as lockdowns amdandatory shelteiin-place orders began, the use of micromobility solutions
decreased, in part due to companies shutting down their services (Fischer, 2020). As cities began to
reopen, there have been reports of increased micromobility use, as well ieassd trip lengths, due to

the continued need to practice social distancing during the pandemic (Fischer, 2020). Despite the slight
dip in service during 2020, as of August 2021, there were 250 dockEs®oter systems operating in

cities across the U.8Bureau of Transportation Statistics, 20E{yure2). These trends seem to indicate

that micromobility will take on a larger role in the future.

Figure 4: Growth in Dockless Bikeshare and e-Scooter
Systems
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Figure2. Bikeshare and &cooter systems in the U.S. (SourtkS. Department of TransportatiolBureau of
Transportation Statistics, 2020)
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E-Scooter Use, Rider Demographics, and Trip Patterns

To use an &cooter, riders must have the corresponding scooter service mobile application. These
applications are useful in that they allow riders to locatsceoters in their general area. After an e
scooter has been located, the mobile device and agfitbn is used to scan a quick response (QR) code

for unlocking the scooter. Typical shared@oters cost $1.00 to unlock and between $0.15 to $0.39 per
minute to use (Riggs & Kawashima, 2020; Choron & Sakran, 2019). At the end of the ride, users are
required to leave the escooter in a location designated by the company through either the application or

by physical road markings, and some companies require users to take a picture of where they left the e
scooter as proof of proper parkingéhavioral Triic Safety Cooperative Research Program, 2022

E-scooter users comprise approximately 7% of the population (Populus, 2018), and typically consist of
more frequent male riders than female riders (NATCO, 2020; Sanders et al., 2020). Rider age is usually
between 18 and 34 (Denver Public Works, 2019; Glenn et al., 2020), indicatingdbabters are more

popular for younger populations. Mostsooter users ride infrequently, and a large percentage have
ridden only once as found in a survey conducted byQ@itg of Chicago (2020). This was seen to vary by
location, with some cities having larger populations of daily or weekly riders (Young et al., 2019). While
more frequent riders have more positive perceptions of the benefits-ef@oters, they also had me

negative perceptions on-scooter safety (Sanders et al., 2020).

Trip patterns are fairly consistent across locations, with most occurring in the afternoons after work on
weekdays as well as weekends starting late in the morning and lasting untileeariing (Chang et al.,
2019). The pilot study in Portland found that 19% of the trips occurred between 3 p.m. and 6 p.m. on
weekdays and 10% of which occurred on the weekend between 2 p.m. and 5 p.m. (Eudaly et al., 2019).
Ridership was seen to be the héegt during the summer and the lowest during the winter (Portland
Bureau of Transportation and Alta Planning & Design, 2020), possibly indicating-gsbabters are
commonly used for fun rather than commuting purposes. Several surveys have also shogvadbaters

most commonly serve to replace lewarbon modes of transportation such as walking and bicycling but

do also serve to replace car trips (Chang et al., 2019).

Safety Concerns, Crashes, and Injuries

With the increase in-scooter use, safety conaes, crashes, and injuries have also been on the rise. To
better understand perceptions of safety, injury patterns, and precipitating eventssgbeter crashes,
the following sections cover previousseooter reviews and articles which have reported saf@incerns

and injuries caused bygcooters.

Several studies have investigated the perceived safety and risksobaters, and some of the main
concerns reported by users or potential users were either hitting someone or being hit, being unsteady
andfalling or losing control, and not having a safe place to ride (Sanders et al., 2020). As many cities do
not allow sidewalk riding to protect pedestriansseooter riders are required to either ride in the street

or use a bike lane if available, and riglinear automotive traffic has been a major deterring factor for
potential users when considering renting ars@oter (Pimentel and Lowry, 2020). The presence of bike
lanes was reported to contribute to increased perceptions of safety, especially wherikindanes are
protected (NATCO, 2020). Other road users, such as pedestrians and vehicle drivers, have also reported
feeling unsafe around-scooter riders due to previous experiences (James et al., 2019). Women had less
favorable perceptions of-scootersafety than men due to worries about hitting someone, being hit by an
e-scooter, or falling (Sanders et al., 2020).



From 2017 through 2021, there have been an estimated 117,600 emergency department visits for e
scooter related injuries in the U.S, andkawg at it per year, emergency department visits increased from
7,700 in 2017 to 42,200 in 2021 (Consumer Product Safety Commission, 2022). Retrospective chart
reviews have been used to gain an understanding of the injury patterns and contributing factors
associated with escooter crashes. One study found that between 2014 and 20%8peter injuries and
hospital admissions in the U.S. increased by 222% and 365%, respectively, and that the-satecdéie
crashes increased from 6 per 100,000 trips top&® 100,000 trips (Fischer, 2020). One injury has been
reported to occur for every 5,000-&ooter trips according to the Center for Disease Control and
Prevention (CDC) (Ferri, 2019). A retrospective cohort medical record review study in Southernigaliforn
conducted by the University of California, Los Angeles (UCLA) monitored two emergency departments for
a oneyear period and found that there were 249 emergency visits fec@oter users compared to 195

visits for bicyclists and 181 visits for pedestagTrivedet al,, 2019).

Studies have shown that men are more likely to be injured while ridingsmoeter than women and that

most injuries occur for riders that are under the age of 40, whichliaénwith ridership trends (Dwyer et

al.,, 2021). Dgste the minimum age requirement to ride a sharegeooter, there have been several
reports of injured riders under the age of 18 (Shah et al., 2021). These trends are seen in a study that
analyzed operative orthopedic injuries resulting fromaoter ug in Santa Monica, CA from September
2017 to August 2019. Of the injured riders, there were 37 male patients and 36 female patients, typically
young and healthy, with a mean age of 35.4 years (range of 14 to 74 years) with 4 patients under the age
of 18 Figure3; Ishmaelet al., 2020). Similarly, in the UCLA study, of the 249 patients that visited the
emergency department, 145 were male and 104 were fienand the mean age was 33.7 years (range of

8 to 89 years) with 27 patients under the age of 18 (Trivedi et al., 2019).

Operative E-Scooter Injuries by Patient Age
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Figure3. Escooter crashes grouped by patient age range (Source: Ishmael et al., 2020).

Across most stude head and upper extremity injuries are the most common injury locations with
fractures and dislocations being the most common injury type (Aizpuru et al., 2019). However, other
studies have found that soft tissue injuries, including abrasions, lacesatimmatomas, and contusions,

were more common, especially given that they are not mutually exclusive with the orthopedic injuries
(DiMaggio et al., 2019). When looking at injury severity, mestater emergency department visits are

due to minor injuries with low Injury Severity Scores (ISS) and Abbreviated Injury Scale (AIS) scores and
do not meet the threshold to result in hospital admission, but some users are admitted for more serious
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injuries, such as 6% from the UCLA study (Triateali, 2019). ldad injuries typically comprised the high
severity injuries, and significant increases in traumatic brain injuries and fractures resulting$couater

use have been observed over the recent years (Farley et al., 2020). The injuries seen during the UCLA
study consisted of 79 fractures, 100 head injuries, and 69 contusions, sprains, or lacerations (Trivedi et al.,
2019). During the 24nonth study in Santa Monica, 73 patients had 75 orthopedic injuries with 26 of the
patients being injured in July and Aug(shmael et al., 2020), corresponding to the increasedaoter

use in the summer months. Of the 75 injuries (as two riders had multiple injuries), 21% were knee injuries
and 13% were elbow injures. A summary of the injuries from this study is shdvigure4.
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Figure4. Anatomic location of injuries resulting from-scooter crashes (Source: Ishmael et al., 2020).

When looking at the characteristics of-&ooter crashes and injuries, most crashes only involve the e
scooter, such that the rider fell. The UCLA study found that the common mechanisms of injuries were due
to falls (183), collisions with another object (25), omuoghit by a moving vehicle or object (20) (Trivedi et

al., 2019). In the study in Santa Monica, eight of the riders were struck by automobiles, and 65 were
individuals who had incurred falls (Ishmael et al., 2020). Only about 16% of injuries involvedra mot
vehicle in the Austin study, 6% of which were due to riders performing an evasive maneuver that resulted
in a fall City of Austin2019). Studies in Washington, D.C., San Francisco, and Portland have also all found
that most reported crashes and injes were due to falls caused by features of the roadway (Cicchino et
al., 2020; Vision Zero San Francisco Injury Prevention Research Collaborative, 2019; Eudaly et al., 2019). A
study in Austin reported that curbs and stationary objects such as light pakksnanhole covers were

the cause of the crasiC{ty of Austin2019). Surface conditions have also been reported to contribute to
crashes, with interviewed riders from Austin and Washington, D.C. claiming the cause of their crash was
due to poor roadway anditions such as potholes, cracks, and uneven surfacig ¢f Austin2019;
Cicchino et al., 2020). Additionally, many injured riders said that excessive speed had led to th@ityrash (

of Austin 2019). This result may relate teseooter users feelmthe need to get to their destination as



quickly as possible due to the cost per minuBelfjavioral Traffic Safety Cooperative Research Program,
2022). Vehicle issues or malfunctions have also been seen to contribute to betwe20?4®f reported
crashesn several studies (Santacreu et al., 2020; Cicchino et al., 2020). Specifically;dieait ifollow

up study conducted by the Consumer Product Safety Commission (CPSC), of 48 incidents involving e
scooters, brake issues were the reported cause fasd@irencegConsumer Product Safety Commission,
2022).

Whileit is difficult to tell exactly which crash modes resulted in which injutiesto many injuries reports
being anecdotalacrash tesistudy by Como et al. (2022) was conducted thegdanthropomorphic test
device (ATD) ridett® gain some insighfThe testing utilized an indoor pneumatic sled with an approach
rail and wirebending deceleration systenThe sled was accelerated to 16 m@nd the preimpact
braking systenof the sledwastriggeredto allow the escooter to release prior to impacting the target
obstacle.The ATD and-scooter were instrumented, additionalide rails andin overhead gantry wre
used to support the ATand @meras were used to record thevent. The three tests conducted were
curb impact testing, pedestrian impact testing, and vehicle impact tediingng curb impact strikes, the
ATDwould commonly move forward into thetem of the handlebars and then be peoted over the
handlebars which would very likely result ia head or uppeextremity orthopedic injury as well as
lacerations and contusionBuring pedestrian impacts, th&TD did not traveds fardue to contacting the
pedestrian, and potential injugs were unclear. The vehicle testried based upon theonfiguration but
impacts with the front of the vehicle typically resulted in the ATD being projected onto the hood and into
the windshieldwhich would also result in head injuries, upper extrenmityiries, and potentially lower
extremity injuries due to théeight of the front of the car. Additional work still remains to be done with
linking crash mechanisms to injuries, but this study did help to provide an initial foundation

E-scooter crashes @ur in varying locations that depend on where thesaoters are allowed to be
operated. A study by the Austin Public Health department found that 55% occurred in the street and 33%
on the sidewalks, while a study in Washington, D.C. found that 58% déimsioccurred on sidewalks

with only 23% occurring in the roa@dhavioral Traffic Safety Cooperative Research Program).2022
These results confirm the concerns bgaoter users who do not prefer sidewalk riding but also do not
want to ride in thestreet when bicycle infrastructure is lacking.

Rider factors, such as helmet use, intoxication, and aggressive riding or traffic violations, also contribute
to the crashes and injuries. Despite how helmets are known to reduce the severity of head injseies,

has been seen to range from 0 to 9% in 15 separate stu@iebayioral Traffic Safety Cooperative
Research Program, 20R2nd injured escooter riders also were seen to wear helmets much less than
injured bicyclists, resulting in them being three ésmore likely to incur a concussion (Cicchino et al.,
2020). In the UCLA study, of the 249 riders, only 10 had been wearing helmets, and 12 had been
intoxicated while operating the -scooter (Trivedi et al., 2019). The UCitAdy also includedpublic
obseavations 0f193 additional escooterriders Ofthoseobserved, 182 were not using helmets, 18 were

not complying with traffic laws, 15 had multiple riders, and 51 were riding scooters on the sigewilk

is not allowed in California (Trivedi et al. 120.Holding items while riding was also seen to result in 26%

of the incidents that were investigated by the CPSC (Consumer Product Safety Commission, 2022). The
Austin Public Health Department also found that 29% of riders had consumed alcohol iriherd prior

to the incident City of Austin2019) and several other studies that analyzed toxicology results found that

a high percentage of injured-gooter riders were intoxicated (Kobayashi et al., 20T8)s shows the



need to either improve the publ O Q& dzy R S Ns&dbteryuRed of HavestFicteSenforcements for
improper use.

There are no clear trends on peak times of the day and week whsto@ter injuries occur due to
differences in hours of operation between cities. Most cities that oldwariding during the daytime saw
injuries most frequently occurring on weekends whesceoter use was the highestify of Austin2019;
Cicchino et al., 2020). A few studies have also shown that a large proportion of injuries occurred overnight
or while it was difficult to seeQity of Austin 2019; Consumer Product Safety Commission, 2022).
Additional research into night riding might be warranted.

From 2017 to 2021, there have been 68 reported scootéated fatalities in the U.S., 14 of which have
been confirmed to be associated with dockless scooter rentals (Consumer Product Safety Commission,
2022). Fiftyfive of those fatally injured were male, seven were female, six were unknown, and the ages
ranged from under 18 to over 60 with 44 being betweba ages of 18 and 59 (Consumer Product Safety
Commission, 2022). Fortine of the fatalities involved a motor vehicle (Consumer Product Safety
Commission, 2022), which is also in line with the findings from a study conducted by the International
TransportForum (ITF) which reported that 80% of fatalities feaceoter or bicycle riders involve a motor
vehicle (Santacreu et al., 2020). This is very likely due to the lack of occupant protection provided for these
vulnerable road users. Mostsooter fatalites have also occurred during hours of darkness (Santacreu

et al., 2020; Dwyer et al., 2021).

E-scooter riders are not the only ones being injured as a resultszioeter use. There have been reports

of crashes involving pedestrians due to impropesceder use on the sidewalk in several cities running

pilot programs such as San Francisco, Portland, Washington, D.C., and Chicago (Vision Zero San Francisco
Injury Prevention Research Collaborative, 2019; Eudaly et al., 2019; Cicchino et al., 2020;h@iagof C

2020). In the Santa Monica study, 2 of the 73 injured {3g@oters were pedestrians struck byseooter

riders (Ishmael et al., 2020), and from the UCLA study, there were 2fideys who sustained injuries

(Trivedi et al., 2019). Additionallynmproper escooter parking has caused not only nuisance issues for
pedestrians and other road users by blocking the way but also by being a fall hazard, especially for groups
with disabilities (Blomberg et al., 2019; Trivedi et al., 2019).

Unfortunately, escooter injuries are not tracked very well so it can be difficult to get a full picture of what
injuries are occurring. Two reasons for this problem are either underreporting due to a crash not being
reported to the police or not being severe enough, osctassification of the crash since medical centers
do not have a clear code for injuries involvingaoters (Goodman et al., 2019). This is something that
cities such as Charlotte are working on with their police and health departments to improve thitga

and sharing of crash and injury data (Goodman et al., 2019). By using Society of Automotive Engineers
(SAE) J3194 Taxonomy and Classification of Powered Micromobility Vehicles, as well as American
National Standards Institute (ANSI) D16-$ceotas and othempersonal transportatiorevices are being
defined, which should help authorities properly report crashes and injuries (Fischer, 2020). Additionally,
the National Center for Health Statistics has approved newlEOM (International Classifiten of
Diseases, 10th Revision, Clinical Modificatexigrnal cause codes, which will begin to be put into use in
October 2020 to help health care practitioners differentip¥sonal transportation devidajuries by the
device and the cause (Fisch220).



Gaps in Safety

Safety concerns, crashes, anjlries resulting from ecooteruseare becoming a major problem in cities

across the United States. Aseooters are a relatively new form of transportation, limited formal research

has been conductedntil recently and there remains much room for increasing the body of knowledge

on escooter safetyToidentify areas where @ 022 1 SNJ a4l FSieé OFy 06S AYLINROSH
dzi At AT SR® | LINBZA2dza | I RR2y Qa YdtdMaseoot&rN@bled) SR F2 NJ
Aspects that are not relevant to-gcooters are eliminated with a strikethroughnduse of a helmet and

protective gear was an addition.

Tablel. Haddon's Matrix for EScooters.

Factors Affecting System Component
Road User Vehicle Environment Policy and

Organizational
Change
PreCrash | Crash Licensing Inspectionand Riding Location Standard
Prevention | Training DesignGrash Design/LayoutRoad Features,
Education, Aveidance Featuredinfrastructure, | Policies/Laws
Enforcement and| SystemsAlert Separation from other
Driver State Systems Road Users, Speed
Crash Injury Use-of Restrainis Occupant Crash-Absorption Mandatory
Prevention = Use of Helmet Restraints-Air BarriersBreakaway Features
and and Protective BagsCrash Poles Elimination of
Reduction of Gear, Absorption, Hazards
Injury Impairment Safey Class,
Severity Paddednteriors
Post Injury Medical Ease-of Rescue Facilities, Response
Crash Treatment, | Treatment and Extraction Fire Evacuation Lanes, Policies/Laws
Life Evacuation Prevention Traffic Control
Preservation Procedures
ra Oy 068 4SSy FTNRBY (KS I IRR2YyQ& YIGNREZ Ylye O0O2d

e-scooters althoughsome are not applicabl€or instanceunlike motor vehicles,-scooter riders are not
required totake a formal education course and pass an evaluation to obtain a licensiee current
scootersharesystemsaside from providing identification that verifies that the user is the legal agpe to
operating the escooter,the education that escooter riders receives the training throughn-app safety
instructions that they review prior to renting anseooter. However, given tHarge number of reports of
misuse it is possible that these matals need improvement-ormal education or training could be an
option, but one of the main attractions of-ecooters is their convenience, and therefore incorporating a
formal course in the current system is a difficult countermeasure to implement macipal mannerk
scooters do not offer restraints for riderand while escooter users are encouraged to wear helmets and
other protective gear, these are not included with most sharesteoters. Laws and policies requiring
helmet use are not consistéand there is very little enforcemenbesign standards for-gcooters have
recently been introduced by SABEiIt e-scooter providers continue tadvancenew designs and it is
unclear if their compatibility with theealworld riding environmenhas beertested orisfully understood

by users as well as if true riding behaviors have been taken into consideraipthe current state, e
scooter technologies do not include crash avoidance systems, and alert systems are slowly being
introduced.Due to the @sign of the escooter,other crash mitigators such as air bags are not currently
possible at this timeThe number ofeports ofsurface conditions and features contributing ccashes
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and injuries indicates thahe interaction ofroad features and infratructure with the escooter needs to

be better understoodAs there have been reported collisions eé@oter riders with pedestrians and
other road userscities need to continue to work on identifying and clearly communicating where e
scooters should be operatedEscooters are not designed to withstand crashes and therefore road
features are not designed for crasbmpatibility, but cities could work toamove hazards that contribute

to crashes and injurie®olicies, laws, and standardee behinddue to the unexpected introduction of e
scooters to the public buare slowly béeng developedwith assistance from theilot programs held
between cities and mviders However, inconsistencies between locations can cause confusion for users.

The areas that | believe to provide the greatest and most practical opportunities for improgowpeer
safety areprovidingdeployment and policy recommendationsyaluaing the relationship between e
scooter design, rider factors, and road infrastructure to identify design features with the greatest safety
benefits,and improving rider education on safe riding techniques. The goals of this dissertation are to
expand uporthe current state of knowledge for-gcooters and improve the safety ofseooters. This
includes the following items:

- Suggestinghe best practices and methods for studyingaoter safety

- Identifying specific factors that contribute to safety concerns

- Recommending deployment policy changes to address safety concerns

- Developing reliable test methods and metrics for evaluatirsg@oter performance and safety
- Making recommendations for the optimal design ef@oters

- Studying rider factors that affect prmance and safety

- Proposingsafety trainingnaterialsto improve rider education angromote safe riding

To effectively implementhese goalsand work towards improving-scooter safetythe van Mechelen
(1992) injury prevention model was utilizedtims dissertation, which can be seerFigure5.

(2) Establish the

(1) Establish the etiology and
extent of the injury mechanisms of the
problem/safety i

concern

concerns

Figureb. Injury prevention model adapted from van Mechelen (1992).

Numerous media reports of safety concerasd injuriesrelated to escooter usehave highlighted that
there is a safety issue that needs to be addressed. To heEgablishingthe causes of theseagety
concernsthe previous literaturaeviewhas been conducted. While this has provided some initial insight
to the problem much ofthis information has beercollected fromanecdotalreports of safety concerns,
crashes, and injuriesvhichare unable to capture the full context of the inciden®o better understand
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the mechanisms and contributing factots e-scooter crashesral injuries, a naturalistic study ahe
campus ofthe Virginia Polytechnic Institute and State University (Virginia Teels) conductedThe
Virginia Tech Transportation Instituté{T) specializes in naturalistic driving studies in which a vehicle is
instrumented with a data acquisition system (DAB)hich a user canperatethe vehicleundernormal
conditions. This norinvasive method allows for the collection of unbiased data which captures true
driving behaviorsTheE-Scooter Safety Assessment &ampus Deployment Plannistydy, described in
chapter 2 utilized this technique through a research program in which a fleet of instrumertscbeters

was deployed on the Virginia Tech campus to collect naturalistic riding data. The results of this study
helped to inform us of the safety concerns associated withc@oter use. TheeScooter Design:
Performance and Safety Evaluatistudy, described in chapter 3nvestigated the issues of the riding
environment and the design of the-seooter through a aatrolled participant study. In this study,
participants rode multiple ecooter models with various designs and features through a series of
benchmarktests that included the specific infrastructure factors that were observed to contribute to
safety concems. The results of this study allowed us to further understand road factors that are
incompatible with escooters, as well as to identify the optimaseooter design. Additionally, rider factors
such as age, gender, experience, posture, and strategy stedéed to understand their relation to riding
performance and safety. In tHeevelopment of Training for&cooter Riderstudy,described in chapter

4, a participant focus group studyas conducted to compare various training methods and identify
solutions that are effective in reducing safety concerns caused by-8weter rider. Additionally, novice
rider behaviomwasstudied. The results from these three studaas be used to provide recommendations
described in chapter 8p cities, policymakersand escooterproviderswhich can be implementednd
evaluatedin future deployments. Ultimately, the goal of this dissertation is to improgeaoter safety

by reducing crash and injury rates and safety concerns through the incorporatitime atlentified
countermeasured believe that future investigations will find that these measures can help to improve e
scooter safety
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Chapter 2: E5cooter Safety Assessment and Campus Deployment
Planning Study

Abstract

E-scooters are a popular new secefor short distance tripsbut there are reports of safety concerns for
riders and other users of rights of wayntil recently, iktle formal research has been conducted on e
scooter safety or the optimal deploymestrategyto decrease nuisance isssiereated by this mode of
transportation To address thishe Virginia Tech Transportation InstitudéTT) and Spin deployed a fleet

of e-scooters on the VirginiRolytechnic Institute and State University (Virginia Teampus through an
exclusive, comolled research program. Through @gooter data acquisition systems, fixed infrastructure
cameras, anecdotal injury reports, and surveys, data was collected to assess safety impact as well as to
understand beneficial and problematic user behaviors antepas for subsequent countermeasure
development and deployment recommendations. Overalgceoters were viewed favorably by the
community. Throughout the deployment there was a crash rate of pe94L00 tripsand an injury rate of

3 per 10000trips. The most common conflict type for crashes and nemshes was a simple faler or

bailout (67%), followed by an impact with an infrastructure element (25%). Group riding, aggressive riding,
trick riding, and excessive speed were major contributing factdrhile 99% of riders did not wear
helmets, 86% did follow parking policies. These results can be used to inform future design and policy
mitigation strategies.

Introduction

E-scooters have become a highly used micromobiligolution for providing first am lastmile
transportation andit has been seen that they have tipetential to replaceshort-distancecar trips and

make transit more palatable. According to a survey of 7,000 people in six major cities wéeeters

have been deployed, 70% of survpwrticipants viewed scooters positively (Richter, 2018). In San
Francisco, for example, in the first 30 days efceoter deployment, 1,600 scooters were deployed
resulting in 95,000 rides by 32,000 different people (Richter, 2018cobters are a legitiate
transportation option with dockless operation that support last mile transportation and are replacing car
trips, resulting in benefits such as increased car parking availability and reduction in carbon. According to
the U.S Department ofTransportation short trips make up the majority of trips taken with almost 60%

of trips taken in 2017 consisting of less than six mil&S. Deartment of Transportation, 2018 hese
statistics show that cooters are a viable option f@rdzNJ O2 dzy 4 NBE Q& OdzNNBy & (NI yal
likely to be deployed in more and more communities over time.

In addition to all the benefits of-scooters, there are also many negatives associated wihoeter
deployments. There are reports of safetoncerns for riders and other users of rights of way in areas
where escooters are already deployed. According to a JAMA study in Southern California that monitored
UCLA and the UCLA Santa Monica ER for -geareperiod, there were 249 ER visits forateo users as
compared to 195 visits for bicyclists and 181 visits for pedestrians (Teivaldi2019). Among the scooter
visits, most were due to minor injuries but 6% were admitted for more serious injuries (Teivad;

2019). Until recently, ery little formal research has been conducted on the safety of this form of
transportation as well as the optimal approach to deployment to decrease nuisance issues.

To first get a better understanding of the safety concerns associated veito@ter use, outeam at VTTI,
Ay O2ttF02NXdA2y 6AGK {LAYZ RSOARSR (2 O2yRdzOG |
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During this effort, a fleet of up to 300 shareeseooters were deployed for approximately seven months
between September 2019 and Mar2020. On average Spin deployed between-280 escooters, and

a subset of 3 of these escooters were instrumented witmicro data acquisition systems (mi€¥4Sk
that collected naturalistic riding data through an inertial measurement unit (IMU), GPSoamalrd

JARS2d CAESR OARS2 OIFIYSNlIa ¢SNB Ifaz2z adNIGSarolft

campus to capture interactions between road users, and subjectivegme postdeployment surveys

were administered. Data was also collected2ttiza K { LAY Q& a Yl NI LK2Yy S - LILX A Ol

identified injury reports were shared from thérginia Tech Police Departmeanidthe healh center on
+ANBAYAlI ¢SOKQa OF YLWza®d ¢KS RFEGF O2ftfSOGAmRY | YR
with a change in scooter model. Phase 1 occurred between September 2019 and November 2019,
during which the Segway Ninebot ES4ceoter model was deployed. Phase 2 occurred between
November 2019, and March 2020, during which the Segway Ninebot fdesater model was deployed.

The end goal of this study was to identify safety concerns and recommend deployment policies.

As this was a largscale complexstudy, a sizable project team was required to ensure its smooth
operation and to tackle the diffent aspectof the study.While | did not serve as the lead researcher, |
was a key team member with core contributiasigch as instrumentatioand maintenancef the scooter
microDASsdevelopment of the reduction protocolend sampling plansdata redution and analysis
literature review,and final reportingl worked closely with the full team to ensure this indusfmpded

work fully informed the remainder of my research and led to the subsequent studies in which | did serve
as the lead researcheroTapture the full essence of theaturalisticstudy, all components havieeen
conciselyincluded in this chaptewith appropriate attributes documented at its conclusion

The following sections include a literature review on current deploynpetities and regulations as well
as the methods and results from the study.

Literature Review:-BEcooter Policies

E-scooters are a relatively new mode of transportation, and therefore policies regarding proper use are
not well established. A quick literatel review was conducted to understand how cities are currently
handling the deployments and to compare policies and regulations between locations. The following
section includes the results from that review.

EScooter Policies

Rules and regulations regandi escooter use currently vary by locale, making it difficult for riders and
other road users to understand the rules and regulations for operatingsooeter and for enforcement
officials to regulate their use (Fischer, 2020). The Governors Highwaety 8agociation surveyed the 54

State and Territorial Highway Safety Offices (HSOs) to understand their involvement in micromobility,
asking about such topics as laws and pilot programs. Thirty of the states responded to the survey, 17 of
which said thathey have some laws addressing certain aspects of micromobility, most pertaining to e
scooters, and 16 of which had pilot programs in the state (Fischer, 2020). The HSOs that were not involved
did not think that escooters counted as motor vehicles and thiere they were precluded from
regulating them, and/or stated that they believed micromobility to be a local issue (Fischer, 2020).

Cities such as San Francisco, CA; Nashville, TN; Denver, CO; Scottsdale, AZ; Charlotte, NC; and Honolulu,

HI have already vitten cease and desist letters teseooter vendors operating in their cities due to riders
not obeying local laws, parking issues, or illegal launches (Andeiaibet al., 2019). Some of these cities
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have been working on pilot programs or creating negislation to allow scooters back on the streets.
Arlington County, VA used the results of their pilot program to update their state motor vehicle code
defining escooters and where they can be operated, as well as added signage to roads to enhance e
scootr use (Fischer, 2020).

Some cities have bannedseooters altogether because they do not comply with regulations for allowable
forms of transportation. Honolulu, for example, has classifiesc@oters as mopeds. However, the
scooters do not comply withxésting moped laws, and therefore anyone using asteoter is subject to

a fine and possible jail time (Anderséfall et al., 2019).

As cities develop and implement rules and regulations, enforcement that can potentially reduce
dangerous riding will likglimprove. Once there are set laws, it will be easier to train officials on how to
enforce safe riding (Fischer, 2020). Community support will also be key in reporting any violations or
unsafe riding practices (Fischer, 2020).

Riding Location

Localities ad policymakers have debated whereseooter riders should be permittethking into account

both nuisance and safety consideratioms majority of cities have made riding scooters on sidewalks
illegal yet due to the large number of new users being unfamilNJ ¢ A G K GKSANJ OAGASaQ
differing rules from city to city, these issues continue to odéurdersonHall et al., 2019DuPuis, Griess,

& Klein, 2019 The rules on sidewalk riding are also ambiguous in some cities, which allow siddimglk

if done appropriately (City of Austin, n.d.) or if there are no bike lanes present (City of Denver, 2021).
However, this can result in confusion for riders who travel between cities and are unaware of the
inconsistences in riding policies. A South&alifornia study found that 52% of pedestrians seeking
medical treatment had been hit by anseooter and 24% had tripped over sseooter on the sidewalk
(Fischer, 2020).

However, other cities, such as Denver, CO, do not adi@aooter riders on theaadway (except for
intersections) or in bike lanes, but they are allowed to be ridden on sidewalks (Anddadicgt al., 2019).
California recently passed Active Assembly Bill 2989, which only alleeaoters on streets with speed
limits of up to 35 mpk{Choron & Sakran, 2019), while in Scottsdale, AZ, it is illegal to ride@ter on
roads where the speed limit is more than 25 mph (AnderiSiaii et al., 2019).

Conversely, the injuries that could occur if a rider were to crash dighspeed or hig-volume road

could be much more severe and is one reason why some localities pre@eoger riding on sidewalks
(Fischer, 2020). For localities that do allow scooters to ridanes shared with automobiles, because of

the limited infrastructure to ac@ammodate scooters, motorists do not expect to share travel lanes with e
scooters, making cars dangerous to scooters in a similar way that scooters are dangerous to pedestrians
on sidewalks (DuPuis, Griess, & Klein, 20h%. study conducted in Austin, ,Tiésearchers found that

16% of the total escooter incidents were due to motor vehicles, but only 10% of these actually involved

a collision with the motor vehicle (Fischer, 2020). Most crashes (50%) were due to roadway conditions
such as potholes and arks (Fischer, 2020).

Some communities have started to address the uncertainty of wheseoeters are permitted by creating
designated infrastructure such as additional bike lanes that will make it clear for ksmhater riders and

other road users as twhere designhated travel areas are (DuPuis, Griess & Klein, 2019). The National
Association of City Transportation Officials and the North American Bikeshare Association have also called
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for more bike lanes, paths, and other marked areas that are safdders; this would help return the
sidewalk back to primarily pedestrian use and make everyone feel safe (Fischer, 2020). A survey in Austin
found that escooter riders were most comfortable on protected bike lanes, followed by paved urban
trails, paintedbike lanes, and residential streets without road markings, and thedomter riders were

most uncomfortable on sidewalks adjoining midne roads, surface trails, and mtline streets with

road markings (Fischer, 2020). Separating infrastructurenasste drivers feel more comfortable and has

been shown to reduce fatality and injury rates (Fischer, 2020), which shows that infrastructure that
separates escooter riders from motorists will improve safety.

Setting up a virtual perimeter to restrictscoder operation to certain areas (i.e., geofencing) is another
way to prevent riders from using-gooters in locations that could be unsafe for either them or other
road users, and in certain locations, the speed may be reduced to improve safety (Fisa2@y, 2
Geofences are also used to define service boundaries and prevent theft of the devices, and they will work
by stopping the escooters shortly after they exit the area (City of Chicago, 2020). There have been reports
of these geofences causing the starg to decelerate too quickly, resulting in jolting experiences for the
riders, and therefore companies have worked to find safe deceleration rates (Portland Bureau of
Transportation and Alta Planning and Design, 2020).

Speed Limits

Topspeedi$ Y2UKSNI FIF OG2N) GKIG a2yS OAGASa KI @S OKz2aSy
2989 limits the top speed otscooters to 20 mph, and Chicago, IL, is working on a pfobeter program

where the maximum allowable speed will also be 20 mphdéksonHall et al., 2019). Arlington, VA and
Washington DC set jurisdictional speed limits of 10 mph in 2019 (Cicchino et al., R0@)cities have

arrived at limiting the speed to 15 mph, but this still varies based upon the cities needs as watiscke

from the surrounding communities and frequent users. According to Choron and Sakran ((20b9jexs

pose a danger to riders due thbeir high travel speeds of up to 18 mphd minimal occupant protection.

Many scooters in these shared services eggipped with speed governors or speed limiting software.
This allows the geofences to communicate with and prevent scooters from reaching speeds over a specific
limit based upon the riding location (Baltimore City Department of Transportation, 2019¢udovthere

still have been reports of riders traveling at excessive speeds due to roadways with large decline grades,
indicating the need for improvements in this technology.

Parking

Many cities have received complaints of scooters blocking sidewalksthed areas of the roadway.
Although escooters fleets are intended to be a dockless system such that they can be left anywhere,
many users do leave them in inappropriate locations that cause either blocking or tripping hazards,
especially for those witholv vision or disabilitiesTo address this issue, some cities have requeed
scooter vendors to apply for spaces within sidewalk furniture zones that act as a parking zone (Anderson
Hall et al., 2019). A shetérm option is to paint an area for this zoneut e-scooters could still fall or be
knocked over within thesareas which would damage theseooter or surrounding objects and block the
sidewalk, so longerm options might include creating physical parking infrastructure similar to bike racks
(AndesonHall et al., 2019). Someseooter providers have implemented a requirement for riders to take

a picture of where they have parked theseooter using the rental app. The photo is then reviewed, and

if a user continues to leave theseooter in inapprpriate places, the company can suspend their account
and prevent them from riding in the future (DuPuis, Griess, & Klein). Cities have also created laws that
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prohibit e-scooters to block sidewalks or other walkway features. Unfortunately, the issueshigtare

that many users are unaware of these laws and there is limited enforcement. Few studies have
investigated proper parking, but most that did found that improper parking was under 5% (Brown et al.,
2020; Fang et al., 2018).

Service Hours

Service hows have also been a criterion set by some locales aswbeter service providers. For instance,

Lime and Razor have service hours between 7 a.m. until 8 p.m., compared to Lyft, which has scooters
available 2 hours before sunrise until 2 hours after suiidatdersonHall et al., 2019). These rules are in
place to allow operations and maintenance teams to collect and charge scooters, as well as to improve
safety sinceridingan&@ O22 i SNJ Ay fAYAGSR fA3IKG OFy | @& OG | NA
Hall et al., 2019). Most cities do not allow the scooters to be unlocked during nighttime hours due to the
increased numbers of injuries and fatalities that have been reported to ocZity 6f Austin 2019).
Weather and special events also affeehdce hours, as most companies will remove their scooters if they
predict higher rates of misuse or injuries, as well as to prevent damage to the devices (City of Chicago,
2020).

Lockto technology

Lockto technology is another requirement that citiesch as Chicago, Austin, Boulder, and Bloomington
have made mandatory to prevent vandalism to scooters, clutter around the streets, and community
backlash (AnderscHlall et al., 2019). Lodk ensures escooters lock to fixed objects, potentially reducing
improper parking that blocks rightsf-way. Spin is one company that has agreed to implement this
technology if so required (Andersétall et al., 2019). A similar option to lektechnology is tethering
technology, which keeps unused scooters in an tgpnmpsition and can be unhooked in the case of an
emergency or if the row of scooters falls over (Anderktall et al., 2019).

Maintenance

Due to heavy use, scooters need to frequently be serviced. When a device issue is noticed, the scooter
will be disabled so that they can be collected, inspected, and fixed by the company (Baltimore City
Department of Transportation, 2019). If device issues go unfixed, it can cause issues with the performance
of the scooter, which has been reported by several imjueescooter riders who blame device failure for

the crash (Cicchino et al., 2020ity of Austin2019).

Helmet Use

Helmet useis a less established requirement across cities, possibly due to many users not planning in
advance to take an-scooter trip andthus not bringing a helmet with thenmBéhavioral Traffic Safety
Cooperative Research Program, 2D22any locations do have traditional helmet requirements for riders
under a certain age, but that age can still vary by state (Pimentel and Lowry, 226 Santa Monica,

2019). In a study of nine cities across the U.S., only Spokane, WA had a mandatory helmet requirement
for e-scooter riders (Goodman et al., 2019), despite overwhelming statistics that the rate of head trauma
for e-scooter riders has beeseen to be double that for bicyclists (Fischer, 2020). Another study conducted
08 1 dzaldAyz ¢-Qa tdzofAO |1 SFHfGK 5SLINIYSYy(d F2dzy R (K
e-scooter use involved head injuries and 15% of those were traumatic mjarries, which could be due

in part to less than 1% ofscooter riders using helmets (Fischer, 2020).

One very clear safety solution that could help to mitigate head injuriesige#o a helmet. Verfew riders
have been seen to use helmets, and headries have been involved in almost 40% of theceoter
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injuries in emergency departments (Goodman et al., 2019). Cities need to either pass new regulations
making helmet use mandatory, or they need to improve enforcement of helmet use while opeaating
e-scooter (Ishmael et al., 2020; Ferri, 2019). Companies such as Wheels are planning to implement
scooters that come with attached helmets, and liners will also be included to address hygiene concerns,
particularly the spread of the coronavirus (Fef(19). The helmet would be unlocked through the
Wheels app, and a sensor would be able to recognize if the helmet is being used (Fischer, 2020).

Countermeasures by Brand

E-scooter and service characteristics are important for cities when considering Wwidaokl(s) of scooters
to allow (AndersofHall et al., 2019)There are several differencégtween escooter providers, such as
motor wattage, maximum speed, mile range, license requirement,-toctechnology, handlebar
adjustment, free helmet, gyroscopeerssor, and accelerometer sensaand these may have safety
implications for the users.

Overall, while countermeasures and policies exist, they are inconsistent between locatidrssooter
fleet operators with a tendency for rare enforcemertthis studyaims to gain further understanding of
the policies in place and provide recommendations on how to better implement them to improve safety.

Methods

The research team AT Tpartneredwith Spin to deploy a fleet ofgcooters on the Virginia Tech campus
through an exclusive, controlled research progra@naata acquisition systerwas addedo a subset of
scootersto collect data to assess safety impact, behavibiet are exhibited that may be beneficial or
problematic, and ways in which kinematic and otltatta may be used to predict risky behavior
developng subsequent countermeasures. In addition, fixed camevage installedto evaluate a variety

of behavioral measures through a classification system developed as part of the pidjeatesulting

data was used to assess impacts on safety, nuisance, and mobility, identify uniqgue countermeasures to
problems associated with -scooter deployments where possible, and generate deployment
requirements and guidelines for future open competition.

This projecfocused on addressing the following research questions:

1. What are the safety concerns associated wittsceoters fnultiple passengers, dangerous
behavior, onehandedriding, phone usage, food/drinkolding headphonavearing impairment,
obstacles, stuntgedestriarivehicle interaction, etc.)?

2. Will an escooter deployment in Virginia Tech result in nuisance concerns (scooter parking
location, parking style, blocking access) and how can these concerns be mitigated Iat#dly an
future deployments in other parts of the country?

3. What are the utilizatiorpatterns (day/time, trip lengtrand destination, replacing what types of
trips, etc.) of escooters on the Virginia Tech campus?

4. How can escooter deployments be controlldd order to reduce safety and nuisance concerns?

Stakeholder Involvement and Policy Development

The VTTI team managed tbegerall technical program to ensure that the project achieitsdbjectives
within the designated timeframe and with ttadlocated resourcesAproject kickoff meeting with relevant
project stakeholdersvas held where theesearch objective research and deployment plarnthe work

plan tasks, and issues related to program governamees discussed. The teafacilitated getting all
necessary approvals and biry from all local governing bodies including Virginia Tech, the Town of
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Blacksburg, and Virginia Tech Institutional Review Board (IRB) authdriéizating up to deployment, a
stakeholder group was created that includetembers from the following Virginia Tech departments:
police, legal, risk management, communications, parking and transportation, alternative transportation,
and operations. During these pteployment stakeholder meetings, many operational constraintsewer
discussed and agreed upon with the goal of a safe deployment on itgenisl Techcampus.These
operational constraints included:

1 Geofencing
0 Scooters were astricted to the limits of the Mginia Techcampus and certairigh-
pedestrianareas were off lirits.
0 Scooters were not allowed in the Town of Blacksburg
9 Scooter speed limits
0 Scooter speeds were governed to hph, and reduced speeds ofph were enforced
in certain highpedestrian areas
1 Weather
o During service hourslF more than 50% of the hourly predictions exceeded 50%
probability of precipitationAND (total forecast accumulation of rain during the hours of
2LISNI GA2Yy 61 & S E LISRItie Sorecast preciPitations BaR snowdiqe)é
according to the Htional Weaher ServicE (1 KS Rl &8Qa RSLX 2@YSyi
o Deployment and operations were suspended while winds were greater than 30 mph.
o Deployment and operations were suspended while there was observable snow and ice
coverage on campus sidewalks and streets.
1 Specal events on campus
o Deployment would not occur ospecial event daywith high volumes of traffic.
I Time of service
0 Scooter service started at 7am and ended at civil twilight (30 minutes after dusk). Scooters
were removed from campus by Spin employees ewgit for charging.

Biweekly project status meetings were held with campus stakeholders duringsheater deployment
on campus to discuss and resolve any safety or logistical concerns.

Data Collection

With the goal of becoming the first lividgboratory for dockless scooters, VTTI led the effort to gather
comprehensive research data about theseooter deployment. This dataset included four main data
sources, each of which are described in more detail later in this section:

1. Naturalistic data collded fromed O2 2 1 SNE S| dZAMiGtdAR; ¢ A 1K +¢ ¢ L Qa

2. Observational data collected by 14 external cameras installed intraffic areas around the
Virginia Tectcampus;

3. Subjective data collected by optional pagle surveys within thefn smartphone apptiation as
well as more comprehensive surveys regarding the campus deployment;

4. Spin smartphone application data;

5. Photographs taken at the conclusion of eacksceoter ride using the gih smartphone
application and

6. Anecdotal, dddentified injury reports provided by the Spin application, Wieginia Tech Police
Department(VTPD), and A NH A y A l-canip$s QdalthZentry
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Data was collected over 134 deployment dalyale2), resultingin a rich datasethat couldbe used to
develop safety countermeasurasd to provideguidanceo communities on improvingpfrastructure and
policies to better accommodatenicromability transportation with the goal of encouraging livable
communities.The two phases were also marked by a shift in thec@oter model from the Segway
Ninebot ES4 to the Segway Ninebot Max.

Table2. DeploymentStatistics.

Deployment Statistics Phase 1 Phase 2 Total

Total # of deployment days 51 83 134
Days with inclement weather 7 19 26
MicroDAS

The VTTlteam developed a data acquisition system specifically for the Spin
scooter platform, referred to as a microDASgure6) to capture naturalistic riding
data. The microDASvas encapsulated in a custom waterproof enclosure moun{_ =8
2y {LAYyQa adGlFyRIFENR AYGSNYySid 27F GKA
e-scooter Fiftytwo (52) 2 ¥ { Ldkobt@siwer® modifiedto facilitate such
instrumentation The microDAS colle&d several data sources all at 10Hz,
including:

1 Video streant, high definition (HD) video of the area in front of the rider®
1 Accelerometers; a multi-axis (x, y, z) accelerometer collected kinema

. . ) Figure6. VTTl's e
behavior, including harg-force stops, startsand turns. When combined  ¢cooter microDAS

with the video data it enabled analysis of riding behaviors that may installed on a Spin
associated with risky outcomes. scooter.

1 GPS aGPS sensor collected speed and kgecision positioning of the
e-scooter to enable analysis of tripvel rider behaior and usage patterns.

The onscooter DAS was designed to collect anonymous rider data (i.e., only forward video and GPS
traces). This enabled collection of data from anyone who rode the scooters, providing a more robust base
of data without concerns ove participant recruitment, human subject informed consent, and
compensation. The data collection effort resulted in slightly over 9,000 trips collected by thé& RAS.
scooters were configured to securely offload the data to a VTTI server when the isco@e located

within a predetermined geofence

Fixed Cameras

Afixed observation video system packagas also developed to complement the data collected by the
microDASThe VTTI team managed the procurement and installation atd#onary video camess on

the Mrginia Tectcampus at strategically placedubliclocationsto facilitate the collection ohggregate

data on riderand pedestrian interactions and rider behavior in gendhrelt could not be captured by the
YAONRS! { Q4 .TiesrhaedR alsd taRt@éd specific infrastructure factors of interd$te
cameras were configured to stream video to enable remote storage on secure VTTI servers and to record
during hours ok-scooter deployment (approximately 6am to 8pm dailf)e views of th fixed cameras

can be seen in Appendix5.
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Surveys

The final modality o ¢ ¢ dat@ éollectionincluded subjective surveys obtain opinion and preference
data frome-scooter users, pedestrians, cyclists, and members of the townuangrsity community
There were two main forms of subjective surveys: one {fumm survey that consisted of up to 31
questions, and a short, threguestion optional survey that was presented in the Spin mobile app to riders
after each ridelRB approvalvas obtainedorior to the distribution ofall surveyqIRB #1%581).

LongForm Perception Surveys

The longform surveysfocusedon opinions aboute-scooters in general, the specific implementation
associated with this project, and ways that riders and-niders ould envision improvements in safety,
distribution, and usefulnes# similar survey was referenced which had been conducted by a project team
member in Arlington, VA when developing the survey instruments for this prigeethler, 2019)

Two ver#ons of the survey were developethd administered prior to the deploymeiind one month
into deploymentto understand any shifts in attitudes and opinions of theceoter deployment on
campus as exposure increas€lialtrics srveys were administerednline andvia tablets in person on
campus at locations with high commuter foot traffier the predeployment survey, 428 responses were
received, and for the followip survey, 46%esponses were received.

Survey recruitment instruments were developed inngmction with the VTTI and iMginia Tech
Communications teams. Recruiting methods included social media posts on VTTirgind ech
Twitter, Facebook, and Instagram accounts, electronic bulletins around canifgisiadaily news emails
(which are sat to current employees and students as well as alumni) and fliers handed out in person on
campus. One out of 50 survey respondents were randomly chosen to receive a $50 check for their
participation. The results from these surveys can be seen in AppArglix

PostRide IRApp Surveys

An optional short threequestion survey was designed and presented to every Spaoeter rider at the
conclusion of their ride within the Spin application. This survey allowed maeeter riders to be
reached and to undetand changes over time throughout the deployment. The three questions that were
included in this survey were:

1. What was the purpose of your trip?
2. If not by escooter, how would you have taken this trip?
3. Why did you choose to ride anseooter for thigrip?

The results from this kapp survey can be seen in AppendiQ.

Spin Application Data

Spin collected data throughout deployment using their typical onboard systems at 5Hz as well as through
the mobile applications that all riders must useléck and unlock a Spinseooter. Spin provided start

and stop times and locations of each rifte analysis purposes, which totaled over 120,000 rides. This
data did not include personally identifiable information (PIl) since all Spooeters were ge@hced to

the VA NH A y A lcampgu$ Oduidiaries wherein all campus buildings host a large number of
students/employees.

At the end of each ride, Spin riders were presented with a screen in the Spin application asking if they
wanted to consent to sharing #ir full trip GPS data and take a short survey. Approximately 12,000 rides
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resulted in the rider choosing to consent to share their trip data approximately 11,000 of tho$ed
completed in-application survey questionsSpin dedentified the responsesto these surveys and
provided the data to VTTI researchealong with the full GPS traces of those rides where users agreed to
data sharing

Parking Photos

l'd LI NG 2F {LAYyQa y2NXIf LNRPOSaasSas Nkoat&thEndl NB NI
their ride within the mobile application. Spin shared approximately 67,000 final pgokioigswith the

research teamo analyze parking compliance over time.

Injury Reports
The research tearalsocollecied anecdotal, dedentified injury reports irough theSpin applicationas
well as by contactinthe Virginia Tech Police Departmdnty’ R+ A NH A yadmbus hie8lD éefieér 2 y

Data Analysis

¢KS 321 fa 2F GKS tylfteara oSNB G2 |yasSN G4KS LINE
events and behaviors, as well as understanding typicataoter usage and parking patterns. To
accomplish these goals, algorithms needed to be developed to pull these events from the dataset, and
classification schemes were created to characterize cordlict baseline events and behaviors. The

following sections detail the development of the analyses.

Develop Conflict Trigger Algorithms

During thisstudy, an algorithmwas createdto detect certain riding behaviors and eventghile full
development of such an algorithrwas not within the scope of the current effort, the theoretical
groundworkwaslaid. Three main trigger algorithms were develogexbsed orthe reduced forward video

and kinematic datéo detect fallover eventdorward impact events, and near miss events. Each of these
algorithms are described in further detail below. These algorithms were then run across the DAS data to
easily identify behaviors and events of interest.

FallOver Events

Todetect instancesvherethe e-scooter fell overwhich waswhen part of thee-scooter (other than the
wheels) made contact with the ground, an algorithm wlaseloped tdfind instances where the-axis of
the accelerometeapproacha or reachel zeroandwas sustainedor a duraton of at least one second.
The resulting algorithm utilized the following threshold criteria:

0.3 g<=accel_x=-0.3¢g
accel_avindow duration: 1 second

Forward ImpacEvents

To detect instanceswhere the e-scooter made a forward impact with an object, an algorithm was
developed to find instances wherdarge longitudinal acceleration was followed by a sustained 0 speed.
The resulting algorithm utilized the following threshaldteria:

Filteredx-accel using a moving average over 3 consecutive data points
2 KSYy @FftdzSa x n®o3d INB F2dzyR Ay GKS RIGFEZ GKS
I aLISSR 2F n F2NJ x 04
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NearMissEvents

In order to identify potentiahearmissevents of inteest, kinematic signals were analyzed to identify
anomalous swerving maneuvers. These swerving maneuvers were extracted from the yaw rate-signal (z
axis gyrecopg obtained from the IMU. Potential swerve events were identiflagd executing an
extremum searl of the yaw rate signaht each of the identified extreapoints, a set of summary metrics

were calculated, and these summary metrics were later used to identify the cases of interesypbao

of eventswere identified forfurther review, those where lhere was a sharp yaw rate change followed by

the rider coming to a stop, and those with a sharp yaw rate where the rider did natBtege twoevent
typeswere selected due to the differences in the kinematic signature associated with stopping.

In order to identify cases where the rider stopped after a detected swerve event, a set of logical criteria
were enforced on the summary measures generated fromheascahe potential swerve maneuvershe
resulting algorithm utilized the following threshodditeria:

Speed in the 5 seconds following the yaw rate change was greater the 2 m/s
Speed 5 seconds after the detected swerve maneuverl@gsthan 0.75 m/s
Abolute lateral acceleration was greater than 0.4g

Peak to peak yaw rate change of greater than 70 deg/s

To identify cases where the rider kept on riding after a detected swerve event, a set of logical criteria were
enforced on the summary measures gertedch from each of the potential swerve maneuverbie
resulting algorithm utilized the following threshodditeria:

Speed in the 5 seconds following the yaw rate change was greater the 2 m/s,
Speed 5 seconds after the detected swerve maneuvergseater than 1 m/s.
Absolute lateral acceleration was greater than 0.2g

Peak to peak yaw rate change of greater than 70 deg/s

Develop Conflict/Behavior Classification Schemes

During this taska classification schemwas developedo systematicallydertify and categorize the types
of behaviors thate-scooterriders engagedin relative to the infrastructurgtrafficway, environmental
factors and other road users. This classification scheme included two varafiesd data reduction
protocols:one for onscooter DAS analyses and one for fixadnera analyses. Both variants defined
events of interest as 1) crashes, 2) near crashes, or 3) crash relevaddlition to classifying those events
of interest, the classification schemes also included questgnsd at baseline events, which are epochs
of data randomly selected from the entire dataset. The inclusion of baseline event reduction aftawed
conclusiongo be drawnduring analyses about the prevalence of certain behaviors and the level of risk
assaiated with those behaviors. The data reduction protocols waadeled after existing schemes,
particularly the Researcher Dictionary for Safety Critical Even Video Reduction (Wiaggnia Tech
Transportation Institute, 2015but were altered to account fapehaviors unique t@-scooterriders. This
classification scheme was completed prior to data reduction and anadysiscan be seen in Appendix A
1, Appendix A, and Appendix /3.

Develop Parking Classification Scheme

Similarly, a classification schem@s developedo enable analysi ofe-scooter parking compliance and
behaviors Thedata reduction protocol includednly four questions focusing on parking compliance and
further classification of the-scooter parking location and whether it was blocking access to anything that
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https://vtechworks.lib.vt.edu/bitstream/handle/10919/56719/V4.1_ResearcherDictionary_for_VideoReductionData_COMPLETE_Oct2015_10-5-15.pdf?sequence=1&isAllowed=y

wouldbe considered a nuisance (e.g., ADA ramps, sidewalks, stairs, sidewalk furnituréhetg@jotocol
can be seen in Appendix4A

Data Sampling and Reduction

MicroDASandFixed CamesSampling and Reduction

+¢¢LQa adGlraAadAOAlrya O2YLX SGSR LR2gSNI Iyl feasSa G2 |
aldzReQa YIFAYy NBaSkNOK [hdihaselind fayipledizeGvad\detériited through R G |
a power analysis which found that a sample siz&08f events per phase of deployment would sufficiently

detect a 1520% difference in prevalence of certain behaviors/elements.

The fixed camera data was used to answer to main research questions, and therefore had a different
sampling strategy. To answguestions surrounding the prevalence of certain behaviors across all 14 fixed
camera sites (e.g., helmet usage, handheld item, etc.), 46 samples were reduced per fixed camera for a
total of 644 samples. To answer questions related to specific elementgainceamera views of interest,

9 of the 14 camerawere oversampled as they h&igh to moderate exposure to vehicle interactions and

the following infrastructure elements of interest:

Shared lanes (9 siteg)1,032 samples
Bike lanes (2 siteg)400 samples
Intersections (5 sites) 593 samples
Roundabouts (3 site€)400 samples
Qosswalks (8 site)939 samples

D > D D
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integrated the DAS and fixed camera protocol questions and response options into their toolsets. Events

of interest that were identified by the triggers (i.e., fallzers, forward impacts, and near crashes) and

baseline events were also queued up in the data reduction toolsets to facilitate the coding of video data

for each event of interest and baseline event. Human wtiduists then coded each event epoch by

viewing the video segment (the duration of which was defined in the respective protocol) and coding the
behaviors and elements that were present in the video during the selected timeframe. In parallel, the data
reduction team also completed standard quality control practices to ensure consistency amongst
reductionists and coding practices to the extent possible.

Parking Phot@ampling and Reduction

To understand escooter parking patternand prevalenceatotal sanple of 826 parking photos were
analyzed, stratified proportionally to the number of rides taken by week of deployment. A power analysis
was completedwith a significance of 0.05, determining that a sample size of 800 would provide an
estimated statisticapower 0f+97.85%.

Each parking photo was categorized to determine if ttse@oter was parked 1) according twgihia Tech
policy (\rginia TechPolicy No. 5005:-scooters must be parked within 5 feet of an approved bicycle rack
or at designated zones orampus, cannot block ADA pathways, ADA ramps, or building entrances or
exits), 2) not according to policy, but acceptable, and 3) not according to policy, and not aceeptabl

As the parking photo dataset included still photos rather than video data, @esimeduction process was
followed to code the parking photos. The parking photos were imported into a VTTI tool that allowed the
reductionist to quickly scroll through the photos and answer the applicable questions about each photo
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per the reduction prodcol. Again, due to the relative simplicity of this process and the protocol, quality
control processes were less rigorous, with only 5% of photos being verified by a second reductionist.

Analysis Plan

Analyses were performed upon the reduced/coded datajol allowedus to address the questions
motivating the study, including rider behavior, factors associated with risk, riding and parking patterns,
and other issues surrounding the safe deployment of a fleet of electric scooters on college campuses.
Summay statistics were compiled for each of the four datasets. Odds ratios were calculated for the
microDAS data to inform the level of risk associated with various factors encountered disoagter

rides on campus. The frequencies of certain factors enaredt during escooter conflicts (crashes,
crashrelevant conflicts, and near misses) were compared to the frequencies of those same factors being
present during baseline events. This comparison allowstd draw conclusions about the prevalence of
those fctors occurring during conflicts and baseline events to determine the odds ratios.

Results

MicroDAS Results
Table3 summarizesnformation about thee-scooter trips such as theumber of Spin and DASps, as
well as themean trip duration.

Table3. Trip Information byDeployment Phase

Phase 1 Phase 2 Total
Entire escooter fleet = # Spin Trips 72,315 48,321 120,636
(*data source: Spin \1ean trip duration (mins) 7.8 6.5 7.3
onboard unit)
VTTI DABquipped # DAS Trips 3,106 5,981 9,087
scooters Mean tripduration (min) 6.1 4.0 4.8

(*data source: DAS)

Of the VTTI instrumented scooters, there were a total of 85 crashes out of 9,087 trips, showing that 0.94%
of the trips resulted in a crash. For Phase 1 of the deployment, there were 51 crashes3gl@6ftrips

which is a crash rate of 1.6sr 100 trips and for Phase 2 of the deployment, there 34 crashes out of
5,981 trips which is a crash rate of 055 100 trips Table4 shows a further breakdown of the crashes

by phase. Near misses were another type of safeitjcal event that were reduced and analyzed in
further detail. Near misses include neamnashes ad crash relevant eventshichare alsoshown inTable

4,

Table4. SafetyCritical Events by Deployment Phase

DASResults Phase1l Phase 2 Total
Crashes 51 34 85
Crash rateper 100 trips 1.64 0.57 0.94
1 crash per X hours of riding 6.2 11.8 8.5
Near crashes 52 17 69
Totalsafety-critical events 103 51 154
Totalsafety-critical eventrate per 100 trips|  3.32 0.85 1.69
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The tables below include summary statistics of the crash andcrash conflicts based on the data
reduction results for each event. Some conflicts may fall into multiple categories and be counted multiple
times. Therefore, the number of conflicts for each data representation may be greater than the total 154
conflicts. (Additional results from the DAS dataset are includédpendixA-6).

Crashes were characterized as being a simple¥al/bailout (where thee-scooter made contact with

the ground), which was the most common crash type (71%), or an impact event (wheeestloeter

made contact with another object) accounting for 29% o&sbes (able 5). Crashes were also
characterized by the status of the ride after the crash, andetiseooter rider stopped the ride in only 9
cases (0.5% of crashes). In all other cases (89.4%) the rider either stopped briefly and then continued
riding or continued riding without stopping at all.

Table5. Crash Type and Ride Status.

CrashType Count Percent Stopped Stopped briefly/
continued riding
Simple falover/bailout 60 70.6% 4 56
Impact with infrastructure 19 22.4% 3 16
element
Impact with another scooter 2 2.4% 0 2
Impact with pedestrian 1 1.2% 0 1
Impact with vehicle 1 1.2% 1 0
Impact with a plant 2 2.4% 1 1
Total 85 100% 9 76

The frequency, prevalence, and odds ratio associated with various infrastructure, environmental, and
behavioral factors can be seamTable6. The factors below were determined to have significant effects

on riding risk. Conditions with an odds ratio <1 had a lower risk and included riding orsharenl path,

riding on surfaces it are not dry, and riding in traffic flow. Factors with an odds ratio >1 had a higher

risk, and included riding in nesaylight conditions, riding offoad, on the grass or on a loose surface

(gravel, grass, dirt, mulch, sand), group riding, riding behmastharacterized as aggressive, excessive
ALISSRI 2NJ 0NAY2 NKRARA yASKI gR2 MF 2% F 20 KSNJ NBF R dza SNI
unexpected actions made by pedestrians, bicyclists, vehicles, othemaer riders, etc.).

Table6. Frequency, Prevalence, and Odds Ratio of Safety Critical Events.

Frequency Prevalence
SCE;: SCEs: Baselin_es: Baselines: _ 0Odds Ratio
Comparison| Reference| Comparison| Reference| SCEs| Baselines
group group group group
Infrastructure Factors

Riding
location: Non 057
Shared Path vs. 59 95 695 639 38% 52% [0 41' 0.80]
shareduse B
path
Riding location:
No designated 14.97
path (offg-]road) 65 219 42 2119 23% 2% [9.92, 22.61]
vs. others
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Environmental Factors

Lighting: Non 6.39
daylight vs. 11 143 19 1579 7% 1% '
. [2.98,13.7Q
daylight
2Surface 0.70
condition: 44 148 618 1455 23% 30% '
[0.49, 099
Others vs. dry
Surface type: 19.96
loose §urface 35 191 17 1852 15% 1% [10.98, 36.31]
vs. solid surface
Surface type.: 14.26
grass vs. solid 50 191 34 1852 21% 2% [9.00, 22.60]
surface
Behavioral Factors
Grouping: 233
group riding vs. 29 125 145 1459 19% 9% '
. [1.51, 3.62
ride alone
®Riding
behavior: 7.86
others vs. 87 67 227 1374 56% 14% (5.5 11.13]
normal
Riding
behavior: 10.18
aggressive vs. 4 67 149 1374 52% 10% [7.03 14.76
normal
4Other actor
behavior: 13.20
others vs. 31 123 26 1308 20% 2% [7.73 14.7§
normal
SFlow direction:
In traffic flow 0.58
vs. not 34 120 439 895 22% 33% [0.39, 0.86]
applicable
MO @RZWBR LI 0Ké AyOfdzRRSa dzyLJ @SR LI GKZ LINJAYy3I flySsz a
parking lot, roadway, no designated path, and sidewalk.
2. Surface condition is based on worst case scenario, i.e., if rodehHmat wet and dry surface, it will be
classified as wet condition.
30 a2GKSNI NARAY3I o0SKIPGA2NBE AyOfdRAy3d SEOS&aaA0S aLISSR:
40 G2GKSNJ FOG2N) 6SKIF@A2NE Ay Of dzZRSa& | 33 NB GehidedBiversbi2z 84 A0 f &
other road users (scooters, pedestrians, bicyclists, etc.)
5. In traffic flow includes: in pedestrian traffiwith flow, slower;incorrect direction in a bike lanéncorrect
direction in a shared vehicle langgainst pedestrian traffic flow; correct direction in a bike laseme speed as
pedestrian flow; correct direction in a shared vehicle lahg/ LISRSAGNRA Y GNF FTFNoD Ft 26 oA
I LILIE A O lans thé&rider WaS not in a traffic flow.
Fixed Camera Results
I G241t 2F mInnc FAESR OFYSN} ol aStaysS alyvyLx Sa 4S8

conflicts were identified, 1 of which was a crash and 9 of which were deemed crasmtelBlva single
crash identified occurred while the subject rider was trying to pass a group of pedestrians on a sidewalk
which resulted in an impact with a fixed infrastructure element
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The sections below include summary statistics of the fixed camenatien results.(Additional results
from the fixed camera dataset are includedAppendixA-7)

Prevalence of Rider Behaviors

When looking at the distribution of-scooter riders by gender, 73% of the rides captured by the fixed
cameras had male riders and 27% had female riders. Helmet use was also studied by the fixed cameras.
Only 1% of riders were wearing helmets. Riders wals® seen tofrequently wear bags (79%a@nd
infrequentlycarry items (2%) dnang items on the handlebars (5%d)ile using escooters.

In addition to be captured by the DAS, riding behavior was also captured by the fixed cafiguas/|
which captured more of the environment surrounding teacooter riders, rather than just the forward
view. Most of the ridersode in a normal mannef94%), followed bysome aggressive riding (4%), trick
riding (1%), sign/signal violation (1%)nd double riding €1%), where more than one person was
witnessed on the same scooter.

2+riders  Aggressive Riding ~ Sign/signal
per 4% violation
scooter 1%
0%

Trick

riding Riding Behavior Count
1% 2+ riders per scooter 8
Aggressive riding 57
Sign/signal violation 13
Trick riding 10

Normal riding 1,318

Total 1,406

Figure?. Riding behavior captured by fixed cameras.
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stalk their center of gravity was characterized as towards the center or back of the scéoten this, it

was seen that 41% of riders had their center of gravity more tdadne front of the scooter, and 59%

had their center of gravity towards the center or back of the scooter. Foot placement was also examined.
Seventyfive percent (75%) of riders had their feet placed in the fore and aft of the scooter, 22% rode with

their feet side to side, and 3% rode with one foot on and one foot off.

InfrastructureSpecific Results

The second research question focused on specific types of infrastructure. For the fixed camera locations

that had a shared roadway lane (11), bike lanesaf®),roundabouts (3), the actual riding locations chosen

by the subject riders are indicated kigure8.

26



Shared Lane [}

Bike Lane [

Roundabouts ||}

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Roundabouts Bike Lane Shared Lane
m Bike lane 12 79 80
m Parking lot 14 0 21
Crosswalk 119 189 264
Sidewalk 255 188 455
m Shared-use Path 49 0 133
® No designated path (off road) 3 0 9
® Roadway (Shared Lane) 221 195 598

Figure8. Riding locations used by infrastructure type.

Figure9 shows the percentage of aggressive riding for each infrastructure type present in a fixed camera
field of view. Aggressive riding, defined in the data reduction protocol as including aggressive/dangerous
weaving or speeding, intentionally causing closeafasproximity to other users, etc., was seen most
frequently in parking lots, followed by roundabouts and intersections.
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Figure9. Percentage of aggressive riding by infrastructure type present.

SurveyResults

Information of escooter perceptions through the preand postdeployment surveysvas also gathered
including anticipated and actual trip replacement. Skight percent (68%) of prdeployment
respondents and 81% of pedeployment respondents stated thatscooters woud replace walking trips.

This was consistent with the -Bpp survey results where 68% of respondents in Phase 1 and 76% of
respondents in Phase 2 indicategeooter trips replaced walking trips.

The longform survey also gauged impressions «foeoters @ campus before and after the deployment.
Most of the impressions werdavorable: 70% ofpre-deployment respondents and 49% of post
deployment respondents viewed such deployments as favorable to moderately favorable, with only 8%
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of pre-deployment and 16%f postdeployment respondents viewing the deployment as unfavorable.
(Full perception survey results are includedippendixA-8 and AppendixA-9.)

Parking?hotoResults

Of the parking photos analyzed, 39% were parked according toitiaid Tectpolicy andadditional 46%

wasOf  AaAFASR a 0SAyYy3a LINJISR dal OOSLIilofeé-ofo A dSds
way). Thus, a total of 86% were parked acceptably while 14% were blocking access to something and
would likely be considele | & y dzschdteys Pakedmcc@ptably increased from an average of 80%

to 90% over the course of the 20@eek deploymentOf the unacceptably parked scooters, only 8% were
blocking access to either a sidewalk (n=64) or ADA ramp (DeBiled parkig photo results, including

detailed characterizations of unacceptable parking jobs, are includagpendixA-9.

Injury ReportResults

Regarding the scooter injuries that occurred on campus, there were between 26 and 36 injuries
reported, eitherthrough the Spin mobile application, the VTPD and/or thecampus health center, as
detailed h Table7. It is unknown whether each injury occurred on a $pscooter or a personally owned
scooter. It was also unclear whether any the injuries that were reported by Spin or VTPD overlapped with
the data that was provided by the health center, but it is welikthat they overlap when considering
incident date, time, location, and description of the crash. Assuming tB&n8wn injuries occurred
across thel20,636total trips, this is an injury rate & injuries per 10,00@rips.

Table7. Injuries Reported on the Virginia Tech Campus.

Source of Injury Report Injuries Reported Additional Injury Information
Spin application 5 1 1 crashed in intersection, leg lacerations
VTPD 7 1 2 transported to local hospital (1 resulted in

overnight stay), 1 concussion, 1 arm injury

1 caused crash between bicyclist and pedestriar
1 crash with vehicle in parking lot

3 crashes with likely injuries

4 wrist fractures; one required surgery

2 dislocatedshoulders

2 with abrasions on knees

1 injury to face/shoulder

1 facial fracture; loss of tooth

14 miscellaneous injuries

Virginia TectHealth Center 24

= =4 -4 -8 _-a_-a_-a_-9_-9

Discussion

Escooters are a relatively new mode of transportation to both users as well as the cities in which they
operate. Thereéhave been reports of safety concerns fes@oter riders and other road users. The data
collected during this study provides a more comprehensive looksabeter utilization patterns as well

as safety and nuisance concerns to inform best practicesnarfuture deployments.

Crash rates were observed to decrease from 1.64% in Phase 1 to 0.57% in Phase 2. This decrease in crash
rate could be the result of a training effemt learning curvewhen riders gain more experience riding the
e-scooters, they ats became safer at operating them. Additionally, there weiscooter design changes
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seen during the shift from the E®4cooter model in Phase 1 to the Max model in Phase 2. The ES4 had
smaller, norpneumatic tires and weighed 31 Ibs., and the Max model targer pneumatic tires and
weighed 42 Ibs. There was also a change in the braking systems between the two models. These design
changes could have resulted in added safety benefits. The overall crash rate wpsrQl98 trips or940

crashes per 100,@trips. While this crash rate is higher than findings from other studies, which reported
rates between 6 and 19 crashes per 100,000 t(ipischer, 2020)it is also likely a more accurate
representation. Other studies only collected information aboutsbes and injuries from hospital
admissions or sefeports; comparatively, in this study the microDAS captured additional information
which allowed for all crashes to be detected.

The most common conflict types for crashes were simpleofadls and bailots (71%) or impacts with
infrastructure (22%), although there were a few other impacts with plants, vehicles, pedestrians, and
other scootersThesecrash trends appear to be in line witasults froma study by Trivedi et al., which
found that 73% of injured riderfiad fallen (2019)Fallovers and bailouts are events caused by loss of
control or the rider intentionally abandoning tleescooter in an attempt to avoid a crash. Mang@oter

riders arefirst-time uses, andack of experience has resulted in a number of crashes and injuriesenas

in astudy in Austin, Texas/hichreported that 1/3 of injured escooter users were firgime riders and
approximately 60% of injured users had ridden asteoter less than 9 timg€ity of Austin2019)

Several factors were identified to contribute to higher risk levels fec@oter riders. Riding behavior
significantly impacts the risk of a safety critical event occurrence. Group riding was inval@8d of the

safety critical events and increases the risk of a safety critical event3Bywhken compared to riding
alone. While reviewing the microDAS forward camera footage from these group riding events, it became
apparent that riders were more likelyp tperform unsafe maneuvers and trick riding when traveling with
other riders, many of which led to the safety critical events. Other riding behaviors such as aggressive
riding, excessive speed riding, and trick riding had large effects on safety cnecalrisk. Eightyseven

(87) of the 154 safety critical events, or 56%, iagdlone of these riding behaviors. Breaking this down
further, 74 of those events involved aggressive riding, resultingli@. &88times higher risk of a safety
critical event comared to normal ridingThe study at UCLA also found that aggressive behaviors and
traffic violationswere frequently observed (Trivedi et al., 2018)gressive behavior is not only a factor

in e-scooter crashes but also contributes to a number of motehigle collisiongU.S. Department of
Transportation, 2008) However, escooter fleet services present a unique opportunity such that
algorithms can be developed and incorporated into theceoter software that can be used to detect
aggressiveiding and either give feedback or limit services for users that continue to ride in a dangerous
manner.

Other road user actions that were characterized as aggressive, distracted, or unexpected also affected
risk, as there was 43.20times higher risk o& safety critical event occurrence when other road users
acted in any of these manners. Interactions with other road users continue to be a major safety ¢concern
and several studies haveted how both escooter riders and other road users feel unsafe atting

with each other $anders et al., 2020; Pimentel and Lowry, 2020; Jaahak, 2019). Thisignifesthe
importance for all road users to be educated on traffic laws. One environmental factor that impacted risk
was lighting. Riding during nataylight conditions had &.39greater risk of a safety critical event when
compared to riding during daylight conditiorStudies bythe City of Austin2019) and the Consumer
Product Safety Commissigd022) also observed an increased proportion of crashesimnries during
conditions where it was difficult to se8pin escooters are equipped with headlights, yet several crashes
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and near crashes occurred, indicating the need for either improved headlights or additional road lighting
to help riders detect hzards that may not be easily visible. Additionally, riding onsalid surfaces such

as grass, gravel, dirt, sand, and mulch were also seen to result in a higher safety critical event risk. Most
e-scooters are designed for travel on flat pavement or afiplad perhaps due to the selection or design

of tires, they do not traverse well over afbad surfaces. To reduce the number of conflicts, either more
emphasis needs to be placed on the appropriate operating domains so @iaer users understand

not to ride in these conditions, or tires designed for-afading should be added to theszooter design.

A few conditions were observed to have a lower rRkling on a noishared path when compared to a
shareduse pathwas seen to have approximately haf the risk, likely due to fewer interactions with
other pedestrians, cyclistand vehicleswhich has been seen tend to comfort (NATCO, 202®iding in

traffic flow when compared to riding against traffic flow or in areas without a clear flowtitirewas also

less risky. This could indicate that users tend to ride in a safer manner when it is clear as to where they
are supposed to ride, demonstrating the need for additional signage-fmoeter riders and improved
education regarding traffic law®iding on wet surfaces or surfaces with standing water, snow, or ice
compared to dry surfaces also had lower risk. While these might seem counterintuitive, it can be
hypothesized that due to these conditions being perceived as more dangerous, rideeteaperith

caution to ensure that they did not crash.

The fixed camera results showed that a majority of riders operatecbeters in a normal riding behavior
(1318 observations or 94%), yet there were some aggressive riders (57 observations or 4%) @and som
instances of sign or signal violation (13 observations or 1%), trick riding (10 observations or 1%), and
multiple riders per escooter (8 observations or <1%Which are also in line with the results from Trivedi

et al. (2019) The fixed cameras were alable to capture aggressive riding by infrastructure type.
Aggressive riding was most commonly observed in parking lots, roundabouts, and intersections. Two
similarities between these locations are that there is not a defined flow direction and thatihgngically
pedestrian traffic. Given the context of these locationssceoter riders were most likely traveling at
higher speeds relative to the surrounding fetcaffic and had to weave between pedestrians walking in
multiple directions, causing therto become unsafely close. While these actions may not have been
intentionally aggressive, it remains a safety concern fgc@oters to be operating in domains without
clear flow or with slower moving traffic. In a South California study, 52% of pedeasthiaiwere injured

had been struck by-scooters(Fischer, 202Q)and these injuries are serious due to disparities in speed
and overall energy. Identifying safe locations fesomoters to travel could be a solution to reduce
aggressive behaviors.

The injury rate during this study wasnjuries for every 10,008ips, which is in line with the results from

the studies in Portlan¢Eudaly et a).2019) and Austin, Texg€ity of Austin2019) While only a maximum

of 36 injuries were reported, therevere also only 85 crashes captured by the DAS. It is unclear if the
injuries resulted from these crashes or if they were separate events, possibly involvi@pmoscooters.
Regardless, it appears that the likelihood of being injured as a result eéemoter crash is relatively high

due to the limited occupant protection offered by the scooter. Despite the high injury risk, severe injuries
were not commonly observed. Only 9 of the 85 crashes resulted in riders completely stopping, a possible
indication that they suffered an injury that prevented them from continuing the ride. This also likely
indicates that in the rest of the crash cases, riders were either unharmed or they did not sustain an injury
that was severe enough to limit their ability to rida escooter. According to the National Transportation
{(FF808 .21 NRQA RSTAYAGAR2Y 2F 4SOSNB AyedNASA omdpd
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during this study would be classified as severe. Overall, this demonstrates that velaib@er riders can
be at risk to sustain serious injuries, severe injuries occur less @flexi.the injured riders repoed that
they were not wearing a helmet at the time of the craahd there were a few head injuries which could
have possibly beemitigated if helmets were usedhis indicateshat enforcementof helmet useshould

be consideredas it may possibly help to reduce the sevesdtyd occurrence of head injurie§he fixed
camera results only help to strengthen the needctinsiderenforcement of helmet use, as 99% of the
observed riders were not wearing helme@bservations from the Behavioral Traffife@y Cooperative
Research Program (2022) also found theltiet use ranged from O to 9%, and that only 10 of 249 injured
riders in the UCLA study had been wearing a helmet (Trivedi et al., 20h8¢ helmet use was nat
required policyduring this deploymentt is known that use of helmets redusthe severiy and incidence

of head injuries However, helmets are not included with shared scootard nost escooter trips are
unplanned Behavioral Traffic Safety Cooperative Research Program),20aRing this a difficulpolicy

to enforce.Therefore, it is appant that new solutions need to be implemented to increase helmet use.

An additional concern, aside from lack of helmet use, has been carrying items. It is not surprising that

many riders were carrying items as this study was conducted on the Virginiac&egius where the

majority of riders were students. However, carrying items can still impact safety because it affects the
NARSNJ FyR a022GSNRa OSYyGSN) 2F Yl ada FyR RA&UGNROGdz
maintaining balance, turning, and steng.A study by the Consumer Product Safety Commission (2022)

found that folding items contributed to 26% of the investigated incideRslicies might need to be put

in place to govern carrying items

Riding stance was also observed from the fixed camas there can be safety implications associated
gAGK | NA RS Nboadterd, 32 is tyipaaNySrazon2idéd $hat riders have their center of gravity
more towards center to back of the-scooter to balance the weight of theseooter which is lodad
mostly towards the front with the handlebars, which is why it was interesting to observe that 41% of riders
had their center of gravity towards the front of the scooter. Additionathe recommended foot
placement is fore and aft. Twentwo percent 22%) rode with their feet side to side, which is surprising
given that the escooter deck is not wide enough for both feet to fully fit. These results point to the need
for instructions or tutorials on proper riding stance.

Riding location was also captaréy the fixed cameras. For the fixed camera locations that had a shared
roadway lane, most-scooter riders chose to also ride in the shared lane (38%) followed by the sidewalk
(29%) and the crosswalk (17%). For the locations with bike lanes, the leastocolocation to ride was

in the bike lane (12%), with the most common still being the shared lane (30%), followed closely by the
crosswalk (29%) and the sidewalk (29%h)s result seems to contradisafety perception data collected

in a studyby NATCO teal. (2020), whicleported that the presence of a bike lane increased perceptions

of safety.At roundabouts, most riders were observed to travel on the sidewalk (38%), followed by the
shared lane (33%) and the crosswalk (18%).

When looking at the trip iimrmation, the total number of tripnilesdecreased from Phase 1 to Phase 2,
despite Phase 2 having 32 more days than Phase 1. While the operational hours for a majority of the
weeks in Phase 2 were shorter than in Phase 1 due to constraides/bght, another possible explanation

for this trend could be that-scooters are a less popular transportation option in the lovesnperature
months whichwas a similar finding in a study conducted by the Portlang&uw of Transportation and

Alta Plaming & Design (2020Mean trip duration also decreased during Phase 2. Given that this
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deployment occurred on a college campus, this could indicate that due to the changes in temperature,
trips were primarily used for travel to classes and less for reicnea purposes and enjoyment.

The parking photo results showed that parking accordingrginia Tectpolicy, and in a manner that was
deemed acceptable due to theseooter not blocking access, improved by about 10% from 80% to 90%
over the course of ta deployment. This could mean thasseooter riders became more experienced and
compliant with the parking policies over tim& study by Fang et al. (2018) also found that scooters were
parked improperly around 2% of the time, which is similar to the abfinding. Thisndicates that the
parking policies that were in place were effective.

According to the survey results;seooters were reported to replace walking trips. Given that their
intended use is for firstand lastmile transportation, it appearthat users also agree with their purpose.
Surveys from Chang et al. (2019) also found #iatooters were primarily used to replace laarbon
modes of transportation such as walkingany respondents to the survey had favorable views -of e
scooters bothpre- and postdeployment. Some of the respondents to the pagployment survey had
never used an-acooter at VT, indicating that many people have positive perceptionscbeters despite
not having used them. However, ped¢ployment impressions wereds favorable than prdeployment,
which could be a sign thatgcooters on campus became a nuisance for other road users.

Conclusions and Recommendations

E-scooter programs are a work in progress that require further refinement. Whéeoeters are an
exciting opportunity due to being an affordable, convenient, lemission method of transportation,
there remain safety and nuisance concerns that need to be addressedsfraters to be more widely
accepted as a legitimate transportation option. The resfilom this study have helped to identify the
successes from the-scooter deployment on the Virginia Tech campus, as well as the concerns that
require attention. Based upon the results, the following recommendatamesprovided

1 Limiting hours of operabn to daylight or improving lighting in the riding environment or on the
scooter. It was seen that conflicts were more likely to occur at times with partial light to darkness.

1 Improving escooter rider education on where-gooters fit into the current &nsportation
model. Severatrashes and near crashes resulted from conflicts with other road usecdier
riders need to be instructed on proper riding location and rightvay regulations.

1 Development of methods for training noviceseooter users or designingseooters with added
safety benefits. The leading safety critical event that occurred was a simptevéalbr bailout
resulting from loss of control without the involvement of anethactor, indicating that user error
was the cause. Unconventional rider stances observed by the fixed cameras could be a
contributing factor. Some form of training or incorporation of a safer model could help to mitigate
these events. It was seen that tisbange from the ES4 to the Max model resulted in lower crash
and injury rates due to improvements in tieescooter design.

1 Implementation of software algorithms to flag improper riding behaviors such as aggressive,
excessive speed, and trick riding whighre seen to contribute to several safety critical events.
Placing holds on the accounts of riders who display these behaviors could reduce conflicts.

9 Clarification of regulations for-gcooter riders through eady-find resources and cermad
signage. May e-scooter riders are either unaware or unclear of the traffic laws regarding proper
e-scooter use due to lack of resources and discrepancies between jurisdictions. It is important to
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make these rules of operation clear, and incorporation of signs ondhe could be an easy way
to make riders aware of speed limits and proper riding locations.

1 Providing clear instructions on parking, such as the ones provided during this deployment. Parking
nuisances can be reduced if riders understand how and wherecepsably park their scooters.

1 Consider enforcement of helmet useAlthough helmets were not required during this
deployment, aily 1% of riders were observed to use helmets during the deployment, and several
serious head injuries occurred which the use efnfiets could have mitigated.-&ooters can
reach speeds that become dangerous for the riders given the minimal protection-Swiaters
offer riders.Helmetsat a minimumshould be requiredAs they are not included with shared
scootersdue to sanitaryor theft issues additional solutions should be investigated, such as
nearby hemet rentals orewards to motivate helmet use.

1 Monitoring item carrying while using-gcooters. Riders were observed to carry items which can
affect control of thee-scooter as well as rider balance and dextetidadngto safety concerns.

If conflicts are seen to result from carrying items, regulations should be put into.place

Asthe needs for individuatities andlocations do vary, th&e recommendations should beelected
accordingly.However,these recommendations were developed to address #adety critical events
observed during this deployment, and similar findihgse been observenh several other deploymest
throughout the countrywhich helps to validatthe needs for inclusion of these policy recommendations.
Incorporation of the above recommendations into future deployments can help to impreseeaters
from not only being a popular transportation option, but also a safe and reliable one.
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Chapter 3: E5cooter DesigriPerformance and Safety Evaluation

Abstract

Over the recent years,-gcooters have become an increasingly popular and convenient micromobility
solution for shortdistance trips for a wide demographic of usebsie to their accessibility, knowledge
regarding proper &cooter use and level of operagjrexperience can vary widelWith the increase in
use, there has been a rise in injuries feseoter riders and other road usef@ne possible cause is that
the true performancecapabilities of escootersvarybased upon their designssers are unawaref these
differences or how to accommodate their riding behavior to retain a safe experience. This relationship
between safety outcomes and scooter design attriblées yet to be establishetintil recently, very little
formal research has been conducted the safety of this form of transportation or on the optimal design
for e-scooters. Safety concerns may limit the widespread adoption -e€oeters as a legitimate
transportation option.To address thizoncern the Virginia Tech Transportation Institu(§TTI) in
collaboration with Ford Motor Company and Sgionducted a controlled participant study time Virginia
Smart Roads to evaluate and compare variotsc@oter designs and study how rider specific factors
contribute to performance and safetylhe results from this study will be used to informseooter
companies and manufacturers on design recommendations for improssspeter safety.

Introduction

Electric scooters, or-scooters, are twewheeled scooters powered by electric motors which users
typically stand on to riddn late 2017 many companies started releasing fleets of shared scooters in cities
for shareduse by the public. In these new systems, all that is needed to renisaoater is to be above

the required age specified by the loogbverning body and to have access to the smartphone app
corresponding to the scooter brand. Largely due to their convenienegoeters have become an
increasingly popular transportation option in the recent years, serving as a micromobility solutfostfor
and last mile transportation and short distance trips. In addition to their accessibility, there are many
advantages associated withseooter use, such as reducing carbon emissions and providing an affordable
transportation option for a large demogphic of users. Since their introduction in 2017, scooter share has
overtaken bike share as the most popular form of micromobility, increasing the total number of shared
micrmobility trips from 35 million in 2017 to 84 million in 2018 and accountinganillion trips in 2019
(NATCO, 2020).

However, along with the increase irseooter use, there has also been a rise-gteoter related injuries.

As of March 2021, there have been 36 reportesiceoter related fatalities in the United States (Dwyer et

al., 2021). Additionally, since the introduction of scooter fleet systems in 2017, emergency department
visits for escooter users have increased from 7,700 to 25,400 in 202@idd States Consumer Product
Safety Commissiqr2021). A study was also conductéd a UCLA Emergency Room where visits were
monitored over a ong/ear period, and it was observed that there were 249 visits fec@ter riders
compared to 195 for bicyclists and 181 for pedestrians (Trivedi et al., 2019). This trend seems to indicate
that while convenient, ecooters have also become a large safety concern.

There are several possible reasons for these increased safety risks. The first @dithed pn proper €
scooter use are not wedistablished or consisteriietween various locationor service providersThis
makes it difficult for escooter users to understand where they fit into the transportation system. Another
possible cause is that thgptimal design foan e-scooter has yet to be determined and testdgscooter
manufacturerscontinue toreleasenew escooter models with different features, indicating that the
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design is still evolving to find the best balance betweest,performance and safety. Finallgue to ease
of access to rent an-scooter, there isa largevariationin knowledge regarding propersooter use and
level of operating experiencelhere have been mangports of unsafe riding, injuries, and nuisance
issues and wntil recently, little formal research has been conducted esceoter safety

The first naturdistic escooter study was conducted on the Virginia Polytechnic Institute and State
University (Virginia Tech) campus and was a collaboration between VTTI and Spin. During this effort, a
fleet of shared escooters was deployed to understand how policiepact riding safety as well as to
investigate factors that contribute to crashes and injuries. A subset of the fleet was instrumented with

+ ¢ ¢ L Q adatavakqidit®n system (microDAS) to capture naturalistic data. For the first phase of the
study, the 54 escooter model was used which had small diameter, solid tires, utilized a single front
wheel brake, and did not have any kind of suspension. The ES4 scooters were replaced in the second phase
of the study with the Max-scooter model which had largeiaineter, pneumatic tiresandutilized a dual

wheel braking system. Despite the increase in trips during the second phase of the study, the rate of
conflicts such as crashes, fallovers, bailouts, and near crashes decreaged0). This result seems to
indicate that the shift in scooter model may have improved rider safety, and that it is worth investigating
which design features contributed to the lower conflict rate

Trip and Conflict Rate by Study Phase
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Figurel0. Trip and Conflict Rate by Study PhagBource: E5cooter Safety Assessment and Campus Deployment
Planning study)

During the study, the conflict events were also analyzed, and it was observed that the most common two
precipitating events were loss of control due to an infrastructure element or conflict with a fixed
infrastructure element Figure 11). Some of thesanfrastructure elements and surface features that
contributed to theconflict events can be seen igure 12 and Figure 13. This shows that scooter
compatibility with infrastructure needs to kstudied further.
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Precipitating Events of Conflicts
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Figurell. Precipitating Events of ConflictéSource: EScooter Safety Assessment and Campus Deployment
Planning study)
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Figurel2. Surface features encountered during conflatents.(Source: EScooter Safety Assessment and
Campus Deployment Planning study)
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Surface Type during Baseline and Conflict Events
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Figurel3. Surface type during baseline and conflict eventSource: EScooter Safety Assessment and Campus
Deployment Planning study)
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scooters are not well known. Manufacturer testing may be based upon limited testing conditions that do

not reflect reatworld use. There is a need to better und&nd the relationship between-gcooter design

andthe associated compatibility wittbad features andnfrastructure to improve safety. Therefore, this

study, a collaboration between VTTI, and Ford Motor Company, and Spin, aims to investighteas a

function e-scooter design. There are two main objectives:

1. To evaluate and compare the performance and safety of varieateter designs and features
through benchmark testing which will incorporate riding tasks and conditions that are
representative ofealworld use.

2. To understand ridespecific factors (age, gender, anthropometrics, approach/strategy, posture,
etc.) that contribute to performance and safety.

Literature Review: Design and Testing of-WAreeel Vehicles and$cooters

To understand how szific design features affect the performance of thea@oter,l conducted a brief
literature review on the design considerations and standards ofwheeled vehicles and on design
concepts that could be implemented to improveseooter safety. Additiorlly, previous relevant test
methods and metrics were identified. The following section includes the results from that literature
review.

Design of Tw@Vheel Vehicles and&cooters
The following sections provide information on design considerations ftypalé of twowheeled vehicles,
design standards for-scooters and the development processes involved-$tc@oter designs.

Design Considerations for TWétheel Vehicles

An important aspect of designing tweheeled vehicles i ensure that the center ofravity (CQ3) is at

a location that lends to the stability of the vehicle. Fesaoters specifically, this location should be as
centered between the wheelas possibleand as low to the ground as possiblEo assist with this hie
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foot platform shouldhave a large mass relative to the stem or steering coluutordingly steering
components such alsandlebarsshouldbe relatively lightweightcompared to the rest of the-scooter
assemblyin order to prevent the CGfrom being locagd too high or too far forward, which would lead
to a more unstable desigiaving a lower deck height also assists with lowering thé &ihger, 2019).
Riders add height to the @Dwhich is why it is critical for the vertical component of thé © 2 Z C& NI
to be as low as possible.

Creating a more minimalistic handlebar design has it challenges, considering the user needs to control the
a0220SNNa aLISSR sgAlK (KAa YSOKFIyAaYo . 204K (KS GK
handlebar where tke user would place their hands. Finding a new method to control the acceleration of

the device that still has the convenience of the current system will need to be considered in any alternate
designs. Alternatively, a more streamlined electrical systembeacreated to greatly reduce the weight

of the handlebars due to the throttle and brake.

Wheelbase is another important design aspect f@ceoters and other twavheeled vehicles. Wheelbase

is defined as the horizontal distance between the centers antgaf ground contact of the front and rear
wheels of the vehicleas seen ifrigureld. Wheelbase contributes to the longitudinal stability of a vishic

with longer wheelbases improving stability and shorter wheelbases leading to sharper handling
(Anderson, 1999).-Ecooters are balanced with their wheelbase, as they have stability in the longitudinal
direction, assuming that the center of mass is eltuzsthe middle of the scooter, and they also have decent
handling. However, due to the narrow design in the lateral direction, lateral stability can be a challenge.

Wheel size also affects the stability of a twheeled vehicle. When wheels rotate, thegve angular

momentum, which causes them to act as gyroscopes and helps to stabilize the vehicle, although not by a
significant amount. Larger wheels have a larger inertia due to increased size and typically, mass, and
therefore the increased momentum whielp them to go straight. However, if a rider leans, the torque

GKIFG A& LINBPRdAdzOSR o0& (KAA Y2GA2y gAff 0S Ay GKS NE
rearward change in the angular momentum vector will cause the vehicle to turn isatine direction as
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force associated with the turn assists a rider in changing the angle of the vehicle back to a vertical, upright
orientation (Jons, 1970).

Steering axis angle, trail, fork offset, and fork length are other factors which are commonly used to assist
with the steering design of bicycles and motorcycles but are also applicablectmoger designs. Steering

axis angle, also called casstis the angle that the steering head makes with the vertical or horizontal axis
(Anderson, 1999). This is the axis around which the steering mechanism pivots. For bikes, this is also called
head angle or head tube angle, and for motorcycles this isccedliee angle, or fork angle. The steering

axis angle tends to contribute to the length of the wheelbase and the trail, wite horizontal steering

axis anglesaving larger wheelbases and trails (Anderson, 1999). Trail is the horizontal distance from
where the front wheel contacts the ground to the intersection of the steering axis (Anderson, 1999). Tralil
is also called caster for some vehicles. Because steering axis angle and trail are retatedharizontal
steering axis angle will cause a largeiiltrA larger trail causes the vehicle to turn less easily, and a shorter
trail makes the vehicle easier and more responsive to turn, but also more unstable (Anderson, 1999). Trall
also varies as the vehicle leassich thatrail decreases as vehicle leatreases (Anderson, 1999). Fork
offset is the perpendicular distance from the steering axis to the center of the front wheel and is
sometimes known as fork rake for bikdhese variables, along with wheel diameter, all influence each
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moving the center of gravity up in the vertical direction and closer to the front in the horizontal direction,
FYR Al NBRdzOSa& K SFigf& KillusirateSsxaring sXidlange tyall, 1ork Gffie® and
fork length.

. Fork
Y length

Steering axis angle

Fork

x_offset

[
1 Trail

Wheelbase

Figurel4. Visual representation of scooter steering geometry and wheelbase.

The handling of a vehicle is largely dependent upon this design geometry. Handling is the amount of effort
required to control a bike while also keeping it stable (Anderson, 1999). Handling can be affected by the
speed at which a vehicle travels or if tfint wheel is deflected by an object, which can cause a
phenomenon called caster flutter or shimmy and makes it difficult to control the vehicle, sometimes
leading to crashes (Ringwood & Feng, 2007). This occurs as the downward force on the std@ming

and the resistance force from the ground cancel out and prevent the wheel from rotating in the opposite
direction, and instead cause it to rotate around its axis. By adjusting the steering column from a vertical
to rearward angle, the wheel is now ablemove in the opposite directiofZimmerman, 2016)

Wheel flop is another variable that is affected by the steering geometry of a vehicle, defined as the
tendency of a wheel to turn or flop when the handlebars are rotated and the vehicle is leaned, causing
the front end of the vehicle to lower (Bansal et al., 2013). This is affected by the steering axis angle and
trail, both of which can be influenced by fork offset. The equation for fid isI © a Awhéréfis O2 a
the wheel flop factorb is trail and K is steering axis or head angle measured with reference to the
horizontalaxis soincreasing the trail or decreasing the steering axis angle will cause the flop factor to
increase.

When applying these geometrical design considerations -szamters, it can be concluded that the
steering columns of-scooters are close to the verticaheaning minimal trail. {8cooters do not appear

to include any fork offset, otherwise any trail would be minimized. This lack of steering axis angle could
potentially cause some caster flutter when the speed increases or whensbeaer wheel is defléed

by an object, which is potentially why increasing the wheel size has been seen to be effective in improving
riding safety. The steeper head angle and larger trail makes steering easier and more responsive and
reduces wheel flop.
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The uncertain nature dhe operator is also in play-4€ooter riders use varying stances, and the location
of the C@ will change depending on stance. This will therefore require a more robust design that keeps
individual operator preference in mind.

Design Standards forFEmters

A primary standard for powered scooters existthiem American Society for Testing and Materi@dlSTN
standard F264{American Society for Testing and Materials, 20Thjs standarthcludesboth powered
scootersintended for useby childrenages 8¢12, and more importantlythoseintendedfor use byriders
aged 13 and above. It is not meant for scootersintended for adultuse only.The standard defines
terminology used ipowered, ore-scooterdesignandgivesrequirements fortesting anddesign.Some of
these requirementsapply tothe craftmanship of exposed componenteing free of sharp edges and
burrs. There arespecificationsfor electrical systems, brakedatches,folding mechanismshinges,
clearances, fastenerplastis, shields and guardpaint, materialsaccess points, and labels andrnings.
The standard also definepecific andigoroustest methods includng a finger probe to test clearances
and pinchpoints.

In 2019, the Society of Automotive Engineers (SAE) developed standards for classifying micromobility
devices in the Taxonomy and Classification of Powered Mobility Vehicles to assist with crash reporting,
policy making, and emergency departmentdatace® § SN&E 6 SNBE RSFAYSR [ a aLR2gSN
and their design components consisted of: a center column and handlebar for rider stability, steering, and
acceleration and braking controls; a platform for a single rider to stand on; a frame that cahtither

two or three wheels; and a power source of an electric motor (SAE International, 2019)-stheter

must not weigh more than 500 Ibs. and may not travel at speeds greater than 30 mph. Additionally, the
Powered Standing Scooter should be desthpamarily for paved roadways or pattSpecifications can

be seen irFigurelb.

TYPES OF POWERED MICROMOBILITY VEHICLES'

Powered Powered Standing Powered Seated Powered Powered Powered
Bicycle Scooter Scooter Self-Balancing Non-Self-Balancing Skates
Board Board
Center column Y Y Y Possible N N
Seat Y N Y M N N
Operable pedals Y N N N N N
Floorboard / foot pegs Possible Y Y Y ¥ Y
Self-balancing® N N N Y N Possible

Alll vehicles typically designed for one person, except for those specifically designed to accommodate additional passenger(s)
*Salf-balancing refers to dynamic stabilizatien achieved wia a combination of sensors and gyroscopes contained infon the vehicle

Figurel5. SAE J3194 Taxonomy and Classification of Powered Micromobilifghicles
(SourceSAE International from SAE J3¥9&tandard- TAXONOMY & CLASSIFICATION OF POWERED
MICROMOBILITY VEHICLES. https://www.sae.org/standards/content43291911).
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Development of-Bcooter Design

Escooters have beemnndergoing iterativeimprovements over theyears of theirservice Within the
micromobility arenaNJ 3 dzf I G 2 NB LING B @ dAARE Fstobitkr eRignE dsidRStanding e
scooterdesignshave remainedrelatively constantwith the major propulsion and power components
located along thefoot platform and lower portion of the steeringolumn andwith the hand-control
system along the handlebafBehavioral Traffic Safety Cooperative Research Program,. Zi22¢ of the
more widespreadchangesseen ine-scooter design include @se of the wheels and tires. To aid in
overcomingpbstacles in the road, such as snaaitbs, bumps, cracks, and uneymvement, the diameter
of the wheels andires have beerincreasedThis larger diameter allowfsr the tires toeasily climb over
these obstacles and prevent a suddstap that could topple the riderAnother change is that of the tires
transitioning froma hard polymer to a softetubber or even pneumatic tires in some casghis softer
rubber cushions the ride angrovides suspensiobetween the rider and the road so thatconsistencies
are not translated into thehandlebars causing thecontrols to be more difficulto operate, with
pneumatictires amplifyingthis benefit further These pneumatic tires also aidamercoming obstacles
as the softer tires with alarger silewall aremore pliable and thereforeable to easilydeform over
obstacles, providing more tractioand stability However, these morgliable pneumatic tiresare less
durable as theisolid rubbercounterparts The softer, aifilled rubber wears down from the roalirface
much fasterthan a solid tire Pneumatic tires are alsgulnerable to puncturgBehavioralTraffic Safety
Cooperative Research Program, 2022).

Another common change is the addition of handlebar brakKés orginal, nonpowered scooter often

had astompbrake on the rear tirewhich was applied by the rider using their rézot to depress a hinged

or flexible panel down onto the surface of the tire tread. This would induce friction and slow or stop the
scooterRSLISY RSy (i dzLl2y G(KS | Y2dzyd 2F F2NDS SESNIHISR o8
however, it introduces safety concerns as the rider must relocate one of their feet to the back of the
scooter and control it independently of their otheydt. This can be difficult for an untrained rider to do

in an emergency anmhay introduceinstabilityr & G KS NARSNRA FSSG | NB. y2a L
In powerede-scooters, the braking system is replaced with a handlebar brakieumike thaton a

standard bicycle. The rider uses their hand to grab a large,letgch issqueezeé against the handlebar.

This operates, via a cable or electrical signal and motor, a brake on the rear wheel. This brake is either rim
type or disk type. The rim typerake uses two hard rubber pads on either side of the metal wheel that

are compressed and introduce friction to slow or stop the scooter. The disk type brake is, sioviaver,

the pads are ceramic or composite based and compress against a dedicathihadatisk separate from

the wheel. The disk type brake provides a more robust and reliable braking sgatésnmore costly to

produce and implement.

Potential Physical Design Concepts

The following sections discuss potentisd@oter design concepts.any of these concepts have already
been implemented by -scooter companies, and a discussion of the potential benefits of each concept is
included.

SelfBalancing

Seltbalancing escooters (i.e., €scooters that remain upright while stationary, without ider, and on
mostly level ground) could help inexperienced riders maintain control over tbeoeter and would
eliminate the need for a kickstand, thus reducing the number of digly components (those that
protrude and can easily snag and/or break offhis design could be accomplished with wider tires than
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currently deployed models and a fork wide enough to accommodate wider tires. The rake angle may also
need to be increased to accommodate a wider front tire, which would move the front tire awayttiem
footboard and increase the wheelbase of the scooter, thus improving stability but also increasing the
turning radius.

Another change is to rework the arrangement of the internal components of the scooter, namely the
battery. If the battery pack celleere placed horizontally to produce a longer, thinner battery, the
thickness of the box frame could be reduced. This would allow the footboard, and in turn Gddiae

lower to the ground without reducing the ground clearance (which could cause imigsdamtcfalovers).

Additional Wheels

Adding more points of contact (i.e., wheels) between the scooter and the ground can also increase
stability. Added wheels would create a balanced system without the need for a kickstand. However,
Huston (1982) noted #t despite more points of contact, instability can be created while in motion due
to the rider being unaware dhe consequences of adding an extra tire and atteimgto ride normally

Three different options of adding an additional wheel are discussdowheand each had their own
advantages and disadvantages.

' RRAY3 | GANB G2 (GKS FTNRy(d aso0Oand@yorerstable2ianiafiding NS F S N.
I NBFNJ GANBZ tftaz2z {y2eéy | a | abtRichiofinlfranttikShe keRigle | 4 R
can be prone to understeerinyé&n Valkenburgh et al., 1982 his occurs when the front tires slip on the

ground due to extra momentum causing the tires to resist turning and instead continue in their original
direction Bundorf, 1963. Thisbecomes arissue when trying to avoid obstaclasd could potentially

increase crash rates. However, Zandieh (2014) found tblaicles with an additional wheel in the front

have the potential to increase the rollover threshold tehturning TKS KA 3 K S NJrolloverd S KA Of ¢
threshold, the less likelyitisfallovers KAt S Ay Y2GA2y® LF | dzaSNJ 6N¥ | Sa
designed scooter, they will exert an acceleration in the opposite direction of the current eatamte

While this configuration is useful when used properly, if the user fails to brake while turning or accelerates
while turning, this tire configuration is very unstable. Keeping a constant speed is also dangerous on this
type of vehiclebecause the original lateral force will cause it to roll over (Zandieh, 2014). This type of
configurationrequires prior knowledge of the mechanics in order to be ridden safely. Due to the need for
this vehicle to be used by many people easily and withtbfficulty, this tire configuration would not be

ideal.

To avoid problems with an additional front wheel, the additional wheel can instead be moved to the rear.

This allows for the control rod to move with more freedom, but keeps the stability gainedrbgucing

a third point of contact. However, one of the biggest issues stemming from the addition of the rear wheel

Ada AdGa AyadloAfArde gKAES 0SAy3I NARRSyod ¢KS WRSTt
geometry which can lead to the vele tipping in a sideways motion with a high roll angle (Ranpariya,

2019). It has also been observed that this wheel configuration leads to oversteering which can cause the

user to lose control and crash.

Seat Implementation

E-scooters with seats have l@w centers of gravity and riders remain relatively still as compared to
standing riders, providing more stability. Seats can also be more comfortable for riders and provide
options for riders who may not be able to stand due to physical limitations aiesju
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These advantages are heavily outweighed by the loss of dexterity and increased crash severity associated
with the seat. Ifthea 022 1 SNJ 6 SNBE (12 0S02YS dzyaidloftS RdAzZNAy3I |
seated operator would have a hard time oeering while a standing one would not. There are also the

problems associated with a crash event, where a seated operator will have a higher chance of being
trapped and would not be able to bail from theseooter as easily as if they were standing.

Suspeasion

The addition of a suspension system is an option which masgoeter companies are incorporating in
GKSANI RSaArAdya (G2 NBRdzOS G(KS {(Nryavyraairzy 2F akKz20]
e-scooter travels over objects or rough tain. A design similar to a bicycle suspension, comprised of two

front forks with a springlamper system inside of them, would be relatively unsusceptible to damage.
Another option for suspension design utilizes a single safargper system attached to érear of the

e-scooter, where the rear wheel would be on a sirgieot linkage attached to the shock on the opposing

linkage end. This assembly would be located on one side of the scooter, moving@wf@®the side,

which would present issues if thescooter were setbalancing. This configuration is bulkier and would

be more susceptible to damage from rider abuse and during transport of-Hoeeters.

Test Methods and Metrics for Twiiheel Vehicles

To properly assess the safety benefitseedcooer designs, previous research was reviewed to identify
appropriate metrics that @uld be usedfor evaluation Asthere has been minimal testing ofseooters,
methods for evaluating other twavheel vehicles were also exploredblke testingwas found to ke

helpful due to the wide availability of information that has been acquired through multiple studies. Both
designs rely on the user to balance on two wheels placed linearly in the sagittal plane, giving them similar
dynamics.

A recent study found that ptang participants on a course allowed for the collection of quantifiable
measurements such as acceleration, velocity, roll angle, and steering angle, while also being able to repeat

the process, resulting in similar data between participants (Garman, @00). It was stated in this study

GKFGO I NARSNDa adlroAfAde OFly 6S aGdZRASR 6@ 204SND
the handlebars and foot platform, and the inputs to the brake and throttle. The load applied to the stem,

steer angle, and roll angle were measured using various devices, including accelerometers, load cells,
potentiometers, and GPS trackers to quantify the previously mentioned metrics (Garman et al., 2020).

Steer angle is defined as how far the handlebars atated when the user is turning while roll angle is

defined by the tilt the scooter experiences in the coronal plane.

A study by Chi (2005) stated that the center of gravity changed when a user rode a bicycle along an incline
due to the point of contact th wheels made with the grountt. wasfound that as a user traveled uphill,

the center of gravity would move from the center of the contact line towards the back wheel; moving
downhill resulted in the center of gravity being more towards the front wheleé Gontact line in this

study was the distance between the point of contact of the two wheels. Measuring the position of the
center of gravity proved to be important because as the center of gravity moved from the center of the
contact line to either wheelthe bicycle became more unstable and required the user teaghifst.

The method for testing from Garman et al. (2020) allowed participants to use the scooters in a manner
similar to how they would be used outside of testing. In addition, various nsetréce identified, including
roll angle, steer angle, and load applied to the handlebars. This, combined with the focus of center of
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gravity changes on different elevations, would encompass most of the expected environmental terrain
the scooters would beraveling on.

In one mechanical study, a test track was set up with turns and obstacles. The scooters had strain gauges
applied to them and ran through many trials with different riders of different weights. The fimaiimg

was that the stem had the highedoad during braking and the lowest load during acceleration.
Furthermore, the average braking distance was 3.3 £ 1.5 m, and the highest speed reached was 19.4 kph
(Garman et al., 2020). The studyso evaluatedthe different acceleration and deceleraticimes,
maximum steering angle, rider lean angle, and head longitude acceleration (Garman et al., 2020).

Therefore, with a better understanding on the design e$ceoters and twewheel vehicles, design
standards, and potential design concepts, our reseaeam moved on to developing methods to
evaluate the performance and safety of the various designs while utilizing some of the previous relevant
testing that had been conducted.

Methods

The followingsectionsdetail thedesign of this studyincludingthe e-scooters usediuring testingtesting
procedures, and demographics information for the participaitee data that is collected arnlde analysis
protocols are also described.

E-ScooterModels
Four different escooter models were evaluated duringghstudy, which can be seenhigurel6. Table
8 compares each of the models and their designs.

Figurel6. EScooter Models. From left to right: Segway Ninebot Max 2.3, Spii08T, Okai ES400B, and Segway
NinebotMax 2.0 with a seat attachment.

These four escooters were provided by the sponsor company, Saml were identified for testing due
to prior use in deployments across theS.The Max 2.3,-300T, and Okainits had very limited previous
use, but due tahe Max 2.0 being an older modelbrand-new unit was not acquiredinsteada unit that
had beendeployedduring theEScooter Safety Assessment and Campus Deployment Platumiygvas
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usedduringthis effort as it was the only unit availablEach othe models had the capability to travel up
to aspeed of 15 mphand this speed was also governed by Spin software and geofeecingologies.
The scooters were maintained after each participant session.

Table8. EScooteModel Specifications.

SegwayNinebot

SpinS100T

Okai ES400B SegwayNinebot

Max 2.3 Max 2.0 w/
Seat Attachment
Previous Use 20 trips 0 trips 0 trips 399 trips
Weight 61.3 Ibs. 62.0 Ibs. 75.0 Ibs. 49.9 Ibs.
Dimensions ntTdcé E 4606 180¢ E nT®HE E np®pé E
nnoy e 46.0¢ ny &né¢ nTt oné¢
Steering axis angle 72.5 deg 75.0deg 75.0deg 76.5 deg
Handlebar height oT dT pé oT dcoé 0 pPHPpE oy ¢
from deck
Handlebar Mbdpc € Mbdpc € M®dpc € M®dpc €
diameter
Handlebar length HnbPap®mMy § HOPHPE Op HNDPpce on MydPpe on
nocdé N nocpé N

Brake type(s)

Front drum brake
rear wheel antilock

Front drum brake,

rear stomp brake

Simultaneoudront
wheel drum brake,

Front drum brake
rear wheel antilock

electronicbrake, regenerative electronicbrake, rear wheel antilock
regenerative braking regenerative electronic brake,
braking braking regenerative
braking

Brake controls and Hand brake levers

Hand brake lever

Hand brake levers | Hand brake lever

locations left and right left handlebar, and left and right left handlebar
handlebars rear stomp brake handlebars
Accelerator Thumb throttle Thumb throttle Thumb thottle- Thumb throttle
controls and right handlebar right handlebar right handlebar right handlebar
locations
Maximum speed 15 mph 15 mph 15 mph 15 mph
(governed)
Deck height 7.00¢ c dPpné 7.00¢ poTpé
Ground clearance H®dcoE 2.00¢ 0 DPHpE H®HDpE
Deck length MpDHPp € Moy y € Mc dT p € MpPMmpeE O
usable
Deckwidth 7.00¢ cdPTpE T PHpE cdPTpcE
Wheelbase oc PHpE ocdPpné ocdPpné op®PHpE
Tire diameter hdp € hdp € 11.06 T NR ) 9.0¢
1006 NBI
Tire width HOHpE HdCc pE HdoME HdoyE
Tire type Pneumatic Pneumatic Solid Pneumatic
Shock Absorber Front hydraulic - Front hydraulic -
suspension suspension

Motor 350 W, 500 W, 350W, 350 W,

Rear wheel drive Rear wheel drive Rear wheel drive Rear wheel drive
Seat No No No Yes
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Testing Procedures

Three separate evaluations were conducted during this studySibeed, Acceleration, and Braking test
(SAB), the Handling, Stability, and Maneuverability test (HSM), and the Geofence test. Each of these three
tests were designed to evaluate and compare how specific design factors of each oktoeters
performed thioughout a series of tasks and testing conditions. Prior to the tests, riders were required to
pass a preaesting evaluation that consisted of basic riding tasks to ensure that they could operate an e
scooter in a safe manng¢Appendix BL).

Speed, Acceletian, and Braking Test

The first evaluation was the Speed, Acceleration, and Braking test. This test was conducted on the Rural
section ofthe VirginiaSmart Roads. The purpose was to compare the true maximum speed of each of the
e-scooter models to the acertised maximum speed for a variety of road conditions. Additionally, the
acceleration and braking capabilities of each of the scooters would be analyzed, and the performance of
each of the escooters would be compared. In total, there were 9 road cood#j which can be seen in
Table9.

Table9. Road conditions for SAB test.

Condition Number Slope Terrain

1 Flat Pavement

2 Flat Loose gravel over gras
3 Flat Wet pavement

4 Incline Pavement

5 Incline Loose gravel over gras
6 Incline Wet pavement

7 Decline Pavement

8 Decline| Loose gravel over gras
9 Decline Wet pavement

For the course setup, cones were placed at the beginning of each of the 9 road condition sections that
would serve as the starting point for each trial. The participant would begin between the start cones,
accelerate to the top speed that the scooter woaltbw or a speed that they were comfortable with, and

ride approximately 200 feet down the road. At this point there would be a second set of cones to signify
when to begin braking. When the front wheel of theseooter passed between these cones, the
participant was instructed to brake as hard as they could or were comfortable with. After-tsiceaer

comes to a stop, the participant would step off and wait while a researcher used a measuring wheel to
record the braking distance, defined as the distafroe the braking cones to the front wheel of where

the e-scooter came to a stop. A final set of cones was placed approximately 50 feet past the braking cones
to mark the end of the braking zone. This setup can be seEigirel?.

@®  Go-Proson tripods (]
I 200 ft. I
@) ® Q@
@ o= s > ®
© Accelerate Maintain speed Brake ° @

Figurel?7. Speed, Acceleration, and Braking test setup.
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This procedure would be repeated for each of the-gceoter models on all 9 road conditieffor a total
of 36 trials per participant. The order of road conditions was the same for all participants, but the order
that the participants would use each of theseooters was counterbalanced and randomly assigned.

Handling, Stability, and Maneuvel#kiTest

The second evaluation was the Handling, Stability, and Maneuverability test. This test was conducted on

the Highway section ofhe VirginiaSmart Roads. The purpose was to evaluate and compare the
performance and safety of eachseooter model wkn completing various use cassdow speedsThese

dzaS Ol aSa 6SNBE ARSYGAFASR RdzZNARYy3I GKS aiddzRe 2y +A NI
conflicts. In total, there were 22 tasks included in the course, which can be sé&unmel18. Additional

images of the obstacles can be found in Appenex B

Wide Dirt/mulch 3" raised Sideways " 5 Narrow 2" uneven Grass
pothole transition edge U-turn 2 e Gams plewe pothole bump transition (EREE
OE [ T m o m . L /of
1 -
. - "oz . v e
o = ’ e
. - " - " . . * - . . - 2
- L.
= J .0 O H : om0
Tight turn 3" uneven 1” raised 4" curb Sewer Tight turn Loose gravel 2” raised Tactile
right bump edge grate left transition edge paving strip

Figure18. Handling, Stability, and Maneuveralify course.

Spray chalk was used to mark out-f06t-wide lane to help guide participants through the course, and
markings went from solid to dashed lines around the tasks to let participants know that they could ride or
walk around the tasks if neededdditionally, the markings were used to assist with data reduction. The
tasks were spaced approximately 50 feet apart to allow participants to gather themselves and regain
speed between tasks. For the test, the participant would be randomly assigned t4 4taift locations

within the course. They would complete the entire course for a single trial and could pause between each
of the sections if needed. The participants were instructed that they could complete the tasks in any way
possible and were also wbthat they could choose to ofut of any tasks during the trial that they were

not comfortable performing. This procedure was performed on each of tbepeters, and the order that

the participants would use each of theseooters was counterbalanced@mandomly assigned.

Geofence Test

The third evaluation was the Geofence test. This test was conducted on the Highway settt@Xiafinia

Smart Roads adjacent to the HSM test. The purpose was to evaluate the GPS accuracy of geofences and
understand how escooters handle when riding through them. It was also of interest to understand

LI NIHAOALI yiaQ LISNOSLII A 2 ytdns o thé KsSooter dzRwelbds Sow Th8y2 F Sy O &
think the escooter handled while traveling through the geofences.

Figurel9 shows where the geofences weset up on the Smart Roadlhere is a neide zone geofence
on both ends of the road with a slow zone geofence in the middle of the road. Fhdepone brings the
e-scooter to a stop, and the slow zone reduces the speed of theoeter to approximatly 7 mph. The
road has a slight slope to understand how the scooters respond while riding on inclines and declines.
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Starting point for incline trials

jfe—— 200ft —> l

s
RO R

IR PP I

Slow-zone )

(7 mph) % No-ride zone 2
T T A,
atateannrate
S nLaReRTRaat et

T je—— 200t —>

Starting point for decline trials
Figurel9. Geofence test setup.

The first trial was a surprise trial, such that the participant was unaware of the geofences. The participant
would start just outside of either of the adde zone geofences, closer to the slow zone geofence, and
would be instructed to ride on the road $lat additional data could be collected and so that additional
perceptions could be gathered on theseooters. Once the participant reached the other slow zone, the
trial ended, and the participant was asked what they thought happened. They were theefddmn the
purpose of the test. Participantgextcompleted 12 more trials, 6 on the Max 2.3eooter and 6 on the

Max 2.0 escooter with a seat, as these were the only two scooters that had internet of things (IoT) boxes
that communicated with the gdiences. An approach speed (10, 12, or 15 mph) was assigned, and the
trials would be performed while riding down the decline and up the incline. The starting location (top of
the road or bottom of the road) and the order that participants used tree@otess was counterbalanced

and randomized. Cones were placed near each of the geofences to assist with data reduction.

Participants

To understand user perceptions of the variousawoter models, participants were recruited for this
study. There were two groupsf participants: a group of 8 experienceeseooter riders followed by a
group of 16 novice-scooter riders. The experienced rider group was required to have riddersencter

at least 9 times previously, with the most experienced riders selectehéostudy, and the novice rider
group was required to have ridden arseooter 3 times or less previously. These criteria were selected
o &SR dzLl2y Ay Lizi FNRBY {LAYQ& & dzotBeSOhyiof AGstif2019)NI S E LIS N
The experiencedder group served two purposes: to general&a that would allow for the moseliable
comparisons on the performance between eachihaf scooters as it was anticipated that tleprevious
experience and comfort witkising the scooters would better demstnate the true capabilities of each
model, as well as to provide recommendations on tasks that they thought might not be appropriate for
the novice riders to attempt. All participants were screened prior to the sessiaide 10 shows the
breakdown of the participants that were eligible and recruited for the study.

Table10. Participant demographic breakdown.

153.2 23.9 115 200

9 or more previous trips 3 or less previous trips

5 male, 3 female 8 male, 8 female

| L Ag | Sd | Mn [ Max. | [ Avg. | Std._| Min_| Max. |

20.5 0.71 20 12.9 20 59
Weight 174.2 26.2 120 213 Weight

(Ibs.)

Height (in.) 70.9 3.1 66 74 Height (in.) 67.4 4.6 60 73

(Ibs.)

22 Age (yrs.) 33.6
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The two groups had slightly different research procedures. The experienced rider group completed all 3
of the tests, and thenovice rider group only completed the HSM test. For the HSM test, the experienced
rider group only performed 1 trial on eachseooter while the novice rider group performed 2 trials on
each escooter.

Participants were paid at a rate of $30 per hdixpeienced riders were paid $150 for participation across
two, 2.5-hour sessions, and novice riders were paid $60 for their participation in a shingler Zession.
CKA& addzRe ¢l a ' LILINPDSR 08 +ANBAPBaAnd#22MKQa LyadaAid

Data Collection

MicroDAS

Each of thefour e-scooterswere A y & (1 NHzY Sy (1 SR 4 A (Figure2® with @ ZustdffizE€dNR 5 ! {
weatherresistant enclosre for scooter installation. The microDAS collected forwkacing video, GPS
data such as speed and trip or path tracking, and has +axiksi accelerometers to measure longitudinal,
lateral, and vertical acceleration as well alpj yaw and rollrates Data is collected in this system at a
rate of 10 Hzand the coordinate system is aligned with respect to stem of thescooter, which can be
seen inFigure20. As the origirof the microDASotates with respect to the deck of the scooter when the
rider steers measures were takerelativeto a timepoint when thesteering was approximately straight.
While the four scooters had slightly different steering axis angesch could have resulted in small
differences in the alignments of the microDASits on the scooter stemgshese were assumed to be
insignificant for the selecterhetrics

Pitch

Figure20. VTTI's microDA@eft) and alignment of microDASN scooter stenfright).

¢KS RFEOGF gl a Fdzi2YFGAOItte 2FFf 21 RERMileRofthdathL Qa4 a S
collected can be seen igure21 and Figure23.

FixedCameras

To understand if there were any rider factors that atemtributed to escooter performance and safety,

Go-Pro cameras on tripods were set up alongside each of the three test courses to capture information
regarding rider posture, strategy, and behavior.
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For the Speed, Acceleration, and Braking test, a tdtedur GoPros were used. Two of the Rros were
located at the start of the course to capture rider posture during acceleration. One of these cameras was
placed behind the rider, and the second camera was placed to the side of the rider. Similarlp;BxosG

were located at the end of the course to capture rider posture during braking. One of these cameras were
placed behind the braking zone, and the second camera was placed to the side of the brakifidneeae.
views can be seen Figure22.

For the HSM test, a total of six (oo cameras were used. These cameras were placed safely along the
side of the course and were strategically located tafoon tasks of interest as well as to capture as many
tasks as possible in the field of vieéin example ofhese views can be seenhigure24.

Surveys

Quialtricselectronicsurveys were developed for participants to share their perceptions on each of the e
scooters. During the test sessions, surveys were administered to participants on a tablet. Full versions of
the surveys can be seen in AppenBi.

Pre-Session Questionnaire

A presession questionnaire was administered to each participant to collect demographics information as
well as to understand prior experiences witlseooters. The novice rider group was also asked questions
to understand heir level of physical activity and athleticism, prior experience wiit@oters or similar
devices, and initial perceptions orseooter safetyThe results can be seen in Appendi%. B

Speed, Acceleration, and Braking TRsiveys

Three surveys were deloped for the SAB testAppendix B4). The first survey was given to the
participant after completing a single road condition on each of thesdamter models. Participants would
complete this survey nine times throughout the course of the session hHostrvey, participants were
asked to rank the -scooters on their acceleration and braking in the order for which they thought-the e
scooters performed during the condition.

Following completion of all trials of the SAB test, two additional surveys amgnistered. The first

survey asked participants to rate each oftha@®@2 2 § SN &a | OO0St SNI A2y | YR 06N}
from 1 to 5 forseveralcriteria. Additionally, participants were asked to select thgceoter model that

they preferred foraccelerating, braking, and overall for the entire test.

The final survey was intended to understand which of the testing conditions would not be appropriate for
less experienced riders to attempt. Experienced riders would select any of the nine conditidnfgr

the conditions that they selected, they would be asked to explain why they believed the condition would
not be appropriate by choosing reasons from a list of choices.

Handling, Stability, and Maneuverability T&sitveys

Three surveys were also wi"oped for the HSM teqtAppendix B4). The first survey was given to the

participant after each trial. Participants would complete this survey 4 times throughout the course of the
session. For this survey, participants were given a survey and asketeteaeh of the éa 02 2 1 SND &
performance on a scale from 1 to 5 for turning, riding over raised edges and bumps, riding off curbs, and

riding across other obstacles and terrain. If participants did not complete any of the tasks, they would

A4St SO0 ByRBPELIRRDGAZYFffeY (GKS y208A0S NRRSNI 3N dz
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and reasons for avoiding them, as well as tasks that they chose to attempt after previously not attempting
them and reasons for the change.

Following all trials ofte HSM test, two additional surveys were administered. The first survey asked
participants to rank the wcooters in the order for which they thought theseooters performed each
task. They were also asked to select theceoter model that they preferrefibr turning and maneuvering,
riding over or off of obstacles, stability, riding across different surface types, and overall for the test.

The final survey was only completed by the experienced rider group and was intended to understand
which of the tasksvould not be appropriate for the novice riders to attempt. Participants would select
any of the tasks, and for the tasks that they selected, they would be asked to explain why they believed
the task would not be appropriate by choosing reasons from aflishoices.

Geofence Tessurveys

After the surprise trial, participants were asked what they thought happened and why-fteaer
slowed down and came to a stop. Following the test, they were then asked to ratedbeoters on a
scale of 1 to 5 on thdeceleration rate after entering slow zone geofence, acceleration rate back to full
speed after exiting slow zone geofence, stopping rate after enteringdeozone geofence, volume level

of audible notification, tone of audible notification, and effeeihess of audible notification. They were
also asked which of the twoscooters responded better to the slow zone andride zone geofences.

Overall Studurveys

At the end of the study, two final surveys were administedgpendix B4). Participants wre asked to
indicate how much they agreed with a series of statements on a scale from 1 to 5 for each-cttmer
models.

The final survey asked participants to select thgceoter that they preferred across the two sessions of
testing and to seledhe factors that contributed to their selectioihese results can be seen in Appendix
B-8.

Data Reduction and Analysis
Data reduction protocols were developed for the DAS data and thErG@ideos. These protocols can be
seen in Appendii-3.

Speed, Aaleration, and Braking TeReduction and Analysis

SAB MicrbASReduction and Analysis

+¢¢LQa 5FaF wSRdz0U & Qustomid&diewingizdfvare duite devedopesl by VTiDl,
identify timestamps for each of the trials corresponding to the stéithe trial, end of the trial, and when

the subject started to brake. The forward video from the microDAS along with GPS speed data was used
for this Figure2l).
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Figure2l. Forward camera view (left) and GPS speed data (right) collected by VTTI's microDAS during SAB test.
A script was then developed to filter the data and collect the following variables:

- Maximum speednd timestamp of maximum speed
- Speed at braking timestamp
- Average pitch rate between braking timestamp and trial end timestamp

The reduced variables and timestamps were used to determine the top speed of the scooter for each trial,
as well as to calculatthe acceleration rate and braking distance. Kinematics equations were used for
these calculations, which can be seen below:

Average aceleration rate =

Braking distance =——— where ®

where Vmaxis the maximum speed during the trialnaxis the timestamp corresponding to the maximum
speed,tsiar is the trial start timestampywraking IS the speed at the braking timestamp,q is the trial end
timestamp,torakingiS the braking timestamp, arahaxingis the braking rate.

During the test, the braking distance of the Max @rit was significantly longer than the other models
Given that this scooter was one of the newer models and should have had one of the best braking systems
the research teandecided to investigate why this result was seen. It was hypothesized that the scooter
was not braking as well as it should have been dueassile mechanical issues or wear. To test this
hypothesis, founther Max 2.3unitswere evaluatedgainst the Max 2.3 scoot#rat wasused for testing

Two of theunits were providedby Spin and the other two wereacquired fromthe fleet deployedon
VNBAYAL ¢SOKQa OF YLlza on flat pevemerand theye verafiveitriald BryedctdzO i S R
scooter. Théraking distancevas recorded after each trial, and the results showed that on average, the
Max 2.3unit from testing was braking in 14.16€g while the average of the other foumitswas 11.32

feet, indicating that thaunit that was being used for testing was braking at 80% capacity. To account for
this in the data, a adjustment factor was addeddditionally, after this result was seand following the
conclusion of theSAB testthe Max 2.3 unitvas switched with anotheunit which was used for the HSM

test and Geofence test his example shows the importance of servicing brakes, which may not occur as
often for large fleets of ecooters.

A factorial analysis of variance (ANOVA) was used to analyze differences in performance between the
scooters, with additional factors of ¢hcondition slope and terrain, trial number, participant gender,
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participant weight, and participant height included in the analysis, as well as interaction effects between

the scooter and these factors. Group differences were identified by-postanalys & dza Ay 3 ¢dz] S
honestly significant difference (HSD) test, and results were deemed significant if thelugowas less

than 0.05.

A followrup analysis was conducted to study trends in performance based wsonaer features, and
regressions were pesfmed to generate correlation values and equations of fit.

SAB Fixed Camera Reduction and Analysis

A protocol was developed for analyzing the-GNE @A RS23d C2NJ SIFOK GNARIf X +
FyYyagSNBR I ASNARSa 27 | doiyé@while2ofeleratil ahtl MaRingy'sdch askhngir NA R S
initial acceleration posture, acceleration posture change, initial braking posture, and braking posture
change Figure22). The data was analyzed using descriptive statistics and grouped by scooter model.

Figure22. GoPro views from SAB test. Top left: acceleration side view. Top right: acceleration rear view. Bottom
left: braking side view. Bottom right: braking front view.

Handling, Stability, and Maneuverability TRstuction and Analysis

HSM Micr®ASReduction and Analysis

{AYAT NI G2 GKS {!. GSadzr +¢¢LQa 5141 wSRWstiAzy (S
corresponding to when the subject approached each task, when the subject started each task, and when

the subject completed each task. This was also completed by using the forward video or accelerometer

data Figure23).
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A script was developed to filter the data and collect the following variables:

- Speed when subject approaches obstacle

- Speed when subject begins obstacle

- Maximum speed between start of task and completion of obstacle

- Average speed between start of task and completion of obstacle

- Maximum longitudinal, lateral, and vertical acceleration between start of task and compldtion o
obstacle

- Maximum pitch, yaw, and roll rate between start of task and completion of obstacle

- Time to complete course

Speed differences were also calculated using the above data. Given that there were 22 individual
obstacles, the obstacles were placed igimups such as lateral maneuvers, riding into raised surfaces,

riding off raised surfaces, and terrain transitions. For each group, a factorial ANOVA was used to analyze
differences in relevant performance metrics between the scooters, with additiongdriaof the trial

number, start location, experience level, participant gender, participant weight, and participant height
included in the analysis, as well as interaction effects between the scooter and these factors. Group
differences were identified bypostk 2 0 | y I f @ aA & dzaAy3 ¢dz1 SeQa | {5 &S
significant if their pvalue was less than 0.05.

HSM Fixed Camera Reduction and Analysis

A second protocol was developed for analyzing thePF@mvideos for the HSM test. For each trial, VTXYa

510415 wSRdzOUA2y GSIFY IyagSNBR (KS F2tft2¢6Ay3 ljdzSada
each task and any posture changes or strategies that they used while completing eadfigasi2d).

The data was analyzed using descriptive statistics and grouped by scooter model and experience level for
each obstacle type.
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Figure24. GoPro view to observe rider inial posture and change in posture for riding off 4" curb during HSM
test.

Additionally, for the sideways-tuirn obstacle and obstacles that involved riding into a raised surface

6SEOt dzZRAY3I (GKS mMé NI AaSR SR3IS 0 Zscdoterfwashbleitaichniplet S 3 NB &

the obstacle with or without assistance (i.e., rider using their feet or lifting the front of the scooter using
the handlebars). This data was coded as a binary variable with 1 corresponding to completing the obstacle
and 0 coresponding to either not being able to complete the obstacle for the lateral maneuvers or getting
stuck while attempting the obstacle for riding over raised surfaces. Scooter features were also added to
the analysis to understand if there were trends @oater designs that correspond to compatibility with
completing these types of obstacles, and experience and gender were also investigated to look for
differences between the groups.

Geofence Te®eduction and Analysis

Geofence MicrbDASReduction and Angdis
For each trial, the following timestamps were identified by using the forweado:

- Scooter enters the slow zone geofence

- Scooter begins to decelerate after entering the slow zone geofence
- Scooter reaches reduced speed in slow zone geofence

- Scooter gits the slow zone geofence

- Scooter begins to accelerate after exiting the slow zone geofence

- Scooter enters naide zone geofence

- Scooter begins to decelerate after entering thenige zone geofence

Corresponding latitudes, longitudes, and speedase taken for each of the timestamps. The following
metrics were calculated for each trial using the reduced timestamps, GPS locations, and corresponding
speeds:

- Time and distance until the speed begins to decrease after entering thezslogv

- Time and ditance to reach the reduced speed after entering the shone

- Time and distance to reach the reduced speed after the speed begins to decrease
- Difference between the actual reduced speed and the expected reduced speed

- Time and distance until the speed beglito increase after exiting the slexone

- Time and distance until the speed begins to decrease after entering thigl@aone

A factorial ANOVA was used to analyze differences in performance between the scooters, with additional
factors of the slope andpeed at the beginning timestamp included in the analysis, as well as interaction
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effects. Group differences were identified by pgs2 O I yI f @aAa dzaAy3d ¢dzl SeQa
results were deemed significant if theirvalue was less than 0.05. Nollbw-up analyses on scooter
features were performed as only tweseooters were included in this testing.

SurveyAnalysis
All survey data was analyzed using descriptive statistics.

Safety Critical EveAnalysis
A third protocol was developed foeducing safety critical eventSafety critical events were defined as

- Rull fall overg a part ofthe scooter contacthe ground (other than wheelgnd a part of the
rider contads the ground (other than feet).

- Bailout with fall overg a part of the sooter contact the ground (other than wheelsput the
NARSNRa T22i tdridebskicsassiullyriisNithvut falling. 2 NJ

- Bailoutnofallover2 yf @8 GKS NRARRSNRA& FSSiG dvenSthe sdddted A NJ T I f
from contacting he ground.

- Forward impact; the scooter impact an object or surface

'y ahidKSNE OF ( SAcapiike cicumstancethat gid ndtéit $160 the defined categories
Each event was characterizedthg type of event and the postvent action othe rider. A narrative was
also written for each event.

Results
The following sections include the results from each of the three &stisis broken down by thepecific
measures collected by the microDAS, the fixed camera results, and the survey results.

Speed, Acceleration, and Braking Ressults
SAB MicrDAS Results

Top SpeedResults

The top speed that the four-scooter models were able to reach during each trial was recorded, and these
results can be seen Figure25. When averging the top speed by scooter, the Max 2.3,8T, and Okai
scooter models reached speeds around 12.5 mph (12.6 mph, 12.5 mph, and 12.2 mph, respectively), which
were slightly below the governed top speed of 15 mph, while the Max 2.0 model reached aafpeed
around 10.2 mph, which was significantly different from the other three models (p<0.0001). The top speed
that each escooter was able to reach also varied by slope. When averaging the top speed of all four
scooter models by slope, the scooters wereeatal reach a speed of 14.0 mph on the decline slope, 11.8
mph on the flat slope, and 9.6 mph on the incline slope. There were significant differences in top speed
between the decline and flat slopes (p<0.0001), decline and incline slopes (p<0.00013t and fhcline

slopes (p<0.0001). Differences between the scooters were less significant on the decline slope. There were
also differences in top speed by terrain. When averaging the top speed of all four scooter models by
terrain, the scooters were abl@treach a speed of 13.0 mph on pavement, 12.8 mph on wet pavement,
and 9.5 mph on offoad. There were significant differences between the pavement andafd terrains
(p<0.0001) and the wet pavement and-offad terrains (p<0.0001). For the atiad terain, the S100T
reached significantly greater top speeds than the Okai (p=0.0190) and the Max 2.0 (p<0.0001).
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Figure25. Top speeds from the SAB test. Top left: top speed by scooter model. Top right: top speed by scooter
modeland slope. Bottom left: top speed by scooter model and terrain. Bottom right: top speed by scooter model
and condition. (£p<0.05, **p<0.01, ***-p<0.001, ****-p<0.0001)

The effects of gender and rider weight on top speed were also investigated, whide caen irFigure

26. Averaging the top speed of all four scooters, female riders were able to reach speeds of 12.6 mph
while male riders reached spée of 11.4 mph, which was significant (p=0.0459). Rider weight was seen
to have a significant effect on the top speed that the Max 2.0 was able to reach (p<0.0149).
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Figure26. Top speed by scooter model and gender (left) drydscooter model and rider weight (right). {*
p<0.05, **p<0.01, ***-p<0.001, ****-p<0.0001)

Acceleration RatResults

The acceleration rate from the start of the trial to the time at which the top speed was reached was
calculated for each of the four sctws, and the results can be seenkigure27. When averaging the
acceleration rate by scooter for all slopes and terrains, tAO@@T had the fasteéscceleration rate of 1.95

ft/s?, followed by the Max 2.3 with 1.85 ffisthen the Okai with 1.64 ft’ and the Max 2.0 with 1.23

ft/s2. The acceleration rate of the Max 2.0 was significantly different than the other thmaters
(p<0.0001), and thacceleration rate of the-$00T was significantly different than the Okai (p<0.0001).
Similar to the top speed results, acceleration rate varied by slope: when averaging the acceleration rate
of all scooters by slope, the decline slope had an averageof&el0 ft/<, followed by the flat slope with

a rate of 1.64 ft/$, and the incline slope had the slowest average acceleration rate of 0.98 Ttie
acceleration rates were significantly different between the decline and flat slopes (p<0.0001), line dec
and incline slopes (p<0.0001), and the flat and incline slopes (p<0.0001). The acceleration rate on
pavement was an average of 1.87 ffsr all four scooters and 1.89 ff/$or wet pavement, both of which

were significantly different than the accedgion rate on the offroad terrain which was 1.13 ftfs
(p<0.0001). Only the acceleration rate of th&®T was significantly faster than the acceleration rate of
the Max 2.0 on the offoad terrain (p=0.0002).
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Figure27. Acceleration rates from the SAB test. Top left: acceleration by scooter model. Top right: acceleration
by scooter model and slope. Bottom left: acceleration by scooter model and terrain. Bottom right: acceleration
by scooter mdel and condition. (¥p<0.05, **p<0.01, ***-p<0.001, ****-p<0.0001)

The effect of gender and rider weight and on acceleration rate was also analyzed, which can be seen in
Figure28. There was not a significant difference in acceleration between gender, but rider weight was
once again seen to have a significant effect on acceleration rate for the Max 2.0 (p=0.0097).
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Figure28. Acceleration rate by scooter model and gender (left) and scooter model and rider weight (right).
(*-p<0.05, ***-p<0.001, ****-p<0.0001)
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Braking DistancResults

Braking distances were also calculated for each of the trials, and the results can be Ségure?9.

Speed before braking was also included as a factor in this andligsidMax 2.3 had an average braking
distance of 18.7 ft, the-800T had an average braking distance of 15.5 ft, the GQichah average braking
distance of 16.8 ft, and the Max 2.0 had an average braking distance of 11.7 ft. There were significant
differences in the braking distances by slope, with the decline slope having an average braking distance
of 19.8 ft, followed byhe flat slope with 16.2 ft, and the incline slope with 10.4 ft. The braking distance
on the incline slope was significantly different than the braking distance on the flat slope (p=0.0043) and
the decline slope (p=0.0437). There were also-aigmificant dferences in the braking distance between
different terrains, with the average braking distance on thero#id terrain being 9.6 ft, 17.7 ft on the
pavement terrain, and 17.7 ft on the wet pavement terrain.

Braking Distance by Scooter Model
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Figure29. Braking dstance from the SAB test. Top left: braking distance by scooter model. Top right: braking
distance by scooter model and slope. Bottom left: braking distance by scooter model and terrain. Bottom right:
braking distance by scooter model and condition-§&0.05, **-p<0.01)

Speed before braking was seen to have a signficant effect on braking distance (p<0.0001). As can be seen
in Figure30, brakingdistance was highly correlated with speed before brakirfg@m0) and also varied

largely based upon slope and terrain.
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Figure30. Braking distance by speed before braking (left) and by scooter model and condition (right).

Tohave more standardized data tmmpare the braking distances between the scooter models and across
the different slopes and terrains, a predicted braking distance was calculated using 15 mph as the speed
at the braking timestamp and the previously calcutht®aking rate. These results can be seeRigure

31. The scooters all had very similar predicted braking distances (Max 2.3: 2ZBIDGT: 27.4 ft, Okai:

26.6 ft, Max 2.0: 27.7 ft). These results were relatively consistent across all slopes and terrains. There was
a slight significant difference in the predicted braking distance between the flat slope and incline slope
(flat: 29.0 ft,incline: 26.2 ft, p=0.0296).

Gender and rider weight also had an effect on the predicted braking distance. While on average female
NARSNE 6SNB LINBRAOGSR G2 oNIX1S Ay HT®H FiG YR YI
adjustment accountindpr factors rider weight and height predicted distances of 29.6 ft for female riders

and 26.7 ft for male riders (p=0.0334). Rider weight significantly affected the braking distance for the Max

2.3 model (p=0.0113).hese results can be seenFigure32.
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Figure31. Predicted braking distances for the SAB test. Top left: braking distance by scooter model. Top right:
braking dstance by scooter model and slope. Bottom left: braking distance by scooter model and terrain.
Bottom right: braking distance by scooter model and condition-[{£0.05)
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Figure32. Predicted braking distance by scooterodel and gender (left) and scooter model and rider weight
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SABSurvey Results

Participant rankings on their perceptions of the acceleration and braking capabilities for each of the
scooters after each trial can be seenhigure 33. Across all trials, the-B)0OT was ranked first for
acceleration rate (34 selections), acceleration stability (33 selections), braking rate (34 seleations)
braking stability (31 selections). The Okai was ranked last for acceleration rate (31 selections) and
acceleration stability (31 selections) followed closely by the Max 2.0 (27 selections for acceleration rate
and 26 selections for acceleration stitlg). The Okai was also ranked last on braking stability (26
selections). The Max 2.0 had the second greatest number of selections for being ranked first on braking
rate (19 selections) and braking stability (22 selections). The Max 2.3 had the lowdsgsaior braking

rate (33 selections).

Participant ratings on their perceptions of the acceleration and braking capabilities for each of the
scooters after the test can be seenkigure34. Participants thought that the acceleration rates for the
Max 2.3 and 00T were appropriate, while the Max 2.0 was too slow, and the Okai was too fast. Only
the Okai was ranked under a 3 for acceleration feel. Participants found-1@®TSto have the wst
effective accelerator controls, followed by the Max 2.3, Okai, and Max 2.0. The Okai was rated slightly
lower than the other scooter models for accelerator control placement. For braking rate, participants
thought that the Max 2.0 had the most approgie rate, with the SLOOT and Okai having rates that were

too fast and the Max 2.3 braking at a rate that was too slow. The Max 2.0 was also rated the best for
braking feel, followed by the Max 2.3.180T, and Okai. Participants thought that the braketama were

more effective for the 00T and Okai and less effective for the Max 2.3 and Max 2.0. There were very
little differences in ratings for the brake control placement between scooters.

Acceleration Rate Acceleration Stability

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
mMax 23 mS-100T mOkai mMax 2.0 w/ seat mMax 2.3 mS-100T mOkai mMax 2.0 w/ seat

Braking Rate Braking Stability

mMax 23 =mS-100T =mOkai mMax 2.0 w/ seat mMax 2.3 ®S-100T mOkai mMax 2.0 w/ seat

Figure33. Posttrial survey resuls. Participants ranked the scooters from4lfor each trial. The figure shows the
number of participants to give the scooter each rank for all trials combined.
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E-Scooter Perceptions - Speed, Acceleration, and Braking Test

Acceleration Rate

Acceleration Feel

Accelerator Control Effectiveness
Accelerator Control Placement/Location
Braking Rate

Braking Feel

Brake Control Effectiveness

Brake Control Placement/Location

-

2 3 4 5
mMax 23 mS-100T =mOkai mMax 2.0 w/ seat

Figure34. Posttest survey results. Participants would rate scootes a scale from 5. The figure shows the
average ratings. Acceleration/braking rate: ¢ too slow, 5¢ too fast. Acceleration/braking feel: X unstable,
wobbly, 5¢ stable, smooth. Acceleration/braking control effectivenessg hot effective (hard squezing to
accelerate), &; effective (easy squeezing to accelerate). Accelerator/braking control placement/locatioq: 1
uncomfortable, 5¢ comfortable.

Additional survey results can be seen in Appenebx B

SABFixedCamereaResults

The initial acceleratioposture and acceleration posture change by scooter and slope can be seen in
Figure35 and by scooter and terrain iRigure36, and the initial braking posture and braking posture
change by scooter and slope can be sedrigure37 and by scooter and terrain figure38. Aside from

the seated Max 2.0, the mbsommon initial acceleration posture was legs bent, body leaning fatwar
The most common acceleration posture changes were to return the body to a neutral front/back position
or to straighten the legsAside from the seated Max 2.0, the most common ahitiraking postures were

legs either bent or straight, no body lean or body leaning forwiglalst participants did not change their
posture while braking. The second most common action was to lean backiaede were no major
differences or trends in actaration or braking initial postures or posture changes with scooters, slopes,
or terrains
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Initial Acceleration Posture by Slope and Scooter Model - Legs
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Acceleration Posture Change by Slope and Scooter Model
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Figure35. Acceleration posture by slope. Top: initial acceleration body postideldle: initial acceleration legs
posture. Bottom: acceleration posture change.
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Initial Acceleration Posture by Terrain and Scooter Model - Legs
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Figure36. Acceleration posture by terrain. Top: initial acceleration hodosture.Middle: initial acceleration legs
posture. Bottom: acceleration posture change.
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Initial Braking Posture by Slope and Scooter Model - Legs
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Figure37. Braking posture by slope. Top: initial braking body postukéiddle: initial braking legs posture.
Bottom: brakingposture change.
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Initial Braking Posture by Terrain and Scooter Model - Legs
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Figure38. Braking posture by terrain. Top: initial braking body postuididdle: initial braking legs posture.
Bottom: braking posture change.
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SABSafety Critical EveRtesults

The safety critical events asammarized irFigure39. Most safety critical eventsccurred while braking
and on the flat, offroad condition and he S100T had the mostafety critical eventsThemost common
crash type was a bailout, and most safety critical events happened on either the first or third trials.

Safety Critical Events by Location and Safety Critical Events by Condition and
E-Scooter Model E-Scooter Model
12 6
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6 3
2
: I I II I
1
- Bam im | 1 n 1
0 - Flat, pavement Flat, off-road Flat, wet Decline, off- Decline, wet
Acceleration Braking pavement road pavement
mMax 23 mS-100T mOkai mMax 2.0 w/ seat mMax 2.3 ®mS-100T mOkai mMax 2.0 w/ seat
Safety Critical Events by Trial and Safety Critical Events by Crash Type and
E-Scooter Model E-Scooter Model
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5 4
4 3
3 2
: . 1 1 i
. l l Full fall over Bailout no fall Bailout with  Other; Other; Other
0 over fall over  Bailout no fall Bailout with
1 2 3 4 over fall over
mMax 2.3 = S-100T =Okai mMax 2.0 w/ seat mMax 2.3 =S-100T =Okai ®=Max 2.0 w/ seat

Figure39. Safety critical evenfrequencyoccuriing during the SAB test. Top left: SCEs by location and scooter
model. Top right: SCEs by condition and scooter model. Bottom left: SCEs by trial and scooter model. Bottom
right: SCEs by crash type ancbster model.

Handling, Stability, and Maneuverability TRssults
HSM Micr®AS Results

Lateral ManeuveResults

The first metric that was investigated for lateral maneuvers was speed change, in which a lower speed
change would indicate greater ability to maintain speed. These results can be sEauia40. The
average speed changes wetk15 mph for the Max 2.6:1.74 mph for the Max 2.31.92 mph for the

Okai, and-1.69 mph for the S00T. However, no significant differences were observetivben the
scooters, likely due to incorporating speed before the obstacle, in which a general trend was observed
where approaching the obstacle with a greater speed also required a greater speed decrease to pass
through the obstacle (p<0.0001). There wesignificant differences observed in the speed change
between experience groups, with the experienced riders on average reducing their speed by 2.60 mph
and the novice riders reducing their speed by 1.36 mph (p<0.0416). Female riders were also seen to
maintain their speed better than male riders, with speed changed d4 mph compared te2.02 mph.
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Speed Change by Scooter for Lateral Maneuvers Speed Change by Speed Before Obstacle for Lateral Maneuvers
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Figure40. Speed change for lateral maneuvers. Top left: speed change by scooter. Top right: speed change by
speed before the oliacle. Bottom left: speed change by scooter and experience level. Bottom right: speed
change by scooter and gender.-(<0.05)

Significant trends were also observed with specific scooter features. As can be sEaur@4l,
increasing scooter weight, deck height, wheelbase, and tire diameter also resulted in greater speed

decreases (p<0.0001).
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Speed Change by Scooter Weight for Lateral Maneuvers
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Figure4l. Effect ofspecific scooter features on speed change. Top left: speed change by scooter weight. Top
right: speed change by deck height. Bottom left: speed change by wheelbase. Bottom left: speed change by tire

diameter.

The maximum roll rate that the scooters experded during the lateral maneuver obstacles was also
analyzed, and these results can be seeRifgure42. The Max 2.3 and Okai experienced higher mari

roll rates of 46.4 deg/s and 44.5 deg/s, respectively, when compared to-fi¥®5 and Max 2.0 that
experienced respective roll rates of 41.7 deg/s and 39.0 deg/s. Significant differences were observed
between the Max 2.3 and-80T (p=0.0133), Max 2a®d Max 2.0 (p=0.0002), and the Okai and Max 2.0
(p=0.0138). There was an observable trend with the maximum roll rate and the mean speed, such that
higher mean speeds resulted in higher roll rates (p<0.0001). Novice riders had smaller maximum roll rates
than experienced riders (41.8 deg/s and 46.7 deg/s, respectively), and female riders had smaller maximum
roll rates than male riders (35.1 deg/s and 49.2 deg/s, respectively).
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Maximum Rell Rate by Scooter for Lateral Maneuvers Maximum Roll Rate by Mean Speed During Ob le for Lateral M ers
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Figure42. Maximum roll rate for lateralmaneuvers. Top left: roll rate by scooter. Top right: roll rate by mean
speed during obstacle. Bottom left: roll rate by scooter and experience level. Bottom right: roll rate by scooter
and gender. (¥p<0.05, **p<0.01, ***-p<0.001)

Rider weighhada sigiificant effect in determining roll rate for the Max 2.3 (p=0.0005), Okai (p=0.0014),
and S100T (p<0.0001), and rider height was significant for all scooters (p<0.FogNe43).
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Figure43. Maximum roll rate by rider weight (left) and by rider height (right).
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Additionally, scooter steering axis and deck height were seen to have significant effects on the maximum
roll rate during lateral maneuvers, with a steeper steering axis resulting in less roll (p<0.0001) and a taller
deck height resulting in more roll (p<0.00@E)gure44).

Maximum Rell Rate by Scooter Steering Axis for Lateral Maneuvers Maximum Rell Rate by Scooter Deck Height for Lateral Maneuvers
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Figure44. Effect of specific scooter features on roll rate. Left: roll rate by steering axis. Right: roll rate by deck
height.

Maximum yaw rate was the final metric investigated during the lateral maneuver obstacles. These results
can be seen ifrigure45. On average, the MaX0 had a maximum yaw rate of 144.2 deg/s, 153.6 deg/s

for the Max 2.3, 160.0 deg/s for the Okai, and 139.4 deg/s for th80F. Significant differences were
observed between the Max 2.3 and thel@0T (p<0.0001), the Max 2.3 and the Max 2.0 (p<0.006&), t

Okai and the 00T (p=0.0005, and the Okai and the Max 2.0 (p=0.0011). There was an observable trend
with the maximum yaw rate and the mean speed, such that higher mean speeds resulted in lower yaw
rates (p<0.0001). There were also significant diffeemnin the maximum yaw rate between experienced

and novice riders (167.6 deg/s and 143.9 deg/s, respectively; p=0.0042) as well as male and female riders
(157.8 deg/s and 138.3 deg/s, respectively; p=0.0041).

Maximum yaw rate was also seen to be signifiaaffected by rider weight for the-800T (p=0.0087)
and rider height for the Max 2.0 (p=0.0011), the Max 2.3 (p=0.0398), and1B875(0.0013)Rigure46).

Similar toroll rate, a trend was seen with yaw rate and steering axis in that scooters with a steeper steering
axis experienced less yaw, which can be seéfigare47.
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Maximum Yaw Rate by Scooter Model for Lateral Maneuvers Maximum Yaw Rate by Mean Speed During Ob le for Lateral
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Figure45. Maximum yaw rate for lateral maneuvers. Top left: yaw rate by scooter. Top right: yaw rate by mean
speed during obstacle. Bottom left: yaw rate by scooter and experience level. Bottom right: yaw ratedmtesc
and gender. (¥p<0.05, **p<0.01, ***-p<0.001, ****-p<0.0001)
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Figure46. Maximum yaw rate by rider weight (left) and by rider height (right).
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Maximum Yaw Rate by Scooter Steering Axis for Lateral Maneuvers
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Figure47. Effect of steering axis on yavate.

Riding into Raised SurfaResults

The first metric analyzed for obstacles that involved the scooters riding into a raised surface was speed
change, or how easilye rider can maintain speed as a function of the scoathile riding over a raised
suface. These results can be seerFigure48. On average, the Max 2.0 decreased speed by 1.32 mph,

the Max 2.3 decreased speed by 1.24 mph, the Okarahsed speed by 1.17 mph, and tha(®T
decreased speed by 1.55 mph. There was also a significant difference in speed change between the Okai
and $S100T (p=0.0075). There were no significant differences in the speed change between experience
groups or g@nder, but it was seen that female riders were able to maintain their speed when riding with
the Okai significantly better than when riding with thd @®T (p=0.0114).

Significant trends were also observed with specific scooter features. Scooters witnsigspwere able

to maintain their speed better on average than scooters without suspensioB5 mph compared te

1.44 mph, respectively; p=0.0412). A trend was also seen such that scooters with greater ground clearance
maintain their speed better (p=0251).These trends can be seenkigure49.

The next metric analyzed was maximum vertical acceleration, and these results can beSgengb0.

On average, the Max 2.3 experienced 1.11 g of acceleration, the Okai experienced 1.27-$0@fe S
experienced 1.30 g, and the Max 2.0 experienced 1.34 g. There were significant differences in vertical
acceleration between Max 2.3 ar@kai (p=0.0366), the Max 2.3 and@®T (p=0.0034), and the Max 2.3

and Max 2.0 (p<0.0001). Speed before the obstacle did have a slight effect on the vertical acceleration
experienced by the -scooters, as higher vertical accelerations were observed dbehigpeeds
(p<0.0001). There were no significant differences in the vertical acceleration between experience groups
or gender, but it was seen that experienced riders had higher vertical accelerations on the Max 2.0 than
the Max 2.3 (p=0.0147), and the noe riders had lower accelerations on the Max 2.3 compared to the
Max 2.0 and 800T (p=0.0070, p=0.0030, respectively). Male riders also had lower accelerations on the
Max 2.3 than the Max 2.0 (p=0.0005).

Smaller vertical accelerations were also experashby the scooters with suspension systems compared
to those without (1.20 g and 1.32 g, respectively; p=0.0011). Rider weight also had a significant effect on
vertical acceleration for the Okai (p=0.0092) and the Max 2.0 (p=0.0020). This can befSgeneiil.
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Speed Change by Scooter Model for Riding into Raised Surfaces
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Figure48. Speed change for riding into raised surfaces. Top: speed change by scooter. Bottom left: dprage
by scooter and experience level. Bottom right: speed change by scooter and gendex0(95, **p<0.01)
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Figure49. Effect of specific scooter features on speed change. Left: speed change by suspension. Right: speed
change by ground clearance.
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Maximum Vertical Acceleration by Scooter Model for Riding into Raised Surfaces Maximum Vertical Acceleration by Speed Before Obstacle
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Figure50. Maximum vertical acceleration for riding into raised surfaces. Top left: vertical acceleration by
scooter. Top right: vertical acceleration by speed before obstacle. Bottom left: verticallamtgon by scooter
and experience level. Bottom right: vertical acceleration by scooter and gendep<@®.05, **p<0.01, ***-
p<0.001, ****-p<0.0001)
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Figure51. Maximum vertical acceleration by suspension (left) and rider weig¢fight). (** -p<0.01)
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Riding off Raised SurfaResults

For obstacles that involved riding off raised surfaces, maximum vertical acceleration and maximum pitch
rate were analyzed. There were no differences in vertical acceleration rate between the scaoigthe
results for pitch rate can be seenhigure52. The Max 2.0 had an average pitch rate4%.4 deg/s, the

Max 2.3 had an average €80.9 deg/s, the Okai had an average-28.2 deg/s, and the-$00T had an
average of41.1 deg/s. There were no significant differences between scooters, experiengesgiau
genders.

Maximum Pitch Rate by Scooter Model for Riding off Raised Surfaces
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Figure52. Maximum pitch rate for riding off raised surfaces. Top: pitch rate by scooter. Bottom left: pitch rate by
scooter and experience level. Bottom right: pitch rate by scooter and gender.

Significant trends were observed with tire diameter, deck height, and suspensgurg¢53), such that
increasing tire diameter and deck height resdltin smaller negative pitch rates (p=0.0251 and p=0.0129,
respectively). Scooters with suspension systems also experienced smaller negative pitch rates than those
without (-28.4 deg/s and43.2 deg/s, respectively; p=0.0138).
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Maximum Pitch Rate by Scooter Tire Diameter for Riding off Raised Surfaces Maximum Pitch Rate by Scooter Deck Height for Riding off Raised Surfaces
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Figure53. Maximum pitch rate by tire diameter (top left) deck height (top right) and suspension (bottom).
(*-p<0.05)

Terrain TransitioResults

For terrain transition obstacles, vertical acceleration data was analyzed, which can be Segnréd4.

The Max 2.0 had an average maximum vertialeleration of 1.37 g, the Max 2.3 had 0.92 g, the Okai
had 0.93 g, and the-800T had 1.11 g. There were significant differences between the Max 2.3 and Max
2.0 (p<0.0001), the Okai and Max 2.0 (p<0.0001), the(d and the Max 2.0 (p<0.0001), the Ma& @nd
S100T (p=0.0003), and the Okai and@®T (p=0.0001). While there were not significant differences in
vertical acceleration between experience level groups or gender, there were significant differences within
each of the groups that were similar the main effects. Suspension was also seeimfioencevertical
acceleration experienced during the terrain transitions, as scooters with suspension saw 0.92 g while
scooters without saw 1.24 g (p<0.0001).
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Maximum Vertical Acceleration by Scooter for Terrain Transitions
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Figure54. Maximumvertical acceleration for terrain transitions. Top left: vertical acceleration by scooter. Top
right: vertical acceleration by suspension. Bottom left: vertical acceleration by scooter and experience level.

Acceleration (g)

Acceleration (g)

Vertical Accel ion by S

EET

ion for Terrain Transitions

No
Suspension

Maximum Vertical Acceleration by Scooter and Gender for Terrain Transitions

*
* ok K
* 3k Kk

Female
Gender

* %
* ok o

Male

Scooter M Max2.0w/ seat M Max2.3 B Okai @ §-100T

Bottom right: vertical acceleration by scootema gender. (*p<0.05, **-p<0.01, ***-p<0.001, ****-p<0.0001)

Course Tim&esults

Time to complete the course was also measured and analyzed, the results of which can beFgerein

55 and Figure56. Course time was seen to vary by scooter, with the Max 2.3 completing the course the
fastest in an average time of 140 s, followed by thHEOST in 141 s, then the Okai in 143 s, and the Max
2.0in 150 s. The course times for the Max 2-B0ST, and Okai were significantly faster than the Max 2.0
(p<0.0001). On average the experienced riders completed the course in 128 s and the novice riders
completed the course in 148 s. Male riders alsmpteted the course significantly faster than female
riders, with an average time of 126 s compared to 164 s (p=0.0375). There were also more significant

differences between the scooters in the experienced rider group and the male rider group.
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Average Time to Complete Course by Scooter Model
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Figure55. Average time to complete the course. Top: time by scooter. Bottom left: time by scooter and
experience level. Bottom right: time by scooter and genderp&0.05, ***-p<0.001, ****-p<0.0001)

On average, course time was seen axkase as the trials went on for both the experienced and novice
rider groups. The experienced riders had an average first trial time of 139 s and an average fourth trial
time of 121 s, and the novice riders had an average first trial time of 176 s aneteage eighth trial time

of 129 s. Across all trials, the experienced riders had an average time of 128 s, which the novice riders

began to approach by their eighth trial. Rider weight was also seen to be a significant factor for the Max
2.3 and SL.00T sooters (p=0.0033 and p=0.0280, respectively).
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Average Time to Complete Course by Trial for Experienced Riders
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Figure56. Average time to complete the course. Top left: time by trial for experienced riders. Top right: time by
trial for novice riders. Bottom: time by scooter and ridereight.

HSMSurvey Results

Average participant ratings on their perceptions of the performance capabilities for each of the scooters
after each trial can be seen kgure57. Both the experienced and novice rider groups rated the turning

of the Okai the lowest. Both experience groups also gave the Max 2.3 and the Okai the highest ratings for
riding over raised edges and bumps and riding off curbs vilideS100T and Max 2.0 had the lowest
ratings. Both groups also felt that the Max 2.0 did not perform as well at riding across sewer grates, tactile
paving, potholes, and cracks. The experienced group felt that the Max 2.3108TSlid the best at ridm

across gravel, and that the Max 2.0 did not do well riding across grass or dirt. The novice group thought
that the scooters performed similarly well for riding across all types of terrain.
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E-Scooter Perceptions - Handling, Stability, and Maneuverability Test
Experienced Riders
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Figure57. Posttrial survey resultsParticipants would rate scooters on a scale frorbwith 5 being the best

rating and 1 being the worst rating. The figure shows the average ratings.
Additional survey results can be found in Appendik B

HSMFixed CamerResults

The initial posture and posture change and strategies by obstacle type and each of the experience level
groups can be seen Figure59 and. Regardles of obstacle type, thenitial posturesthat riders were in

to prepare themselves for the obstackeere very similar There were no major differences in posture
between scooters for any obstacle typside from the Max 2.0 where riders would occasionadlg the

seat. Novice riderswere seen tosit on the Max 2.0 scooter less than experienced ridégperienced

riders tended to prepare themselves more before each obstacle by bending their legs, where novice riders
approached the obstacle with their legdrasght and bem them while completing the obstacle
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Experienced riders also leaned more with their bodies in preparation of obstEsigsrienced riders used
more strategies such as using their feet or lifting the handlebars with #vens than noviceriders
Leaning was the most common strategy across all obstacle,tgpelsise of feet was most common for
the lateral maneuvermbstacles.A combination of lifting the handlebars and using feet was the most
common for riding into raised surfaceand rding into raised surfaces was the most common obstacle
not attempted Novice riders did not attempt a larger percent of obstacles than experienced riders
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Figure58. Posture and strategies by obstacle type fexperiencediders. Top: initial posture. Bottom: posture
change and strategies.
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Initial Posture by Obstacle Type and Scooter
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Figure59. Posture and strategies by obstacle tyfer novice riders Top: initial posture Bottom: podure change
and strategies

For the sideways4turn obstacle, the Gé’ro videos were also used to understand how often riders could
complete it with and without using their feet for assistance. These results can be deigniia60. For all
scooters, it was seen that riders were less likely to complete the obstacle without using their feet. The
Max 2.3 and 00T had higher percentages of coleting the turn without assistance compared to the
Okai and Max 2.0.
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Completed Turning Obstacle by Assistance and Scooter
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Figure60. Percentage of attempts where riders were able to complete the sidewaytard with or without
assistance by scooter model.

When only looking at thattempts without assistance and combining the totals for the Max 2.3 and S
100T and the totals for the Okai and the Max Zlakle11), the probabilityof completing the obstacle
using the Max 2.3 or-800T was 1.97 times greater than completing the obstacle using the Okai or Max
2.0 (95% CI:[0.98, 3.97]). The Max 2.3 at(H did have the two shortest handlebar and scooter heights
and the longest udale deck lengths when compared to the Okai and Max 2.0. When investigating these
factors, a trend was observed with deck length, such that increasing the length of the deck that the rider
can stand on increases the probability of being able to completetistacle without assistance, which

can be seen ifrigure6l1.

Tablell Attempts without assistance for the sidewaysturn, used to calculate odds ratio.

68 23
36 24 60
36 47 151

Predicted Probabilities for Completed=Yes

Probability
o
o
=

T T T T
1425 16.75 1925 19.88
DeckLength

Figure61. Probability of completing the sideways-tuirn obstacle without assistance by deck length.
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To understand if experience level or gender also impacted how often riders could complete the turn with
and without using their feet for assistance, the results were arranged as shdvigire62. Novice riders

and female riders had lower completion rates of the sidewaysrid when they didhot use their feet for
assistance when compared to experienced riders and male riders, respectilthtyugh pecentages of

not completing the obstacle were closer for the Okai for both comparison groups.

Completed Turning Obstacle by Experience, Assistance, and Scooter
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Figure62. Percentage of attempts where riders were able to complete the sidewaytard with or without
assistance by scooter and egpence leveltop) or gender bottom).

For the obstacles that involved riding into a raised surfatee GoPro videos were also used to
understand how ofterscooters would get stuck while attempting to ride over therith and without

using their feetor arms to lift the front of the scootefior assistanceThese results can be seerFigure

63. The SLOOT and Ma®.0 were seen to get stuck on the obstacles more frequently than the Max 2.3

and Okai. The scooters were less likely to get stuck on the obstacles if riders used some form of assistance,
IyR a0220SNE ¢SNB ai0dzO1 Y2NB 2FGSy 2y GKS oé¢ 204l
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Stuck on Raised Surface by Scooter Stuck on Raised Surface by Scooter and Assistance
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Figure63. Percentage of attempts where scooters were stuck on raised surfaces. Top left: stuck by scooter. Top
right: stuck by scooter and with or without rider assistance. Bottom left: stuck by scooter and obstacle height.
Bottom right: stuck by scooter and obstacle type.

When combining the totals for the-B)OT and Max 2.0 and the Max 2.3 and OKRaib(e 12), the
probability of the scooter getting stuck on the obstacles using ti®® or Max 2.0 was 2.04 times
greater than getting stuck on the obstacles using the Max 2.3 or Okai (95% CI: [1, 4.19]). The Max 2.3 and
Okai scooters did have suspension systamd the greatest ground clearances.

Table12. Attempts where the scooters were stuck on the raised surface obstacles, used to calculate odds ratio.

23 255 218
12 272 284
35 527 562

When investigating how design features and vehicle speed affected the probability of the scooter getting
stuck on a raised surface obstacle, several trends were observed which can be séguré64. The
probability of the scooter not getting stuck on a raised surface was higher if a scooter had a suspension
adaitsSyo tNRoOlIOAfAGASAE 2F y20 3ISGGAy3 aldgedid 2y
clearance and tire diameter increased. The probability of getting stuck began to increase as obstacle
height increased for all design features. Additionally, scooters with suspension systems and greater
ground clearances had lower probabilitiegyetting stuck on the raised surface obstacles at lower speeds.

To understand if experience level or gender also impacted how often scooters were stuck on raised
surface obstacles with and without using assistance, the results were arranged as shieigar@6s.
There were very few differences in the percentage of attempts where the scooters were stuck on a raised
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surface between the experienced and novice rider groups except for the Max 2.0, whlemger
percentage of experienced riders were stuck on the obstacle without using assistance, but a larger
percentage of novice riders did not attempt the obstacle. The percentages where the scooters were stuck
were also similar between male and femalgetis, but female riders did not attempt the obstacles much

more frequently than male riders.
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Figure64. Probability of a scooter getting stuck on the obstacle. Top left: by obstacle height and suspension. Top
right: by obstecle height and ground clearance. Center: by obstacle height and tire diameter. Bottom left: by
speed at start of the obstacle and suspension. Bottom right: by speed at the start of the obstacle and ground

clearance.
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Scooter Stuck on Raised Surface by Experience, Assistance, and Scooter
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Scooter Stuck on Raised Surface by Gender, Assistance, and Scooter
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Figure65. Percentage of attempts where scooters were stuck on raised surfaces with or without assistance by
scooter and experience levab) or gender pottom).

HSMSafety Critical EveResults

The safety critical events are summarizerigure66 andFigure67. Most SCEs were caused by obstacles
where the scooters were riding into raised surfacand nost SCEs involveither a forward impact with
abailoutand nofallover. SCEs decreased as the trials wentMovice riders had lowerates of SCEs than
experienced riderbut did havehigher rates of bailouts without forward impacts
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Figure66. Safety critical evenfrequencyduring the HSM test. Top left: SCEs by obstacle and scooter. Top right:
SCEs by SCE type and scooter. Bottom left: SCEs by obstacle and SCE type. Bottom right: SCE rate per trial.

Figure67. Safety critical evenfrequencyduring the HSM test. Top left: SCE rate per trial by experience level. Top
right: SCE rate per trial by scooter and experience level. Bottom left: SCE rate per trial by SCE type and
experience level. Bottom right: SCE rate per trial by obstacle and expeziéel.
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