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ABSTRACT 

E-scooters have become an increasingly popular mode of transportation over the recent years, with many 

companies offering shared e-scooter fleets which are a very convenient micromobility option for a large 

demographic of users. However, with the increase in e-scooter use, there has been a corresponding rise 

in e-scooter crashes, injuries, and safety critical events. As e-scooters are easily accessible by most 

members of the public, there is a large variation in both proper riding techniques and knowledge of 

policies and regulations across users. Until recently, very little formal research has been conducted on the 

safety of e-scooters, and if left unaddressed, e-scooters may not continue to serve as a legitimate 

transportation method. The goal of this dissertation is to improve the safety of e-scooters for all riders, as 

well as other road users, through several approaches. The first study, E-Scooter Safety Assessment and 

Campus Deployment Planning, worked to understand the contributing factors to safety critical events 

involving e-scooters and identify effective policies and procedures for promoting safe e-scooter use 

through naturalistic data collection. During this study, it was discovered that e-scooter design may 

contribute to safety, which led to the second study, E-Scooter Design: Performance and Safety Evaluation. 

During this effort, the relationship between e-scooter design, rider factors, and road infrastructure was 

evaluated through controlled benchmark testing to identify design features with the greatest 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 of the e-scooter user. From the 

E-Scooter Design study, it was observed that 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 study, Development of Training for E-Scooter Riders, aimed to 

develop an effective set of training materials for riders through novice rider focus group feedback and 

riding data collection. The results from these three studies have led to a detailed set of recommendations 

for improving e-scooter safety that can be implemented by policymakers and e-scooter companies. With 

adoption, I believe these recommendations will reduce the frequency of e-scooter crashes, injuries, and 

safety concerns, enabling e-scooters to serve as a safe and effective micromobility solution.  
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GENERAL AUDIENCE ABSTRACT 

Electric scooters, or e-scooters, have become an increasingly popular form of transportation over the 

recent years. However, there have been numerous reports of safety concerns, crashes, and injuries for e-

scooter riders and other road users as a result of e-scooter misuse. Until recently, very little formal 

research has been conducted on the safety of this micromobility solution. This dissertation describes a 

series of studies that have investigated the contributing factors to safety concerns and identified 

countermeasures, such as policy recommendations, design optimization, and training, that can be 

implemented with an end goal of improving e-scooter safety. 
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Chapter 1: Introduction 

History and Current State 
Electric scooters, or e-scooters, are two-wheeled scooters powered by electric motors which users 

typically stand on to ride. While privately owned e-scooters 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 e-scooter is to be above the required age specified by the local governing 

body and to have access to the smartphone app corresponding to the scooter brand. Largely due to their 

convenience, e-scooters have become an increasingly popular transportation option in the recent years, 

serving as a micromobility solution for first and last mile transportation and short distance trips. In 

addition to their accessibility, there are many advantages associated with e-scooter use, such as reducing 

carbon emissions and providing an affordable transportation option for a large demographic of users. 

Since their introduction in 2017, scooter share 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, 2020; Figure 1).  

 

Figure 1. Shared micromobility use from 2010-2019. (Source: NATCO, 2020). 

Bird was the first company to deploy a fleet of shared 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 their e-scooter fleets in cities without asking for permission 

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 legal action 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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cease-and-desist letters, including Spin, Skip, and GOAT. This strategy put these e-scooter vendors 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 cities decided 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 rules and regulations (NATCO, 2020). 

Washington, D.C. ran a pilot program for six e-scooter companies, and after a scooter-related fatality 

occurred in September 2018, the District passed regulations that required companies to apply to release 

scooters in the District 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 and e-scooter companies to best incorporate 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 solutions. When 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 and mandatory shelter-in-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 as increased 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 dockless e-scooter systems operating in 

cities across the U.S. (Bureau of Transportation Statistics, 2020; Figure 2). These trends seem to indicate 

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

 

 

Figure 2. Bikeshare and e-scooter systems in the U.S. (Source: U.S. Department of Transportation, Bureau of 
Transportation Statistics, 2020). 
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E-Scooter Use, Rider Demographics, and Trip Patterns 
To use an e-scooter, riders must have the corresponding scooter service mobile application. These 

applications are useful in that they allow riders to locate e-scooters in their general area. After an e-

scooter has been located, the mobile device and application is used to scan a quick response (QR) code 

for unlocking the scooter. Typical shared e-scooters 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 e-scooter 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 parking (Behavioral Traffic 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), indicating that e-scooters are more 

popular for younger populations. Most e-scooter users ride infrequently, and a large percentage have 

ridden only once as found in a survey conducted by the City 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 of e-scooters, they also had more 

negative perceptions on e-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 until early evening (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 highest during the summer and the lowest during the winter (Portland 

Bureau of Transportation and Alta Planning & Design, 2020), possibly indicating that e-scooters are 

commonly used for fun rather than commuting purposes. Several surveys have also shown that e-scooters 

most commonly serve to replace low-carbon 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 e-scooter use, safety concerns, crashes, and injuries have also been on the rise. To 

better understand perceptions of safety, injury patterns, and precipitating events of e-scooter crashes, 

the following sections cover previous e-scooter reviews and articles which have reported safety concerns 

and injuries caused by e-scooters. 

Several studies have investigated the perceived safety and risk of e-scooters, and some of the main 

concerns reported by users or potential users were either hitting someone or being hit, being unsteady 

and falling 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 pedestrians, e-scooter riders are required to either ride in the street 

or use a bike lane if available, and riding near automotive traffic has been a major deterring factor for 

potential users when considering renting an e-scooter (Pimentel and Lowry, 2020). The presence of bike 

lanes was reported to contribute to increased perceptions of safety, especially when the bike lanes are 

protected (NATCO, 2020). Other road users, such as pedestrians and vehicle drivers, have also reported 

feeling unsafe around e-scooter riders due to previous experiences (James et al., 2019). Women had less 

favorable perceptions of e-scooter safety than men due to worries about hitting someone, being hit by an 

e-scooter, or falling (Sanders et al., 2020). 
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From 2017 through 2021, there have been an estimated 117,600 emergency department visits for e-

scooter related injuries in the U.S, and looking 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 e-scooter crashes. One study found that between 2014 and 2018, e-scooter injuries and 

hospital admissions in the U.S. increased by 222% and 365%, respectively, and that the rate of e-scooter 

crashes increased from 6 per 100,000 trips to 19 per 100,000 trips (Fischer, 2020). One injury has been 

reported to occur for every 5,000 e-scooter trips according to the Center for Disease Control and 

Prevention (CDC) (Ferri, 2019). A retrospective cohort medical record review study in Southern California 

conducted by the University of California, Los Angeles (UCLA) monitored two emergency departments for 

a one-year period and found that there were 249 emergency visits for e-scooter users compared to 195 

visits for bicyclists and 181 visits for pedestrians (Trivedi et al., 2019). 

Studies have shown that men are more likely to be injured while riding an e-scooter than women and that 

most injuries occur for riders that are under the age of 40, which is in-line with ridership trends (Dwyer et 

al., 2021). Despite the minimum age requirement to ride a shared e-scooter, 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 from e-scooter use 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 (Figure 3; Ishmael et al., 2020). Similarly, in the UCLA study, of the 249 patients that visited the 

emergency department, 145 were male and 104 were female, and 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). 

 

Figure 3. E-scooter crashes grouped by patient age range (Source: Ishmael et al., 2020). 

Across most studies, 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, lacerations, hematomas, 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, most e-scooter 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 (Trivedi et al., 2019). Head injuries typically comprised the high-

severity injuries, and significant increases in traumatic brain injuries and fractures resulting from e-scooter 

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 24-month study in Santa Monica, 73 patients had 75 orthopedic injuries with 26 of the 

patients being injured in July and August (Ishmael et al., 2020), corresponding to the increased e-scooter 

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 shown in Figure 4.  

 

Figure 4. Anatomic location of injuries resulting from e-scooter crashes (Source: Ishmael et al., 2020). 

When looking at the characteristics of e-scooter 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), or being hit 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 involved a motor 

vehicle in the Austin study, 6% of which were due to riders performing an evasive maneuver that resulted 

in a fall (City of Austin, 2019). Studies in Washington, D.C., San Francisco, and Portland have also all found 

that most reported crashes and injuries 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 poles and manhole covers were 

the cause of the crash (City of Austin, 2019). 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 conditions such as potholes, cracks, and uneven surfaces (City of Austin, 2019; 

Cicchino et al., 2020). Additionally, many injured riders said that excessive speed had led to the crash (City 

of Austin, 2019). This result may relate to e-scooter users feeling the need to get to their destination as 
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quickly as possible due to the cost per minute (Behavioral Traffic Safety Cooperative Research Program, 

2022). Vehicle issues or malfunctions have also been seen to contribute to between 16-20% of reported 

crashes in several studies (Santacreu et al., 2020; Cicchino et al., 2020). Specifically, in an in-depth follow-

up study conducted by the Consumer Product Safety Commission (CPSC), of 48 incidents involving e-

scooters, brake issues were the reported cause for 18 occurences (Consumer Product Safety Commission, 

2022). 

While it is difficult to tell exactly which crash modes resulted in which injuries due to many injuries reports 

being anecdotal, a crash test study by Como et al. (2022) was conducted that used anthropomorphic test 

device (ATD) riders to gain some insight. The testing utilized an indoor pneumatic sled with an approach 

rail and wire-bending deceleration system. The sled was accelerated to 16 mph, and the pre-impact 

braking system of the sled was triggered to allow the e-scooter to release prior to impacting the target 

obstacle. The ATD and e-scooter were instrumented, additional side rails and an overhead gantry were 

used to support the ATD, and cameras were used to record the event. The three tests conducted were 

curb impact testing, pedestrian impact testing, and vehicle impact testing. During curb impact strikes, the 

ATD would commonly move forward into the stem of the handlebars and then be projected over the 

handlebars, which would very likely result in a head or upper-extremity orthopedic injury as well as 

lacerations and contusions. During pedestrian impacts, the ATD did not travel as far due to contacting the 

pedestrian, and potential injuries were unclear. The vehicle tests varied based upon the configuration but 

impacts with the front of the vehicle typically resulted in the ATD being projected onto the hood and into 

the windshield, which would also result in head injuries, upper extremity injuries, and potentially lower 

extremity injuries due to the height 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 occur in varying locations that depend on where the e-scooters 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% of incidents occurred on sidewalks 

with only 23% occurring in the road (Behavioral Traffic Safety Cooperative Research Program, 2022). 

These results confirm the concerns by e-scooter users who do not prefer sidewalk riding but also do not 

want to ride in the street 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 injuries, use 

has been seen to range from 0 to 9% in 15 separate studies (Behavioral Traffic Safety Cooperative 

Research Program, 2022), and injured e-scooter riders also were seen to wear helmets much less than 

injured bicyclists, resulting in them being three times more 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 e-scooter (Trivedi et al., 2019). The UCLA study also included public 

observations of 193 additional e-scooter riders. Of those observed, 182 were not using helmets, 18 were 

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

is not allowed in California (Trivedi et al., 2019). 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 in the 12 hours prior 

to the incident (City of Austin, 2019) and several other studies that analyzed toxicology results found that 

a high percentage of injured e-scooter riders were intoxicated (Kobayashi et al., 2019). This shows the 
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need to either improve the publƛŎΩǎ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ Ŝ-scooter rules or have stricter enforcements for 

improper use. 

There are no clear trends on peak times of the day and week when e-scooter injuries occur due to 

differences in hours of operation between cities. Most cities that only allow riding during the daytime saw 

injuries most frequently occurring on weekends when e-scooter use was the highest (City of Austin, 2019; 

Cicchino et al., 2020). A few studies have also shown that a large proportion of injuries occurred overnight 

or while it was difficult to see (City 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 scooter-related fatalities in the U.S., 14 of which have 

been confirmed to be associated with dockless scooter rentals (Consumer Product Safety Commission, 

2022). Fifty-five 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 between the ages of 18 and 59 (Consumer Product Safety 

Commission, 2022). Forty-nine 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 

Transport Forum (ITF) which reported that 80% of fatalities for e-scooter 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. Most e-scooter fatalities 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 result of e-scooter use. There have been reports 

of crashes involving pedestrians due to improper e-scooter 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; City of Chicago, 

2020). In the Santa Monica study, 2 of the 73 injured by e-scooters were pedestrians struck by e-scooter 

riders (Ishmael et al., 2020), and from the UCLA study, there were 21 non-riders who sustained injuries 

(Trivedi et al., 2019). Additionally, improper e-scooter 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, e-scooter 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, or misclassification of the crash since medical centers 

do not have a clear code for injuries involving e-scooters (Goodman et al., 2019). This is something that 

cities such as Charlotte are working on with their police and health departments to improve the tracking 

and sharing of crash and injury data (Goodman et al., 2019). By using Society of Automotive Engineers 

(SAE) J3194ϰ, Taxonomy and Classification of Powered Micromobility Vehicles, as well as American 

National Standards Institute (ANSI) D16.1, e-scooters and other personal transportation devices are being 

defined, which should help authorities properly report crashes and injuries (Fischer, 2020). Additionally, 

the National Center for Health Statistics has approved new ICD-10-CM (International Classification of 

Diseases, 10th Revision, Clinical Modification) external cause codes, which will begin to be put into use in 

October 2020 to help health care practitioners differentiate personal transportation device injuries by the 

device and the cause (Fischer, 2020). 
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Gaps in Safety 
Safety concerns, crashes, and injuries resulting from e-scooter use are becoming a major problem in cities 

across the United States. As e-scooters are a relatively new form of transportation, limited formal research 

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

on e-scooter safety. To identify areas where e-ǎŎƻƻǘŜǊ ǎŀŦŜǘȅ Ŏŀƴ ōŜ ƛƳǇǊƻǾŜŘΣ ŀ IŀŘŘƻƴΩǎ ƳŀǘǊƛȄ ǿŀǎ 

ǳǘƛƭƛȊŜŘΦ ! ǇǊŜǾƛƻǳǎ IŀŘŘƻƴΩǎ ƳŀǘǊƛȄ ŎǊŜŀǘŜŘ ŦƻǊ ƳƻǘƻǊ ǾŜƘƛŎƭŜǎ ǿŀǎ ŀŘŀǇǘŜd to fit e-scooters (Table 1). 

Aspects that are not relevant to e-scooters are eliminated with a strikethrough, and use of a helmet and 

protective gear was an addition. 

Table 1. Haddon's Matrix for E-Scooters. 

Phase Goal Factors Affecting System Component 

Road User Vehicle Environment Policy and 
Organizational 

Change 

Pre-Crash Crash 
Prevention 

Licensing, 
Training/  
Education, 
Enforcement and 
Driver State 

Inspection and 
Design, Crash 
Avoidance 
Systems, Alert 
Systems 

Riding Location 
Design/Layout, Road 
Features/Infrastructure, 
Separation from other 
Road Users, Speed 

Standard 
Features, 
Policies/Laws 

Crash Injury 
Prevention 
and 
Reduction of 
Injury 
Severity 

Use of Restraints, 
Use of Helmet 
and Protective 
Gear, 
Impairment 

Occupant 
Restraints, Air 
Bags, Crash 
Absorption, 
Safety Class, 
Padded Interiors 

Crash Absorption 
Barriers, Breakaway 
Poles, Elimination of 
Hazards 

Mandatory 
Features 

Post-
Crash 

Injury 
Treatment, 
Life 
Preservation 

Medical 
Treatment and 
Evacuation 

Ease of 
Extraction, Fire 
Prevention 

Rescue Facilities, 
Evacuation Lanes, 
Traffic Control 
Procedures 

Response 
Policies/Laws 

!ǎ Ŏŀƴ ōŜ ǎŜŜƴ ŦǊƻƳ ǘƘŜ IŀŘŘƻƴΩǎ ƳŀǘǊƛȄΣ Ƴŀƴȅ ŎƻǳƴǘŜǊƳŜŀǎǳǊŜǎ ƻǾŜǊƭŀǇ ōŜǘǿŜŜƴ ƳƻǘƻǊ ǾŜƘƛŎƭŜǎ ŀƴŘ 

e-scooters, although some are not applicable. For instance, unlike motor vehicles, e-scooter riders are not 

required to take a formal education course and pass an evaluation to obtain a license. In the current 

scooter-share systems, aside from providing identification that verifies that the user is the legal age to be 

operating the e-scooter, the education that e-scooter riders receive is the training through in-app safety 

instructions that they review prior to renting an e-scooter. However, given the large number of reports of 

misuse, it is possible that these materials need improvement. Formal education or training could be an 

option, but one of the main attractions of e-scooters is their convenience, and therefore incorporating a 

formal course in the current system is a difficult countermeasure to implement in a practical manner. E-

scooters do not offer restraints for riders, and while e-scooter users are encouraged to wear helmets and 

other protective gear, these are not included with most shared e-scooters. Laws and policies requiring 

helmet use are not consistent and there is very little enforcement. Design standards for e-scooters have 

recently been introduced by SAE, but e-scooter providers continue to advance new designs, and it is 

unclear if their compatibility with the real-world riding environment has been tested or is fully understood 

by users, as well as if true riding behaviors have been taken into consideration. At the current state, e-

scooter technologies do not include crash avoidance systems, and alert systems are slowly being 

introduced. Due to the design of the e-scooter, other crash mitigators such as air bags are not currently 

possible at this time. The number of reports of surface conditions and features contributing to crashes 
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and injuries indicates that the interaction of road features and infrastructure with the e-scooter needs to 

be better understood. As there have been reported collisions of e-scooter riders with pedestrians and 

other road users, cities need to continue to work on identifying and clearly communicating where e-

scooters should be operated.  E-scooters are not designed to withstand crashes and therefore road 

features are not designed for crash-compatibility, but cities could work to remove hazards that contribute 

to crashes and injuries. Policies, laws, and standards are behind due to the unexpected introduction of e-

scooters to the public but are slowly being developed with assistance from the pilot programs held 

between cities and providers. However, inconsistencies between locations can cause confusion for users. 

The areas that I believe to provide the greatest and most practical opportunities for improving e-scooter 

safety are providing deployment and policy recommendations, evaluating 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 upon the current state of knowledge for e-scooters and improve the safety of e-scooters. This 

includes the following items: 

- Suggesting the best practices and methods for studying e-scooter safety 
- Identifying specific factors that contribute to safety concerns 
- Recommending deployment policy changes to address safety concerns 
- Developing reliable test methods and metrics for evaluating e-scooter performance and safety 
- Making recommendations for the optimal design of e-scooters 
- Studying rider factors that affect performance and safety 
- Proposing safety training materials to improve rider education and promote safe riding 

To effectively implement these goals and work towards improving e-scooter safety, the van Mechelen 

(1992) injury prevention model was utilized in this dissertation, which can be seen in Figure 5. 

 

Figure 5. Injury prevention model adapted from van Mechelen (1992). 

Numerous media reports of safety concerns and injuries related to e-scooter use have highlighted that 

there is a safety issue that needs to be addressed. To begin establishing the causes of these safety 

concerns, the previous literature review has been conducted. While this has provided some initial insight 

to the problem, much of this information has been collected from anecdotal reports of safety concerns, 

crashes, and injuries, which are unable to capture the full context of the incidents. To better understand 
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the mechanisms and contributing factors to e-scooter crashes and injuries, a naturalistic study on the 

campus of the Virginia Polytechnic Institute and State University (Virginia Tech) was conducted. The 

Virginia Tech Transportation Institute (VTTI) specializes in naturalistic driving studies in which a vehicle is 

instrumented with a data acquisition system (DAS) in which a user can operate the vehicle under normal 

conditions. This non-invasive method allows for the collection of unbiased data which captures true 

driving behaviors. The E-Scooter Safety Assessment and Campus Deployment Planning study, described in 

chapter 2, utilized this technique through a research program in which a fleet of instrumented e-scooters 

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 with e-scooter use. The E-Scooter Design: 

Performance and Safety Evaluation study, described in chapter 3, investigated the issues of the riding 

environment and the design of the e-scooter through a controlled participant study. In this study, 

participants rode multiple e-scooter models with various designs and features through a series of 

benchmark tests that included the specific infrastructure factors that were observed to contribute to 

safety concerns. The results of this study allowed us to further understand road factors that are 

incompatible with e-scooters, as well as to identify the optimal e-scooter design. Additionally, rider factors 

such as age, gender, experience, posture, and strategy were studied to understand their relation to riding 

performance and safety. In the Development of Training for E-Scooter Riders study, described in chapter 

4, a participant focus group study was conducted to compare various training methods and identify 

solutions that are effective in reducing safety concerns caused by the e-scooter rider. Additionally, novice 

rider behavior was studied. The results from these three studies can be used to provide recommendations, 

described in chapter 5, to cities, policymakers, and e-scooter providers which can be implemented and 

evaluated in future deployments. Ultimately, the goal of this dissertation is to improve e-scooter safety 

by reducing crash and injury rates and safety concerns through the incorporation of the identified 

countermeasures. I believe that future investigations will find that these measures can help to improve e-

scooter safety.  
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Chapter 2: E-Scooter Safety Assessment and Campus Deployment 

Planning Study 

Abstract 
E-scooters are a popular new service for short distance trips, but there are reports of safety concerns for 

riders and other users of rights of way. Until recently, little formal research has been conducted on e-

scooter safety or the optimal deployment strategy to decrease nuisance issues created by this mode of 

transportation. To address this, the Virginia Tech Transportation Institute (VTTI) and Spin deployed a fleet 

of e-scooters on the Virginia Polytechnic Institute and State University (Virginia Tech) campus through an 

exclusive, controlled research program. Through on-scooter 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 and patterns for subsequent countermeasure 

development and deployment recommendations. Overall, e-scooters were viewed favorably by the 

community. Throughout the deployment there was a crash rate of 0.94 per 100 trips and an injury rate of 

3 per 10,000 trips. The most common conflict type for crashes and near-crashes was a simple fall-over or 

bailout (67%), followed by an impact with an infrastructure element (25%). Group riding, aggressive riding, 

trick riding, and excessive speed were major contributing factors. While 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 micromobility solution for providing first and last-mile 

transportation, and it has been seen that they have the potential to replace short-distance car trips and 

make transit more palatable. According to a survey of 7,000 people in six major cities where e-scooters 

have been deployed, 70% of survey participants viewed scooters positively (Richter, 2018). In San 

Francisco, for example, in the first 30 days of e-scooter deployment, 1,600 scooters were deployed 

resulting in 95,000 rides by 32,000 different people (Richter, 2018). E-scooters are a legitimate 

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 of Transportation, short trips make up the majority of trips taken with almost 60% 

of trips taken in 2017 consisting of less than six miles (U.S. Department of Transportation, 2018). These 

statistics show that e-scooters are a viable option for ƻǳǊ ŎƻǳƴǘǊȅΩǎ ŎǳǊǊŜƴǘ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ ƴŜŜŘǎ ŀƴŘ ŀǊŜ 

likely to be deployed in more and more communities over time. 

In addition to all the benefits of e-scooters, there are also many negatives associated with e-scooter 

deployments. There are reports of safety concerns for riders and other users of rights of way in areas 

where e-scooters are already deployed. According to a JAMA study in Southern California that monitored 

UCLA and the UCLA Santa Monica ER for a one-year period, there were 249 ER visits for scooter users as 

compared to 195 visits for bicyclists and 181 visits for pedestrians (Trivedi et al., 2019). Among the scooter 

visits, most were due to minor injuries but 6% were admitted for more serious injuries (Trivedi et al., 

2019). Until recently, very 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 with e-scooter use, our team at VTTI, 

ƛƴ ŎƻƭƭŀōƻǊŀǘƛƻƴ ǿƛǘƘ {ǇƛƴΣ ŘŜŎƛŘŜŘ ǘƻ ŎƻƴŘǳŎǘ ŀ ŎƻƴǘǊƻƭƭŜŘ ǊŜǎŜŀǊŎƘ ǇǊƻƎǊŀƳ ƻƴ ±ƛǊƎƛƴƛŀ ¢ŜŎƘΩǎ ŎŀƳǇǳǎΦ 
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During this effort, a fleet of up to 300 shared e-scooters were deployed for approximately seven months 

between September 2019 and March 2020. On average Spin deployed between 150-200 e-scooters, and 

a subset of 52 of these e-scooters were instrumented with micro data acquisition systems (microDASs) 

that collected naturalistic riding data through an inertial measurement unit (IMU), GPS, and forward 

ǾƛŘŜƻΦ CƛȄŜŘ ǾƛŘŜƻ ŎŀƳŜǊŀǎ ǿŜǊŜ ŀƭǎƻ ǎǘǊŀǘŜƎƛŎŀƭƭȅ ƛƴǎǘŀƭƭŜŘ ƻƴ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ŀǊƻǳƴŘ ±ƛǊƎƛƴƛŀ ¢ŜŎƘΩǎ 

campus to capture interactions between road users, and subjective pre- and post-deployment surveys 

were administered. Data was also collected thrƻǳƎƘ {ǇƛƴΩǎ ǎƳŀǊǘǇƘƻƴŜ ŀǇǇƭƛŎŀǘƛƻƴΣ ŀƴŘ ŀƴŜŎŘƻǘŀƭΣ ŘŜ-

identified injury reports were shared from the Virginia Tech Police Department and the health center on 

±ƛǊƎƛƴƛŀ ¢ŜŎƘΩǎ ŎŀƳǇǳǎΦ ¢ƘŜ Řŀǘŀ ŎƻƭƭŜŎǘƛƻƴ ŀƴŘ ŘŜǇƭƻȅƳŜƴǘ ŜŦŦƻǊǘ ƻŎŎǳǊǊŜŘ ƛƴ ǘǿƻ ǇƘŀǎŜǎ ǘƘŀǘ ŀƭƛƎned 

with a change in e-scooter model. Phase 1 occurred between September 2019 and November 2019, 

during which the Segway Ninebot ES4 e-scooter model was deployed. Phase 2 occurred between 

November 2019, and March 2020, during which the Segway Ninebot Max e-scooter model was deployed. 

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

As this was a large-scale, complex study, a sizable project team was required to ensure its smooth 

operation and to tackle the different aspects of the study. While I did not serve as the lead researcher, I 

was a key team member with core contributions such as instrumentation and maintenance of the scooter 

microDASs, development of the reduction protocols and sampling plans, data reduction and analysis, 

literature review, and final reporting. I worked closely with the full team to ensure this industry-funded 

work fully informed the remainder of my research and led to the subsequent studies in which I did serve 

as the lead researcher. To capture the full essence of the naturalistic study, all components have been 

concisely included in this chapter with appropriate attributes documented at its conclusion. 

The following sections include a literature review on current deployment policies and regulations as well 

as the methods and results from the study. 

Literature Review: E-Scooter Policies 
E-scooters are a relatively new mode of transportation, and therefore policies regarding proper use are 

not well established. A quick literature 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. 

E-Scooter Policies 
Rules and regulations regarding e-scooter use currently vary by locale, making it difficult for riders and 

other road users to understand the rules and regulations for operating an e-scooter and for enforcement 

officials to regulate their use (Fischer, 2020). The Governors Highway Safety Association 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 that they 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 e-scooters counted as motor vehicles and therefore 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 written cease and desist letters to e-scooter vendors operating in their cities due to riders 

not obeying local laws, parking issues, or illegal launches (Anderson-Hall et al., 2019). Some of these cities 



13 
 

have been working on pilot programs or creating new legislation 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 e-scooters and where they can be operated, as well as added signage to roads to enhance e-

scooter use (Fischer, 2020).  

Some cities have banned e-scooters altogether because they do not comply with regulations for allowable 

forms of transportation. Honolulu, for example, has classified e-scooters as mopeds. However, the 

scooters do not comply with existing moped laws, and therefore anyone using an e-scooter is subject to 

a fine and possible jail time (Anderson-Hall et al., 2019). 

As cities develop and implement rules and regulations, enforcement that can potentially reduce 

dangerous riding will likely improve. 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 and policymakers have debated where e-scooter riders should be permitted, taking into account 

both nuisance and safety considerations. A majority of cities have made riding scooters on sidewalks 

illegal, yet due to the large number of new users being unfamilƛŀǊ ǿƛǘƘ ǘƘŜƛǊ ŎƛǘƛŜǎΩ ǊǳƭŜǎΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ 

differing rules from city to city, these issues continue to occur (Anderson-Hall et al., 2019; DuPuis, Griess, 

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

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 Southern California study found that 52% of pedestrians seeking 

medical treatment had been hit by an e-scooter and 24% had tripped over a e-scooter on the sidewalk 

(Fischer, 2020). 

However, other cities, such as Denver, CO, do not allow e-scooter riders on the roadway (except for 

intersections) or in bike lanes, but they are allowed to be ridden on sidewalks (Anderson-Hall et al., 2019). 

California recently passed Active Assembly Bill 2989, which only allows e-scooters on streets with speed 

limits of up to 35 mph (Choron & Sakran, 2019), while in Scottsdale, AZ, it is illegal to ride an e-scooter on 

roads where the speed limit is more than 25 mph (Anderson-Hall et al., 2019). 

Conversely, the injuries that could occur if a rider were to crash on a high-speed or high-volume road 

could be much more severe and is one reason why some localities prefer e-scooter riding on sidewalks 

(Fischer, 2020). For localities that do allow scooters to ride in lanes shared with automobiles, because of 

the limited infrastructure to accommodate 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, 2019). In a study conducted in Austin, TX, researchers found that 

16% of the total e-scooter 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 cracks (Fischer, 2020). 

Some communities have started to address the uncertainty of where e-scooters are permitted by creating 

designated infrastructure such as additional bike lanes that will make it clear for both e-scooter riders and 

other road users as to where designated 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 safe for riders; this would help return the 

sidewalk back to primarily pedestrian use and make everyone feel safe (Fischer, 2020). A survey in Austin 

found that e-scooter riders were most comfortable on protected bike lanes, followed by paved urban 

trails, painted bike lanes, and residential streets without road markings, and that e-scooter riders were 

most uncomfortable on sidewalks adjoining multi-lane roads, surface trails, and multi-lane streets with 

road markings (Fischer, 2020). Separating infrastructure also made drivers feel more comfortable and has 

been shown to reduce fatality and injury rates (Fischer, 2020), which shows that infrastructure that 

separates e-scooter riders from motorists will improve safety. 

Setting up a virtual perimeter to restrict e-scooter operation to certain areas (i.e., geofencing) is another 

way to prevent riders from using e-scooters 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 (Fischer, 2020). 

Geofences are also used to define service boundaries and prevent theft of the devices, and they will work 

by stopping the e-scooters shortly after they exit the area (City of Chicago, 2020). There have been reports 

of these geofences causing the scooters 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 

Top speed is ŀƴƻǘƘŜǊ ŦŀŎǘƻǊ ǘƘŀǘ ǎƻƳŜ ŎƛǘƛŜǎ ƘŀǾŜ ŎƘƻǎŜƴ ǘƻ ǊŜƎǳƭŀǘŜΦ /ŀƭƛŦƻǊƴƛŀΩǎ !ŎǘƛǾŜ !ǎǎŜƳōƭȅ .ƛƭƭ 

2989 limits the top speed of e-scooters to 20 mph, and Chicago, IL, is working on a pilot e-scooter program 

where the maximum allowable speed will also be 20 mph (Anderson-Hall et al., 2019). Arlington, VA and 

Washington, DC set jurisdictional speed limits of 10 mph in 2019 (Cicchino et al., 2020). Most cities have 

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

from the surrounding communities and frequent users. According to Choron and Sakran (2019) e-scooters 

pose a danger to riders due to their high travel speeds of up to 18 mph and minimal occupant protection. 

Many scooters in these shared services are equipped 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). However, there 

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 sidewalks and other areas of the roadway. 

Although e-scooters 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 with low vision or disabilities. To address this issue, some cities have required e-

scooter vendors to apply for spaces within sidewalk furniture zones that act as a parking zone (Anderson-

Hall et al., 2019). A short-term option is to paint an area for this zone, but e-scooters could still fall or be 

knocked over within these areas which would damage the e-scooter or surrounding objects and block the 

sidewalk, so long-term options might include creating physical parking infrastructure similar to bike racks 

(Anderson-Hall et al., 2019). Some e-scooter providers have implemented a requirement for riders to take 

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

if a user continues to leave the e-scooter in inappropriate 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 issues with this are 

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 hours have also been a criterion set by some locales and e-scooter 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 sunset (Anderson-Hall 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 since riding an e-ǎŎƻƻǘŜǊ ƛƴ ƭƛƳƛǘŜŘ ƭƛƎƘǘ Ŏŀƴ ŀŦŦŜŎǘ ŀ ǊƛŘŜǊΩǎ Ǿƛǎƛōƛƭƛǘȅ ǘƻ ƻǘƘŜǊ ǊƻŀŘ ǳǎŜǊǎ ό!ƴderson-

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 occur (City of Austin, 2019). 

Weather and special events also affect service 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).  

Lock-to technology  

Lock-to technology is another requirement that cities such as Chicago, Austin, Boulder, and Bloomington 

have made mandatory to prevent vandalism to scooters, clutter around the streets, and community 

backlash (Anderson-Hall et al., 2019). Lock-to ensures e-scooters lock to fixed objects, potentially reducing 

improper parking that blocks rights-of-way. Spin is one company that has agreed to implement this 

technology if so required (Anderson-Hall et al., 2019). A similar option to lock-to technology is tethering 

technology, which keeps unused scooters in an upright position and can be unhooked in the case of an 

emergency or if the row of scooters falls over (Anderson-Hall 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 injured e-scooter riders who blame device failure for 

the crash (Cicchino et al., 2020; City of Austin, 2019). 

Helmet Use 

Helmet use is a less established requirement across cities, possibly due to many users not planning in 

advance to take an e-scooter trip and thus not bringing a helmet with them (Behavioral Traffic Safety 

Cooperative Research Program, 2022). Many locations do have traditional helmet requirements for riders 

under a certain age, but that age can still vary by state (Pimentel and Lowry, 2020; City of 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 been seen to be double that for bicyclists (Fischer, 2020). Another study conducted 

ōȅ !ǳǎǘƛƴΣ ¢·Ωǎ tǳōƭƛŎ IŜŀƭǘƘ 5ŜǇŀǊǘƳŜƴǘ ŦƻǳƴŘ ǘƘŀǘ пр҈ ƻŦ ǇŜƻǇƭŜ ƛƴǘŜǊǾƛŜǿŜŘ ǿƛǘƘ ƛƴƧǳǊƛŜǎ ǊŜƭŀǘƛƴƎ ǘƻ 

e-scooter use involved head injuries and 15% of those were traumatic brain injuries, which could be due 

in part to less than 1% of e-scooter riders using helmets (Fischer, 2020). 

One very clear safety solution that could help to mitigate head injuries is to wear a helmet. Very few riders 

have been seen to use helmets, and head injuries have been involved in almost 40% of the e-scooter 
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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 operating an 

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 (Ferri, 2019). 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 which brand(s) of scooters 

to allow (Anderson-Hall et al., 2019). There are several differences between e-scooter providers, such as 

motor wattage, maximum speed, mile range, license requirement, lock-to technology, handlebar 

adjustment, free helmet, gyroscope sensor, and accelerometer sensor, and these may have safety 

implications for the users.   

Overall, while countermeasures and policies exist, they are inconsistent between locations and scooter 

fleet operators with a tendency for rare enforcement. This study aims 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 VTTI partnered with Spin to deploy a fleet of e-scooters on the Virginia Tech campus 

through an exclusive, controlled research program. A data acquisition system was added to a subset of 

scooters to collect data to assess safety impact, behaviors that are exhibited that may be beneficial or 

problematic, and ways in which kinematic and other data may be used to predict risky behavior for 

developing subsequent countermeasures. In addition, fixed cameras were installed to evaluate a variety 

of behavioral measures through a classification system developed as part of the project. The resulting 

data was used to assess impacts on safety, nuisance, and mobility, identify unique countermeasures to 

problems associated with e-scooter deployments where possible, and generate deployment 

requirements and guidelines for future open competition. 

This project focused on addressing the following research questions:  

1. What are the safety concerns associated with e-scooters (multiple passengers, dangerous 

behavior, one-handed riding, phone usage, food/drink holding, headphone wearing, impairment, 

obstacles, stunts, pedestrian/vehicle interaction, etc.)?  

2. Will an e-scooter deployment in Virginia Tech result in nuisance concerns (scooter parking 

location, parking style, blocking access) and how can these concerns be mitigated locally and for 

future deployments in other parts of the country?  

3. What are the utilization patterns (day/time, trip length and destination, replacing what types of 

trips, etc.) of e-scooters on the Virginia Tech campus?  

4. How can e-scooter deployments be controlled in order to reduce safety and nuisance concerns? 

Stakeholder Involvement and Policy Development 
The VTTI team managed the overall technical program to ensure that the project achieved its objectives 

within the designated timeframe and with the allocated resources. A project kickoff meeting with relevant 

project stakeholders was held where the research objectives, research and deployment plans, the work 

plan tasks, and issues related to program governance were discussed. The team facilitated getting all 

necessary approvals and buy-in from all local governing bodies including Virginia Tech, the Town of 
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Blacksburg, and Virginia Tech Institutional Review Board (IRB) authorities. Leading up to deployment, a 

stakeholder group was created that included members from the following Virginia Tech departments: 

police, legal, risk management, communications, parking and transportation, alternative transportation, 

and operations. During these pre-deployment stakeholder meetings, many operational constraints were 

discussed and agreed upon with the goal of a safe deployment on the Virginia Tech campus. These 

operational constraints included: 

¶ Geofencing 

o Scooters were restricted to the limits of the Virginia Tech campus and certain high-

pedestrian areas were off limits. 

o Scooters were not allowed in the Town of Blacksburg. 

¶ Scooter speed limits 

o Scooter speeds were governed to 12 mph, and reduced speeds of 4 mph were enforced 

in certain high-pedestrian areas. 

¶ Weather 

o During service hours, IF more than 50% of the hourly predictions exceeded 50% 

probability of precipitation AND (total forecast accumulation of rain during the hours of 

ƻǇŜǊŀǘƛƻƴ ǿŀǎ ŜȄǇŜŎǘŜŘ ǘƻ ŜȄŎŜŜŘ лΦрέ OR the forecast precipitation was snow/ice) 

according to the National Weather ServiceΣ ǘƘŜ ŘŀȅΩǎ ŘŜǇƭƻȅƳŜƴǘ ǿŀǎ ŎŀƴŎŜƭƭŜŘΦ 

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. 

¶ Special events on campus 

o Deployment would not occur on special event days with high volumes of traffic. 

¶ Time of service 

o Scooter service started at 7am and ended at civil twilight (30 minutes after dusk). Scooters 

were removed from campus by Spin employees every night for charging. 

Biweekly project status meetings were held with campus stakeholders during the e-scooter deployment 

on campus to discuss and resolve any safety or logistical concerns.  

Data Collection 
With the goal of becoming the first living-laboratory for dockless e-scooters, VTTI led the effort to gather 

comprehensive research data about the e-scooter deployment. This dataset included four main data 

sources, each of which are described in more detail later in this section:  

1. Naturalistic data collected from e-ǎŎƻƻǘŜǊǎ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ±¢¢LΩǎ microDAS; 

2. Observational data collected by 14 external cameras installed in high-traffic areas around the 

Virginia Tech campus; 

3. Subjective data collected by optional post-ride surveys within the Spin smartphone application as 

well as more comprehensive surveys regarding the campus deployment; 

4. Spin smartphone application data; 

5. Photographs taken at the conclusion of each e-scooter ride using the Spin smartphone 

application; and 

6. Anecdotal, de-identified injury reports provided by the Spin application, the Virginia Tech Police 

Department (VTPD), and ±ƛǊƎƛƴƛŀ ¢ŜŎƘΩǎ ƻƴ-campus health center. 
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Data was collected over 134 deployment days (Table 2), resulting in a rich dataset that could be used to 

develop safety countermeasures and to provide guidance to communities on improving infrastructure and 

policies to better accommodate micromobility transportation with the goal of encouraging livable 

communities. The two phases were also marked by a shift in the e-scooter model from the Segway 

Ninebot ES4 to the Segway Ninebot Max. 

Table 2. Deployment Statistics. 

Deployment Statistics Phase 1 Phase 2 Total 

Total # of deployment days 51 83 134 

Days with inclement weather 7 19 26 

 

MicroDAS 

The VTTI team developed a data acquisition system specifically for the Spin e-

scooter platform, referred to as a microDAS (Figure 6) to capture naturalistic riding 

data. The microDAS was encapsulated in a custom waterproof enclosure mounted 

ƻƴ {ǇƛƴΩǎ ǎǘŀƴŘŀǊŘ ƛƴǘŜǊƴŜǘ ƻŦ ǘƘƛƴƎǎ όLƻ¢ύ ōƻȄ ǿƘƛŎƘ ƛǎ ƛƴǎǘŀƭƭŜŘ ƻƴ ǘƘŜ ǎǘŀƭƪ ƻŦ ǘƘŜ 

e-scooter. Fifty-two (52) ƻŦ {ǇƛƴΩǎ Ŝ-scooters were modified to facilitate such 

instrumentation. The microDAS collected several data sources, all at 10Hz, 

including:  

¶ Video stream ς high definition (HD) video of the area in front of the rider 

¶ Accelerometers ς a multi-axis (x, y, z) accelerometer collected kinematic 

behavior, including hard g-force stops, starts, and turns. When combined 

with the video data it enabled analysis of riding behaviors that may be 

associated with risky outcomes. 

¶ GPS ς a GPS sensor collected speed and high-precision positioning of the 

e-scooter to enable analysis of trip-level rider behavior and usage patterns. 

The on-scooter 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 over participant recruitment, human subject informed consent, and 

compensation. The data collection effort resulted in slightly over 9,000 trips collected by the DAS. The e-

scooters were configured to securely offload the data to a VTTI server when the scooters were located 

within a predetermined geofence. 

Fixed Cameras 

A fixed observation video system package was also developed to complement the data collected by the 

microDAS. The VTTI team managed the procurement and installation of 14 stationary video cameras on 

the Virginia Tech campus at strategically placed, public locations to facilitate the collection of aggregate 

data on rider and pedestrian interactions and rider behavior in general that could not be captured by the 

ƳƛŎǊƻ5!{Ωǎ ŦƻǊǿŀǊŘ ǾƛŘŜƻ. These cameras also captured specific infrastructure factors of interest. The 

cameras were configured to stream video to enable remote storage on secure VTTI servers and to record 

during hours of e-scooter deployment (approximately 6am to 8pm daily). The views of the fixed cameras 

can be seen in Appendix A-5. 

Figure 6. VTTI's e-
scooter microDAS 
installed on a Spin 

scooter. 
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Surveys 

The final modality of ±¢¢LΩǎ data collection included subjective surveys to obtain opinion and preference 

data from e-scooter users, pedestrians, cyclists, and members of the town and university community. 

There were two main forms of subjective surveys: one long-form survey that consisted of up to 31 

questions, and a short, three-question optional survey that was presented in the Spin mobile app to riders 

after each ride. IRB approval was obtained prior to the distribution of all surveys (IRB #19-581). 

Long-Form Perception Surveys 

The long-form surveys focused on opinions about e-scooters in general, the specific implementation 

associated with this project, and ways that riders and non-riders could envision improvements in safety, 

distribution, and usefulness. A similar survey was referenced which had been conducted by a project team 

member in Arlington, VA when developing the survey instruments for this project (Buehler, 2019). 

Two versions of the survey were developed and administered prior to the deployment and one month 

into deployment to understand any shifts in attitudes and opinions of the e-scooter deployment on 

campus as exposure increased. Qualtrics surveys were administered online and via tablets in person on 

campus at locations with high commuter foot traffic. For the pre-deployment survey, 428 responses were 

received, and for the follow-up survey, 465 responses were received. 

Survey recruitment instruments were developed in conjunction with the VTTI and Virginia Tech 

Communications teams. Recruiting methods included social media posts on VTTI and Virginia Tech 

Twitter, Facebook, and Instagram accounts, electronic bulletins around campus, Virginia daily news emails 

(which are sent 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 Appendix A-8. 

Post-Ride In-App Surveys 

An optional short three-question survey was designed and presented to every Spin e-scooter rider at the 

conclusion of their ride within the Spin application. This survey allowed more e-scooter riders to be 

reached and to understand 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 e-scooter, how would you have taken this trip? 

3. Why did you choose to ride an e-scooter for this trip? 

The results from this in-app survey can be seen in Appendix A-9. 

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 use to lock and unlock a Spin e-scooter. Spin provided start 

and stop times and locations of each ride for analysis purposes, which totaled over 120,000 rides. This 

data did not include personally identifiable information (PII) since all Spin e-scooters were geofenced to 

the VƛǊƎƛƴƛŀ ¢ŜŎƘΩǎ campus boundaries 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 their 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 and approximately 11,000 of those had 

completed in-application survey questions. Spin de-identified the responses to these surveys and 

provided the data to VTTI researchers along with the full GPS traces of those rides where users agreed to 

data sharing. 

Parking Photos 

!ǎ ǇŀǊǘ ƻŦ {ǇƛƴΩǎ ƴƻǊƳŀƭ ǇǊƻŎŜǎǎŜǎΣ ǊƛŘŜǊǎ ŀǊŜ ǊŜǉǳƛǊŜŘ ǘƻ ǳǇƭƻŀŘ ŀ ǇƛŎǘǳǊŜ ƻŦ ǘƘŜ ǇŀǊƪŜŘ Ŝ-scooter to end 

their ride within the mobile application. Spin shared approximately 67,000 final parking photos with the 

research team to analyze parking compliance over time. 

Injury Reports 

The research team also collected anecdotal, de-identified injury reports through the Spin application, as 

well as by contacting the Virginia Tech Police Department ŀƴŘ ±ƛǊƎƛƴƛŀ ¢ŜŎƘΩǎ ƻƴ-campus health center. 

Data Analysis 
¢ƘŜ Ǝƻŀƭǎ ƻŦ ǘƘŜ ŀƴŀƭȅǎƛǎ ǿŜǊŜ ǘƻ ŀƴǎǿŜǊ ǘƘŜ ǇǊƻƧŜŎǘΩǎ ǊŜǎŜŀǊŎƘ ǉǳŜǎǘƛƻƴǎ ōȅ ƛŘŜƴǘƛŦȅƛƴƎ ǎŀŦŜǘȅ ŎǊƛǘƛŎŀƭ 

events and behaviors, as well as understanding typical e-scooter 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 conflict and baseline events and behaviors. The 

following sections detail the development of the analyses. 

Develop Conflict Trigger Algorithms 

During this study, an algorithm was created to detect certain riding behaviors and events. While full 

development of such an algorithm was not within the scope of the current effort, the theoretical 

groundwork was laid. Three main trigger algorithms were developed based on the reduced forward video 

and kinematic data to detect fallover events, forward 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. 

Fall-Over Events 

To detect instances where the e-scooter fell over, which was when part of the e-scooter (other than the 

wheels) made contact with the ground, an algorithm was developed to find instances where the Z-axis of 

the accelerometer approached or reached zero and was sustained for a duration of at least one second. 

The resulting algorithm utilized the following threshold criteria: 

 ́ 0.3 g <= accel_z <= -0.3 g 

 ́ accel_z window duration: 1 second  

Forward Impact Events 

To detect instances where the e-scooter made a forward impact with an object, an algorithm was 

developed to find instances where a large longitudinal acceleration was followed by a sustained 0 speed. 

The resulting algorithm utilized the following threshold criteria: 

 ́ Filtered x-accel using a moving average over 3 consecutive data points  

 ́ ²ƘŜƴ ǾŀƭǳŜǎ җ лΦоƎ ŀǊŜ ŦƻǳƴŘ ƛƴ ǘƘŜ ŘŀǘŀΣ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǎǇŜŜŘ Řŀǘŀ ŀǊŜ ǊŜǾƛŜǿŜŘ ǘƻ ƭƻƻƪ ŦƻǊ 

ŀ ǎǇŜŜŘ ƻŦ л ŦƻǊ җ оǎ  
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Near-Miss Events 

In order to identify potential near-miss events of interest, kinematic signals were analyzed to identify 

anomalous swerving maneuvers. These swerving maneuvers were extracted from the yaw rate signal (z-

axis gyroscope) obtained from the IMU. Potential swerve events were identified by executing an 

extremum search of the yaw rate signal. At each of the identified extrema points, a set of summary metrics 

were calculated, and these summary metrics were later used to identify the cases of interest. Two types 

of events were identified for further review, those where there 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 not stop. These two event 

types were 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 from each of the potential swerve maneuvers. The 

resulting algorithm utilized the following threshold criteria: 

 ́ Speed in the 5 seconds following the yaw rate change was greater the 2 m/s 

 ́ Speed 5 seconds after the detected swerve maneuver was less than 0.75 m/s 

 ́ Absolute 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 generated from each of the potential swerve maneuvers. The 

resulting algorithm utilized the following threshold criteria: 

 ́ Speed in the 5 seconds following the yaw rate change was greater the 2 m/s,  

 ́ Speed 5 seconds after the detected swerve maneuver was greater 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 task, a classification scheme was developed to systematically identify and categorize the types 

of behaviors that e-scooter riders engaged in relative to the infrastructure, trafficway, environmental 

factors and other road users. This classification scheme included two variants called data reduction 

protocols: one for on-scooter DAS analyses and one for fixed-camera analyses. Both variants defined 

events of interest as 1) crashes, 2) near crashes, or 3) crash relevant. In addition to classifying those events 

of interest, the classification schemes also included questions aimed at baseline events, which are epochs 

of data randomly selected from the entire dataset. The inclusion of baseline event reduction allowed for 

conclusions to be drawn during analyses about the prevalence of certain behaviors and the level of risk 

associated with those behaviors. The data reduction protocols were modeled after existing schemes, 

particularly the Researcher Dictionary for Safety Critical Even Video Reduction Data (Virginia Tech 

Transportation Institute, 2015), but were altered to account for behaviors unique to e-scooter riders. This 

classification scheme was completed prior to data reduction and analysis, and can be seen in Appendix A-

1, Appendix A-2, and Appendix A-3. 

Develop Parking Classification Scheme 

Similarly, a classification scheme was developed to enable analysis of e-scooter parking compliance and 

behaviors. The data reduction protocol included only four questions focusing on parking compliance and 

further classification of the e-scooter parking location and whether it was blocking access to anything that 

https://vtechworks.lib.vt.edu/bitstream/handle/10919/56719/V4.1_ResearcherDictionary_for_VideoReductionData_COMPLETE_Oct2015_10-5-15.pdf?sequence=1&isAllowed=y
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would be considered a nuisance (e.g., ADA ramps, sidewalks, stairs, sidewalk furniture, etc.). This protocol 

can be seen in Appendix A-4. 

Data Sampling and Reduction 

MicroDAS and Fixed Cameras Sampling and Reduction 

±¢¢LΩǎ ǎǘŀǘƛǎǘƛŎƛŀƴǎ ŎƻƳǇƭŜǘŜŘ ǇƻǿŜǊ ŀƴŀƭȅǎŜǎ ǘƻ ŘŜǘŜǊƳƛƴŜ ŀŘŜǉǳŀǘŜ ōŀǎŜƭƛƴŜ ǎŀƳǇƭŜ ǎƛȊŜǎ ǘƻ ŀƴǎǿŜǊ ǘƘŜ 

ǎǘǳŘȅΩǎ Ƴŀƛƴ ǊŜǎŜŀǊŎƘ ǉǳŜǎǘƛƻƴǎΦ CƻǊ ǘƘŜ 5!{ ŘŀǘŀǎŜǘΣ the baseline sample size was determined through 

a power analysis which found that a sample size of 800 events per phase of deployment would sufficiently 

detect a 15-20% 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 answer questions 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 elements in certain camera views of interest, 

9 of the 14 cameras were oversampled as they had high to moderate exposure to vehicle interactions and 

the following infrastructure elements of interest:  

Á Shared lanes (9 sites) ς 1,032 samples 

Á Bike lanes (2 sites) ς 400 samples 

Á Intersections (5 sites) ς 593 samples 

Á Roundabouts (3 sites) ς 400 samples 

Á Crosswalks (8 sites) ς 939 samples 

hƴŎŜ ǘƘŜ Řŀǘŀ ǊŜŘǳŎǘƛƻƴ ǇǊƻǘƻŎƻƭǎ ŀƴŘ ǎŀƳǇƭƛƴƎ Ǉƭŀƴǎ ǿŜǊŜ ŦƛƴŀƭƛȊŜŘΣ ±¢¢LΩǎ ǘǊŀƛƴŜŘ 5ŀǘŀ wŜŘǳŎǘƛƻƴ ǘŜŀƳ 

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., fall-overs, 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 reductionists 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 Photo Sampling and Reduction 

To understand e-scooter parking patterns and prevalence, a total sample of 826 parking photos were 

analyzed, stratified proportionally to the number of rides taken by week of deployment. A power analysis 

was completed with a significance of 0.05, determining that a sample size of 800 would provide an 

estimated statistical power of ±97.85%. 

Each parking photo was categorized to determine if the e-scooter was parked 1) according to Virginia Tech 

policy (Virginia Tech Policy No. 5005: e-scooters must be parked within 5 feet of an approved bicycle rack 

or at designated zones on campus, 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 acceptable. 

As the parking photo dataset included still photos rather than video data, a simpler reduction 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 protocol. 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 data, which allowed us 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. 

Summary 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 during e-scooter 

rides on campus. The frequencies of certain factors encountered during e-scooter conflicts (crashes, 

crash-relevant conflicts, and near misses) were compared to the frequencies of those same factors being 

present during baseline events. This comparison allowed us to draw conclusions about the prevalence of 

those factors occurring during conflicts and baseline events to determine the odds ratios. 

Results 

MicroDAS Results 
Table 3 summarizes information about the e-scooter trips such as the number of Spin and DAS trips, as 

well as the mean trip duration. 

Table 3. Trip Information by Deployment Phase. 

  Phase 1 Phase 2 Total 

Entire e-scooter fleet 
(*data source: Spin 
onboard unit) 

# Spin Trips 72,315 48,321 120,636 

Mean trip duration (mins) 7.8 6.5 7.3 

VTTI DAS-equipped 
scooters 
(*data source: DAS) 

# DAS Trips 3,106 5,981 9,087 

Mean trip duration (min) 6.1 4.0 4.8 

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 crashes out of 3,106 trips 

which is a crash rate of 1.64 per 100 trips, and for Phase 2 of the deployment, there 34 crashes out of 

5,981 trips which is a crash rate of 0.57 per 100 trips. Table 4 shows a further breakdown of the crashes 

by phase. Near misses were another type of safety-critical event that were reduced and analyzed in 

further detail. Near misses include near-crashes and crash relevant events which are also shown in Table 

4. 

Table 4. Safety-Critical Events by Deployment Phase. 

DAS Results Phase 1 Phase 2 Total 

Crashes 51 34 85 

Crash rate per 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 

Total safety-critical events 103 51 154 

Total safety-critical event rate per 100 trips 3.32 0.85 1.69 
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The tables below include summary statistics of the crash and non-crash 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 included in Appendix A-6). 

Crashes were characterized as being a simple fall-over/bailout (where the e-scooter made contact with 

the ground), which was the most common crash type (71%), or an impact event (where the e-scooter 

made contact with another object) accounting for 29% of crashes (Table 5). Crashes were also 

characterized by the status of the ride after the crash, and the e-scooter rider stopped the ride in only 9 

cases (10.5% of crashes). In all other cases (89.4%) the rider either stopped briefly and then continued 

riding or continued riding without stopping at all.  

Table 5. Crash Type and Ride Status. 

 Summary Post Ride Status (Count) 

Crash Type Count Percent Stopped Stopped briefly/ 
continued riding 

Simple fall-over/bailout 60 70.6% 4 56 

Impact with infrastructure 
element 

19 22.4% 3 16 

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 seen in Table 6. 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 on a non-shared path, 

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

risk, and included riding in non-daylight conditions, riding off-road, on the grass or on a loose surface 

(gravel, grass, dirt, mulch, sand), group riding, riding behavior characterized as aggressive, excessive 

ǎǇŜŜŘΣ ƻǊ ǘǊƛŎƪ ǊƛŘƛƴƎΣ ŀƴŘ άƴƻƴ-ƴƻǊƳŀƭέ ōŜƘŀǾƛƻǊǎ ƻŦ ƻǘƘŜǊ ǊƻŀŘ ǳǎŜǊǎ όƛƴŎƭǳŘŜǎ ŀƎƎǊŜǎǎƛǾŜΣ ŘƛǎǘǊŀŎǘŜŘΣ ƻǊ 

unexpected actions made by pedestrians, bicyclists, vehicles, other e-scooter riders, etc.). 

Table 6. Frequency, Prevalence, and Odds Ratio of Safety Critical Events. 
 Frequency Prevalence 

Odds Ratio  
SCEs: 

Comparison  
group 

SCEs: 
Reference  

group 

Baselines:  
Comparison  

group 

Baselines:  
Reference  

group 
SCEs Baselines 

Infrastructure Factors 
1Riding 
location: Non-
Shared Path vs. 
shared-use 
path 

59 95 695 639 38% 52% 
0.57 

[0.41, 0.80] 

Riding location: 
No designated 
path (off-road) 
vs. others 

65 219 42 2119 23% 2% 
14.97 

[9.92, 22.61] 
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Environmental Factors 

Lighting: Non-
daylight vs. 
daylight 

11 143 19 1579 7% 1% 
6.39 

[2.98, 13.70] 

2Surface 
condition: 
Others vs. dry 

44 148 618 1455 23% 30% 
0.70 

[0.49, 0.99] 

Surface type: 
loose surface 
vs. solid surface 

35 191 17 1852 15% 1% 
19.96 

[10.98, 36.31] 

Surface type: 
grass vs. solid 
surface 

50 191 34 1852 21% 2% 
14.26 

[9.00, 22.60] 

Behavioral Factors 

Grouping: 
group riding vs. 
ride alone 

29 125 145 1459 19% 9% 
2.33 

[1.51, 3.62] 

3Riding 
behavior: 
others vs. 
normal  

87 67 227 1374 56% 14% 
7.86 

[5.55, 11.13] 

Riding 
behavior: 
aggressive vs. 
normal  

74 67 149 1374 52% 10% 
10.18 

[7.03, 14.76] 

4Other actor 
behavior: 
others vs. 
normal 

31 123 26 1308 20% 2% 
13.20 

[7.73, 14.76] 

5Flow direction: 
In traffic flow 
vs. not 
applicable 

34 120 439 895 22% 33% 
0.58 

[0.39, 0.86] 

мΦ άƴƻƴ-ǎƘŀǊŜŘ ǇŀǘƘέ ƛƴŎƭǳŘŜǎ ǳƴǇŀǾŜŘ ǇŀǘƘΣ ǇŀǊƪƛƴƎ ƭŀƴŜΣ ǎƘƻǳƭŘŜǊΣ !5! ŀŎŎŜǎǎ ǊŀƳǇΣ ōƛƪŜ ƭŀƴŜΣ ŎǊƻǎǎǿŀƭƪΣ 
parking lot, roadway, no designated path, and sidewalk.  
2. Surface condition is based on worst case scenario, i.e., if rode though both wet and dry surface, it will be 
classified as wet condition.  
3Φ άƻǘƘŜǊ ǊƛŘƛƴƎ ōŜƘŀǾƛƻǊǎέ ƛƴŎƭǳŘƛƴƎ ŜȄŎŜǎǎƛǾŜ ǎǇŜŜŘΣ ǘǊƛŎƪ ǊƛŘƛƴƎΣ ŀƴŘ ŀƎƎǊŜǎǎƛǾŜ ŘǊƛǾƛƴƎΦ   
4Φ άƻǘƘŜǊ ŀŎǘƻǊ ōŜƘŀǾƛƻǊέ ƛƴŎƭǳŘŜǎ ŀƎƎǊŜǎǎƛǾŜΣ Ǉƻǎǎƛōƭȅ ŘƛǎǘǊŀŎǘŜŘΣ ƻǊ ǳƴŜȄǇŜŎǘŜŘ ƳƻǾŜƳŜƴǘǎ by vehicles/drivers or 
other road users (scooters, pedestrians, bicyclists, etc.) 
5. In traffic flow includes: in pedestrian traffic, with flow, slower; incorrect direction in a bike lane; incorrect 
direction in a shared vehicle lane; against pedestrian traffic flow; correct direction in a bike lane; same speed as 
pedestrian flow; correct direction in a shared vehicle lane; ƛƴ ǇŜŘŜǎǘǊƛŀƴ ǘǊŀŦŦƛŎ Ŧƭƻǿ ǿƛǘƘ ŀ ŦŀǎǘŜǊ ǎǇŜŜŘΦ άNot 
ŀǇǇƭƛŎŀōƭŜέ ƳŜans the rider was not in a traffic flow.  

Fixed Camera Results 
! ǘƻǘŀƭ ƻŦ мΣплс ŦƛȄŜŘ ŎŀƳŜǊŀ ōŀǎŜƭƛƴŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ǊŜŘǳŎŜŘ ōȅ ±¢¢LΩǎ Řŀǘŀ ǊŜŘǳŎǘƛƻƴ ǘŜŀƳΦ hŦ ǘƘƻǎŜΣ мл 

conflicts were identified, 1 of which was a crash and 9 of which were deemed crash relevant. The 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 camera reduction results. (Additional results 

from the fixed camera dataset are included in Appendix A-7) 

Prevalence of Rider Behaviors 

When looking at the distribution of e-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 were also seen to frequently wear bags (79%) and 

infrequently carry items (2%) or hang items on the handlebars (5%) while using e-scooters. 

In addition to be captured by the DAS, riding behavior was also captured by the fixed cameras (Figure 7) 

which captured more of the environment surrounding the e-scooter riders, rather than just the forward 

view. Most of the riders rode in a normal manner (94%), followed by some aggressive riding (4%), trick 

riding (1%), sign/signal violation (1%), and double riding (<1%), where more than one person was 

witnessed on the same scooter. 

 

 

Riding Behavior Count 

2+ riders per scooter 8 

Aggressive riding 57 

Sign/signal violation 13 

Trick riding 10 

Normal riding 1,318 

Total 1,406 

Figure 7. Riding behavior captured by fixed cameras. 

wƛŘƛƴƎ ǎǘŀƴŎŜ ǿŀǎ ŀƴƻǘƘŜǊ ŦŀŎǘƻǊ ƻŦ ƛƴǘŜǊŜǎǘΦ ! ǊƛŘŜǊΩǎ ŎŜƴǘŜǊ ƻŦ ƎǊŀǾƛǘȅ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ looking at their 
ƘƛǇ ƭƻŎŀǘƛƻƴ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ǎŎƻƻǘŜǊΩǎ ƘŀƴŘƭŜōŀǊǎΦ If there was approximately нέ ƻŦ ǎǇŀŎŜ ƻǊ ƭŜǎǎ ōŜǘǿŜŜƴ 
ǘƘŜ ǊƛŘŜǊΩǎ ƘƛǇǎ ŀƴŘ ǘƘŜ ǎŎƻƻǘŜǊ ǎǘŀƭƪ, their center of gravity was characterized as towards the front of the 
scooter, and if there was approximately ƳƻǊŜ ǘƘŀƴ нέ ƻŦ ǎǇŀŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǊƛŘŜǊΩǎ ƘƛǇǎ ŀƴŘ ǘƘŜ ǎŎƻƻǘŜǊ 
stalk, their center of gravity was characterized as towards the center or back of the scooter.  From this, it 
was seen that 41% of riders had their center of gravity more towards the front of the scooter, and 59% 
had their center of gravity towards the center or back of the scooter. Foot placement was also examined. 
Seventy-five 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. 

Infrastructure-Specific Results 

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

that had a shared roadway lane (11), bike lanes (2), and roundabouts (3), the actual riding locations chosen 

by the subject riders are indicated in Figure 8.  

2+ riders 
per 

scooter
0%

Aggressive Riding
4%

Sign/signal 
violation

1%

Trick 
riding
1%

Normal riding
94%



27 
 

 

Figure 8. Riding locations used by infrastructure type. 

Figure 9 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 close/unsafe proximity to other users, etc., was seen most 

frequently in parking lots, followed by roundabouts and intersections.  

 

Figure 9. Percentage of aggressive riding by infrastructure type present. 

Survey Results 
Information of e-scooter perceptions through the pre- and post-deployment surveys was also gathered, 

including anticipated and actual trip replacement. Sixty-eight percent (68%) of pre-deployment 

respondents and 81% of post-deployment respondents stated that e-scooters would replace walking trips. 

This was consistent with the in-app survey results where 68% of respondents in Phase 1 and 76% of 

respondents in Phase 2 indicated e-scooter trips replaced walking trips. 

The long-form survey also gauged impressions of e-scooters on campus before and after the deployment. 

Most of the impressions were favorable: 70% of pre-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% of post-deployment respondents viewing the deployment as unfavorable. 

(Full perception survey results are included in Appendix A-8 and Appendix A-9.) 

Parking Photo Results  
Of the parking photos analyzed, 39% were parked according to the Virginia Tech policy and additional 46% 

was ŎƭŀǎǎƛŦƛŜŘ ŀǎ ōŜƛƴƎ ǇŀǊƪŜŘ άŀŎŎŜǇǘŀōƭȅέ όƛΦŜΦΣ ƴƻǘ ōƭƻŎƪƛƴƎ ŀŎŎŜǎǎ ǘƻ ǇŜŘŜǎǘǊƛŀƴ ƻǊ ǾŜƘƛŎƭŜ ǊƛƎƘǘǎ-of-

way). Thus, a total of 86% were parked acceptably while 14% were blocking access to something and 

would likely be considereŘ ŀ άƴǳƛǎŀƴŎŜέΦ 9-scooters parked acceptably increased from an average of 80% 

to 90% over the course of the 20-week deployment. Of the unacceptably parked scooters, only 8% were 

blocking access to either a sidewalk (n=64) or ADA ramp (n=2). Detailed parking photo results, including 

detailed characterizations of unacceptable parking jobs, are included in Appendix A-9. 

Injury Report Results 
Regarding the e-scooter injuries that occurred on campus, there were between 26 and 36 injuries 

reported, either through the Spin mobile application, the VTPD and/or the on-campus health center, as 

detailed in Table 7. It is unknown whether each injury occurred on a Spin e-scooter 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 unlikely that they overlap when considering 

incident date, time, location, and description of the crash. Assuming that 36 known injuries occurred 

across the 120,636 total trips, this is an injury rate of 3 injuries per 10,000 trips.  

Table 7. Injuries Reported on the Virginia Tech Campus. 

Source of Injury Report Injuries Reported Additional Injury Information 

Spin application 5 ¶ 1 crashed in intersection, leg lacerations 

VTPD 7 ¶ 2 transported to local hospital (1 resulted in 
overnight stay) ς 1 concussion, 1 arm injury 

¶ 1 caused crash between bicyclist and pedestrian 

¶ 1 crash with vehicle in parking lot 

¶ 3 crashes with likely injuries 

Virginia Tech Health Center 24 ¶ 4 wrist fractures; one required surgery 

¶ 2 dislocated shoulders 

¶ 2 with abrasions on knees  

¶ 1 injury to face/shoulder  

¶ 1 facial fracture; loss of tooth 

¶ 14 miscellaneous injuries  

 

Discussion 
E-scooters are a relatively new mode of transportation to both users as well as the cities in which they 

operate. There have been reports of safety concerns for e-scooter riders and other road users. The data 

collected during this study provides a more comprehensive look at e-scooter utilization patterns as well 

as safety and nuisance concerns to inform best practices around future 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 effect or learning curve: when riders gain more experience riding the 

e-scooters, they also became safer at operating them. Additionally, there were e-scooter design changes 
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seen during the shift from the ES4 e-scooter model in Phase 1 to the Max model in Phase 2. The ES4 had 

smaller, non-pneumatic tires and weighed 31 lbs., and the Max model had larger pneumatic tires and 

weighed 42 lbs. 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 was 0.94 per 100 trips, or 940 

crashes per 100,000 trips. While this crash rate is higher than findings from other studies, which reported 

rates between 6 and 19 crashes per 100,000 trips (Fischer, 2020), it is also likely a more accurate 

representation. Other studies only collected information about crashes and injuries from hospital 

admissions or self-reports; 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 simple fall-overs and bailouts (71%) or impacts with 

infrastructure (22%), although there were a few other impacts with plants, vehicles, pedestrians, and 

other scooters. These crash trends appear to be in line with results from a study by Trivedi et al., which 

found that 73% of injured riders had fallen (2019). Fall-overs and bailouts are events caused by loss of 

control or the rider intentionally abandoning the e-scooter in an attempt to avoid a crash. Many e-scooter 

riders are first-time users, and lack of experience has resulted in a number of crashes and injuries, as seen 

in a study in Austin, Texas, which reported that 1/3 of injured e-scooter users were first-time riders and 

approximately 60% of injured users had ridden an e-scooter less than 9 times (City of Austin, 2019). 

Several factors were identified to contribute to higher risk levels for e-scooter riders. Riding behavior 

significantly impacts the risk of a safety critical event occurrence. Group riding was involved in 19% of the 

safety critical events and increases the risk of a safety critical event by 2.33 when compared to riding 

alone. While reviewing the microDAS forward camera footage from these group riding events, it became 

apparent that riders were more likely to perform 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 critical event risk. Eighty-seven 

(87) of the 154 safety critical events, or 56%, involved one of these riding behaviors. Breaking this down 

further, 74 of those events involved aggressive riding, resulting in a 10.18 times higher risk of a safety 

critical event compared to normal riding. The study at UCLA also found that aggressive behaviors and 

traffic violations were frequently observed (Trivedi et al., 2019). Aggressive behavior is not only a factor 

in e-scooter crashes but also contributes to a number of motor vehicle collisions (U.S. Department of 

Transportation, 2008). However, e-scooter fleet services present a unique opportunity such that 

algorithms can be developed and incorporated into the e-scooter software that can be used to detect 

aggressive riding 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 a 13.20 times higher risk of a 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 have noted how both e-scooter riders and other road users feel unsafe interacting 

with each other (Sanders et al., 2020; Pimentel and Lowry, 2020; James et al., 2019). This signifies the 

importance for all road users to be educated on traffic laws. One environmental factor that impacted risk 

was lighting. Riding during non-daylight conditions had a 6.39 greater risk of a safety critical event when 

compared to riding during daylight conditions. Studies by the City of Austin (2019) and the Consumer 

Product Safety Commission (2022) also observed an increased proportion of crashes and injuries during 

conditions where it was difficult to see. Spin e-scooters 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 hazards that may not be easily visible. Additionally, riding on non-solid 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 asphalt, and perhaps due to the selection or design 

of tires, they do not traverse well over off-road surfaces. To reduce the number of conflicts, either more 

emphasis needs to be placed on the appropriate operating domains so that e-scooter users understand 

not to ride in these conditions, or tires designed for off-roading should be added to the e-scooter design. 

A few conditions were observed to have a lower risk. Riding on a non-shared path when compared to a 

shared-use path was seen to have approximately half of the risk, likely due to fewer interactions with 

other pedestrians, cyclists, and vehicles, which has been seen to lend to comfort (NATCO, 2020). Riding in 

traffic flow when compared to riding against traffic flow or in areas without a clear flow direction was 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 for e-scooter riders and improved 

education regarding traffic laws. Riding 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, riders operated with 

caution to ensure that they did not crash. 

The fixed camera results showed that a majority of riders operated e-scooters in a normal riding behavior 

(1318 observations or 94%), yet there were some aggressive riders (57 observations or 4%) and some 

instances of sign or signal violation (13 observations or 1%), trick riding (10 observations or 1%), and 

multiple riders per e-scooter (8 observations or <1%), which are also in line with the results from Trivedi 

et al. (2019). The fixed cameras were also able 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 that there is typically 

pedestrian traffic. Given the context of these locations, e-scooter riders were most likely traveling at 

higher speeds relative to the surrounding foot-traffic and had to weave between pedestrians walking in 

multiple directions, causing them to become unsafely close. While these actions may not have been 

intentionally aggressive, it remains a safety concern for e-scooters to be operating in domains without 

clear flow or with slower moving traffic. In a South California study, 52% of pedestrians that were injured 

had been struck by e-scooters (Fischer, 2020), and these injuries are serious due to disparities in speed 

and overall energy. Identifying safe locations for e-scooters to travel could be a solution to reduce 

aggressive behaviors. 

The injury rate during this study was 3 injuries for every 10,000 trips, which is in line with the results from 

the studies in Portland (Eudaly et al., 2019) and Austin, Texas (City of Austin, 2019). While only a maximum 

of 36 injuries were reported, there were 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 involving non-Spin scooters. 

Regardless, it appears that the likelihood of being injured as a result of an e-scooter 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 ride an e-scooter. According to the National Transportation 

{ŀŦŜǘȅ .ƻŀǊŘΩǎ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ǎŜǾŜǊŜ ƛƴƧǳǊƛŜǎ όмффрύΣ ǘƘŜ п ǿǊƛǎǘ ŦǊŀŎǘǳǊŜǎ ŀƴŘ м ŦŀŎƛŀƭ ŦǊŀŎǘǳǊŜ ǘƘŀǘ ƻŎŎǳǊǊŜŘ 
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during this study would be classified as severe. Overall, this demonstrates that while e-scooter riders can 

be at risk to sustain serious injuries, severe injuries occur less often. All of the injured riders reported that 

they were not wearing a helmet at the time of the crash, and there were a few head injuries which could 

have possibly been mitigated if helmets were used. This indicates that enforcement of helmet use should 

be considered as it may possibly help to reduce the severity and occurrence of head injuries. The fixed 

camera results only help to strengthen the need to consider enforcement of helmet use, as 99% of the 

observed riders were not wearing helmets. Observations from the Behavioral Traffic Safety Cooperative 

Research Program (2022) also found that helmet use ranged from 0 to 9%, and that only 10 of 249 injured 

riders in the UCLA study had been wearing a helmet (Trivedi et al., 2019). While helmet use was not a 

required policy during this deployment, it is known that use of helmets reduces the severity and incidence 

of head injuries. However, helmets are not included with shared scooters and most e-scooter trips are 

unplanned (Behavioral Traffic Safety Cooperative Research Program, 2022), making this a difficult policy 

to enforce. Therefore, it is apparent 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 Virginia Tech campus where the 

majority of riders were students. However, carrying items can still impact safety because it affects the 

ǊƛŘŜǊ ŀƴŘ ǎŎƻƻǘŜǊΩǎ ŎŜƴǘŜǊ ƻŦ Ƴŀǎǎ ŀƴŘ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǿŜƛƎƘǘ ǿƘƛŎƘ ŎƻǳƭŘ ƘŀǾŜ ƛƳǇƭƛŎŀǘƛƻƴǎ ŦƻǊ 

maintaining balance, turning, and steering. A study by the Consumer Product Safety Commission (2022) 

found that holding items contributed to 26% of the investigated incidents. Policies might need to be put 

in place to govern carrying items. 

Riding stance was also observed from the fixed cameras as there can be safety implications associated 

ǿƛǘƘ ŀ ǊƛŘŜǊΩǎ ǇƻǎǘǳǊŜΦ CƻǊ Ŝ-scooters, it is typically recommended that riders have their center of gravity 

more towards center to back of the e-scooter to balance the weight of the e-scooter which is located 

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. Additionally, the recommended foot 

placement is fore and aft. Twenty-two percent (22%) rode with their feet side to side, which is surprising 

given that the e-scooter 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 captured by the fixed cameras. For the fixed camera locations that had a shared 

roadway lane, most e-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 least common location 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%). This result seems to contradict safety perception data collected 

in a study by NATCO et al. (2020), which reported 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 information, the total number of trip miles decreased 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 constraints by daylight, another possible explanation 

for this trend could be that e-scooters are a less popular transportation option in the lower-temperature 

months, which was a similar finding in a study conducted by the Portland Bureau of Transportation and 

Alta Planning & Design (2020). Mean 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 recreational purposes and enjoyment. 

The parking photo results showed that parking according to Virginia Tech policy, and in a manner that was 

deemed acceptable due to the e-scooter not blocking access, improved by about 10% from 80% to 90% 

over the course of the deployment. This could mean that e-scooter riders became more experienced and 

compliant with the parking policies over time. A study by Fang et al. (2018) also found that scooters were 

parked improperly around 2% of the time, which is similar to the above finding. This indicates that the 

parking policies that were in place were effective.  

According to the survey results, e-scooters were reported to replace walking trips. Given that their 

intended use is for first- and last-mile transportation, it appears that users also agree with their purpose. 

Surveys from Chang et al. (2019) also found that e-scooters were primarily used to replace low-carbon 

modes of transportation such as walking. Many respondents to the survey had favorable views of e-

scooters both pre- and post-deployment. Some of the respondents to the post-deployment survey had 

never used an e-scooter at VT, indicating that many people have positive perceptions of e-scooters despite 

not having used them. However, post-deployment impressions were less favorable than pre-deployment, 

which could be a sign that e-scooters on campus became a nuisance for other road users. 

Conclusions and Recommendations 
E-scooter programs are a work in progress that require further refinement. While e-scooters are an 

exciting opportunity due to being an affordable, convenient, low-emission method of transportation, 

there remain safety and nuisance concerns that need to be addressed for e-scooters to be more widely 

accepted as a legitimate transportation option. The results from this study have helped to identify the 

successes from the e-scooter deployment on the Virginia Tech campus, as well as the concerns that 

require attention. Based upon the results, the following recommendations are provided: 

¶ Limiting hours of operation 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. 

¶ Improving e-scooter rider education on where e-scooters fit into the current transportation 

model. Several crashes and near crashes resulted from conflicts with other road users. E-scooter 

riders need to be instructed on proper riding location and right-of-way regulations. 

¶ Development of methods for training novice e-scooter users or designing e-scooters with added 

safety benefits. The leading safety critical event that occurred was a simple fall-over or bailout 

resulting from loss of control without the involvement of another actor, 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 the change from the ES4 to the Max model resulted in lower crash 

and injury rates due to improvements in the e-scooter design. 

¶ Implementation of software algorithms to flag improper riding behaviors such as aggressive, 

excessive speed, and trick riding which were seen to contribute to several safety critical events. 

Placing holds on the accounts of riders who display these behaviors could reduce conflicts. 

¶ Clarification of regulations for e-scooter riders through easy-to-find resources and on-road 

signage. Many 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 on the road could be an easy way 

to make riders aware of speed limits and proper riding locations. 

¶ Providing clear instructions on parking, such as the ones provided during this deployment. Parking 

nuisances can be reduced if riders understand how and where to acceptably park their scooters. 

¶ Consider enforcement of helmet use. Although helmets were not required during this 

deployment, only 1% of riders were observed to use helmets during the deployment, and several 

serious head injuries occurred which the use of helmets could have mitigated. E-scooters can 

reach speeds that become dangerous for the riders given the minimal protection that e-scooters 

offer riders. Helmets at a minimum should be required. As they are not included with shared 

scooters due to sanitary or theft issues, additional solutions should be investigated, such as 

nearby helmet rentals or rewards to motivate helmet use. 

¶ Monitoring item carrying while using e-scooters. Riders were observed to carry items which can 

affect control of the e-scooter as well as rider balance and dexterity, leading to safety concerns. 

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

As the needs for individual cities and locations do vary, these recommendations should be selected 

accordingly. However, these recommendations were developed to address the safety critical events 

observed during this deployment, and similar findings have been observed in several other deployments 

throughout the country, which helps to validate the needs for inclusion of these policy recommendations. 

Incorporation of the above recommendations into future deployments can help to improve e-scooters 

from not only being a popular transportation option, but also a safe and reliable one.  
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Chapter 3: E-Scooter Design: Performance and Safety Evaluation 

Abstract 
Over the recent years, e-scooters have become an increasingly popular and convenient micromobility 

solution for short-distance trips for a wide demographic of users. Due to their accessibility, knowledge 

regarding proper e-scooter use and level of operating experience can vary widely. With the increase in 

use, there has been a rise in injuries for e-scooter riders and other road users. One possible cause is that 

the true performance capabilities of e-scooters vary based upon their designs; users are unaware of these 

differences or how to accommodate their riding behavior to retain a safe experience. This relationship 

between safety outcomes and scooter design attribute has yet to be established. Until recently, very little 

formal research has been conducted on the safety of this form of transportation or on the optimal design 

for e-scooters. Safety concerns may limit the widespread adoption of e-scooters as a legitimate 

transportation option. To address this concern, the Virginia Tech Transportation Institute (VTTI), in 

collaboration with Ford Motor Company and Spin, conducted a controlled participant study on the Virginia 

Smart Roads to evaluate and compare various e-scooter designs and study how rider specific factors 

contribute to performance and safety. The results from this study will be used to inform e-scooter 

companies and manufacturers on design recommendations for improved e-scooter safety. 

Introduction 
Electric scooters, or e-scooters, are two-wheeled scooters powered by electric motors which users 

typically stand on to ride. In late 2017 many companies started releasing fleets of shared scooters in cities 

for shared use by the public. In these new systems, all that is needed to rent an e-scooter is to be above 

the required age specified by the local governing body and to have access to the smartphone app 

corresponding to the scooter brand. Largely due to their convenience, e-scooters have become an 

increasingly popular transportation option in the recent years, serving as a micromobility solution for first 

and last mile transportation and short distance trips. In addition to their accessibility, there are many 

advantages associated with e-scooter use, such as reducing carbon emissions and providing an affordable 

transportation option for a large demographic 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 accounting for 86 million trips in 2019 

(NATCO, 2020). 

However, along with the increase in e-scooter use, there has also been a rise in e-scooter related injuries. 

As of March 2021, there have been 36 reported e-scooter related fatalities in the United States (Dwyer et 

al., 2021). Additionally, since the introduction of scooter fleet systems in 2017, emergency department 

visits for e-scooter users have increased from 7,700 to 25,400 in 2020 (United States Consumer Product 

Safety Commission, 2021). A study was also conducted in a UCLA Emergency Room where visits were 

monitored over a one-year period, and it was observed that there were 249 visits for e-scooter riders 

compared to 195 for bicyclists and 181 for pedestrians (Trivedi et al., 2019). This trend seems to indicate 

that while convenient, e-scooters have also become a large safety concern. 

There are several possible reasons for these increased safety risks. The first is that policies on proper e-

scooter use are not well-established or consistent between various locations or service providers. This 

makes it difficult for e-scooter users to understand where they fit into the transportation system. Another 

possible cause is that the optimal design for an e-scooter has yet to be determined and tested. E-scooter 

manufacturers continue to release new e-scooter models with different features, indicating that the 
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design is still evolving to find the best balance between cost, performance, and safety. Finally, due to ease 

of access to rent an e-scooter, there is a large variation in knowledge regarding proper e-scooter use and 

level of operating experience. There have been many reports of unsafe riding, injuries, and nuisance 

issues, and until recently, little formal research has been conducted on e-scooter safety. 

The first naturalistic e-scooter 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 e-scooters was deployed to understand how policies impact riding safety as well as to 

investigate factors that contribute to crashes and injuries. A subset of the fleet was instrumented with 

±¢¢LΩǎ ƳƛŎǊƻ-data acquisition system (microDAS) to capture naturalistic data. For the first phase of the 

study, the ES4 e-scooter 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 e-scooter model which had larger diameter, pneumatic tires, and utilized 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 decreased (Figure 10). 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. 

 

Figure 10. Trip and Conflict Rate by Study Phase. (Source: E-Scooter 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 these infrastructure elements and surface features that 

contributed to the conflict events can be seen in Figure 12 and Figure 13. This shows that scooter 

compatibility with infrastructure needs to be studied further. 
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Figure 11. Precipitating Events of Conflicts. (Source: E-Scooter Safety Assessment and Campus Deployment 
Planning study) 

 

Figure 12. Surface features encountered during conflict events. (Source: E-Scooter Safety Assessment and 
Campus Deployment Planning study) 
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Figure 13. Surface type during baseline and conflict events. (Source: E-Scooter Safety Assessment and Campus 
Deployment Planning study) 

The resultǎ ŦǊƻƳ ǘƘƛǎ ǎǘǳŘȅ ƻƴ ±ƛǊƎƛƴƛŀ ¢ŜŎƘΩǎ ŎŀƳǇǳǎ Ǉƻƛƴǘ ǘƻ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘŜ ǘǊǳŜ ŎŀǇŀōƛƭƛǘƛŜǎ ƻŦ Ŝ-

scooters are not well known. Manufacturer testing may be based upon limited testing conditions that do 

not reflect real-world use. There is a need to better understand the relationship between e-scooter design 

and the associated compatibility with road features and infrastructure to improve safety. Therefore, this 

study, a collaboration between VTTI, and Ford Motor Company, and Spin, aims to investigate safety as a 

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

1. To evaluate and compare the performance and safety of various e-scooter designs and features 

through benchmark testing which will incorporate riding tasks and conditions that are 

representative of real-world use. 

2. To understand rider-specific factors (age, gender, anthropometrics, approach/strategy, posture, 

etc.) that contribute to performance and safety. 

Literature Review: Design and Testing of Two-Wheel Vehicles and E-Scooters 
To understand how specific design features affect the performance of the e-scooter, I conducted a brief 

literature review on the design considerations and standards of two-wheeled vehicles and on design 

concepts that could be implemented to improve e-scooter safety. Additionally, previous relevant test 

methods and metrics were identified. The following section includes the results from that literature 

review. 

Design of Two-Wheel Vehicles and E-Scooters 
The following sections provide information on design considerations for all types of two-wheeled vehicles, 

design standards for e-scooters and the development processes involved in e-scooter designs. 

Design Considerations for Two-Wheel Vehicles 

An important aspect of designing two-wheeled vehicles is to ensure that the center of gravity (COG) is at 

a location that lends to the stability of the vehicle. For e-scooters specifically, this location should be as 

centered between the wheels as possible and as low to the ground as possible. To assist with this, the 
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foot platform should have a large mass relative to the stem or steering column. Accordingly, steering 

components such as handlebars should be relatively lightweight compared to the rest of the e-scooter 

assembly in order to prevent the COG from being located too high or too far forward, which would lead 

to a more unstable design. Having a lower deck height also assists with lowering the COG (Ringer, 2019). 

Riders add height to the COG, which is why it is critical for the vertical component of the e-ǎŎƻƻǘŜǊΩs COG 

to be as low as possible. 

Creating a more minimalistic handlebar design has it challenges, considering the user needs to control the 

ǎŎƻƻǘŜǊΩǎ ǎǇŜŜŘ ǿƛǘƘ ǘƘƛǎ ƳŜŎƘŀƴƛǎƳΦ .ƻǘƘ ǘƘŜ ǘƘǊƻǘǘƭŜ ŀƴŘ ōǊŀƪŜ ŀǊŜ ǇǊŜǎŜƴǘ ƻƴ ŜƛǘƘŜǊ ǎƛŘŜ ƻŦ ǘƘŜ 

handlebar where the 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 system can be created to greatly reduce the weight 

of the handlebars due to the throttle and brake. 

Wheelbase is another important design aspect for e-scooters and other two-wheeled vehicles. Wheelbase 

is defined as the horizontal distance between the centers or points of ground contact of the front and rear 

wheels of the vehicle, as seen in Figure 14. Wheelbase contributes to the longitudinal stability of a vehicle, 

with longer wheelbases improving stability and shorter wheelbases leading to sharper handling 

(Anderson, 1999). E-scooters are balanced with their wheelbase, as they have stability in the longitudinal 

direction, assuming that the center of mass is close to the 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 two-wheeled vehicle. When wheels rotate, they have 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 will help them to go straight. However, if a rider leans, the torque 

ǘƘŀǘ ƛǎ ǇǊƻŘǳŎŜŘ ōȅ ǘƘƛǎ Ƴƻǘƛƻƴ ǿƛƭƭ ōŜ ƛƴ ǘƘŜ ǊŜŀǊǿŀǊŘ ŘƛǊŜŎǘƛƻƴ ƻŦ ǘƘŜ ǾŜƘƛŎƭŜΩǎ ǇŀǘƘ ƻŦ ǘǊŀǾŜƭΣ ŀƴŘ ǘƘŜ 

rearward change in the angular momentum vector will cause the vehicle to turn in the same direction as 

ǘƘŜ ƭŜŀƴ ό!ƴŘŜǊǎƻƴΣ мфффύΦ ¢Ƙƛǎ ƎȅǊƻǎŎƻǇƛŎ ǘƻǊǉǳŜ ŎƻƴǘǊƛōǳǘŜǎ ǘƻ ŀ ǊƛŘŜǊΩǎ ǎǘŀōƛƭƛǘȅ ōŜŎŀǳǎŜ ǘƘŜ ŎŜƴǘǊƛŦǳƎŀƭ 

force associated with the turn assists a rider in changing the angle of the vehicle back to a vertical, upright 

orientation (Jones, 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 applicable to e-scooter designs. Steering 

axis angle, also called caster, is 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 is called rake angle, or fork angle. The steering 

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

axis angles having 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). Trail 

is also called caster for some vehicles. Because steering axis angle and trail are related, a more horizontal 

steering axis angle will cause a larger trail. A 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). Trail 

also varies as the vehicle leans, such that trail decreases as vehicle lean increases (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 bikes. These variables, along with wheel diameter, all influence each 
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ƻǘƘŜǊ ŀƴŘ ŀ ǾŜƘƛŎƭŜΩǎ ǎǘŜŜǊƛƴƎ ǇŜǊŦƻǊƳŀƴŎŜΦ CƻǊƪ ƭŜƴƎǘƘΣ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ƘŜŀŘ ǘǳōŜ ƭŜƴƎǘƘΣ ƛǎ ǘƘŜ ƭŜƴƎǘƘ ƻŦ 

ǘƘŜ ǎǘŜŜǊƛƴƎ ǘǳōŜΣ ŀƴŘ ŀ ƭƻƴƎŜǊ ŦƻǊƪ ƭŜƴƎǘƘ ŀŦŦŜŎǘǎ ŀ ǊƛŘŜǊΩǎ ǇƻǎǘǳǊŜ ōȅ ŎŀǳǎƛƴƎ ǘƘŜƳ ǘo be more upright, 

moving the center of gravity up in the vertical direction and closer to the front in the horizontal direction, 

ŀƴŘ ƛǘ ǊŜŘǳŎŜǎ ǘƘŜ ǾŜƘƛŎƭŜΩǎ ŀŜǊƻŘȅƴŀƳƛŎǎΦ Figure 14 illustrates steering axis angle, trail, fork offset, and 

fork length. 

 

Figure 14. 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 the front 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 steering column 

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 able to move in the opposite direction (Zimmerman, 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 flop is Ŧ Ґ ō ǎƛƴόҜύ Ŏƻǎ όҜύ, where f is 

the wheel flop factor, b is trail and Ҝ is steering axis or head angle measured with reference to the 

horizontal axis, so increasing the trail or decreasing the steering axis angle will cause the flop factor to 

increase.  

When applying these geometrical design considerations to e-scooters, it can be concluded that the 

steering columns of e-scooters are close to the vertical, meaning minimal trail. E-scooters 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 when the e-scooter wheel is deflected 

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 of the operator is also in play. E-scooter riders use varying stances, and the location 

of the COG will change depending on stance. This will therefore require a more robust design that keeps 

individual operator preference in mind. 

Design Standards for E-Scooters 

A primary standard for powered scooters exists in the American Society for Testing and Materials (ASTM) 

standard F2641 (American Society for Testing and Materials, 2015). This standard includes both powered 

scooters intended for use by children ages 8ς12, and more importantly, those intended for use by riders 

aged 13 and above. It is not meant for scooters intended for adult use only. The standard defines 

terminology used in powered, or e-scooter design and gives requirements for testing and design. Some of 

these requirements apply to the craftmanship of exposed components being free of sharp edges and 

burrs. There are specifications for electrical systems, brakes, latches, folding mechanisms, hinges, 

clearances, fasteners, plastics, shields and guards, paint, materials, access points, and labels and warnings. 

The standard also defines specific and rigorous test methods, including a finger probe to test clearances 

and pinch points. 

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 department data. E-scoƻǘŜǊǎ ǿŜǊŜ ŘŜŦƛƴŜŘ ŀǎ άǇƻǿŜǊŜŘ ǎǘŀƴŘƛƴƎ ǎŎƻƻǘŜǊǎέΣ 

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 contained either 

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

must not weigh more than 500 lbs. and may not travel at speeds greater than 30 mph. Additionally, the 

Powered Standing Scooter should be designed primarily for paved roadways or paths. Specifications can 

be seen in Figure 15. 

 

Figure 15. SAE J3194ϰ Taxonomy and Classification of Powered Micromobility Vehicles.                                    

(Source: SAE International from SAE J3194ϰ Standard - TAXONOMY & CLASSIFICATION OF POWERED 
MICROMOBILITY VEHICLES. https://www.sae.org/standards/content/j3194_201911/). 
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Development of E-Scooter Design 

E-scooters have been undergoing iterative improvements over the years of their service. Within the 

micromobility arena, ǊŜƎǳƭŀǘƻǊȅ ǇǊŜǎǎǳǊŜ ŦƻǊ ŀ άŦƻǊƳ-ŦŀŎǘƻǊέ ǎǘŀƴŘƛƴƎ Ŝ-scooter design exists. Standing e-

scooter designs have remained relatively constant, with the major propulsion and power components 

located along the foot platform and lower portion of the steering column, and with the hand-control 

system along the handlebars (Behavioral Traffic Safety Cooperative Research Program, 2022). Some of the 

more widespread changes seen in e-scooter design include those of the wheels and tires. To aid in 

overcoming obstacles in the road, such as small curbs, bumps, cracks, and uneven pavement, the diameter 

of the wheels and tires have been increased. This larger diameter allows for the tires to easily climb over 

these obstacles and prevent a sudden stop that could topple the rider. Another change is that of the tires 

transitioning from a hard polymer to a softer rubber or even pneumatic tires in some cases. This softer 

rubber cushions the ride and provides suspension between the rider and the road so that inconsistencies 

are not translated into the handlebars, causing the controls to be more difficult to operate, with 

pneumatic tires amplifying this benefit further. These pneumatic tires also aid in overcoming obstacles, 

as the softer tires with a larger sidewall are more pliable and therefore able to easily deform over 

obstacles, providing more traction and stability. However, these more pliable pneumatic tires are less 

durable as their solid rubber counterparts. The softer, air-filled rubber wears down from the road surface 

much faster than a solid tire. Pneumatic tires are also vulnerable to puncture (Behavioral Traffic Safety 

Cooperative Research Program, 2022). 

Another common change is the addition of handlebar brakes. The original, non-powered scooter often 

had a stomp brake on the rear tire, which was applied by the rider using their rear foot to depress a hinged 

or flexible panel down onto the surface of the tire tread. This would induce friction and slow or stop the 

scooter ŘŜǇŜƴŘŜƴǘ ǳǇƻƴ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ŦƻǊŎŜ ŜȄŜǊǘŜŘ ōȅ ǘƘŜ ǊƛŘŜǊΩǎ ŦƻƻǘΦ ¢Ƙƛǎ ƛǎ ŀ ǎƛƳǇƭŜ ōǊŀƪƛƴƎ ǎƻƭǳǘƛƻƴ; 

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 other foot. This can be difficult for an untrained rider to do 

in an emergency and may introduce instability ŀǎ ǘƘŜ ǊƛŘŜǊΩǎ ŦŜŜǘ ŀǊŜ ƴƻǘ ǇƭŀƴǘŜŘ Ŧǳƭƭȅ ƻƴ ǘƘŜ ŦƻƻǘōƻŀǊŘ. 

In powered e-scooters, the braking system is replaced with a handlebar brake, not unlike that on a 

standard bicycle. The rider uses their hand to grab a large lever, which is squeezed 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 type brake 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 similar; however, 

the pads are ceramic or composite based and compress against a dedicated, machined disk separate from 

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

produce and implement. 

Potential Physical Design Concepts 

The following sections discuss potential e-scooter design concepts. Many of these concepts have already 

been implemented by e-scooter companies, and a discussion of the potential benefits of each concept is 

included. 

Self-Balancing 

Self-balancing e-scooters (i.e., e-scooters that remain upright while stationary, without a rider, and on 

mostly level ground) could help inexperienced riders maintain control over the e-scooter and would 

eliminate the need for a kickstand, thus reducing the number of high-drag components (those that 

protrude and can easily snag and/or break off). This 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 away from the 

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 cells were 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 the COG, to be 

lower to the ground without reducing the ground clearance (which could cause imbalance and fall-overs).  

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 that despite more points of contact, instability can be created while in motion due 

to the rider being unaware of the consequences of adding an extra tire and attempting to ride normally. 

Three different options of adding an additional wheel are discussed below, and each had their own 

advantages and disadvantages. 

!ŘŘƛƴƎ ŀ ǘƛǊŜ ǘƻ ǘƘŜ ŦǊƻƴǘ ǎŜŎǘƛƻƴ ƛǎ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŀ ΨǘŀŘǇƻƭŜΩ ŘŜǎƛƎƴ and is more stable than adding 

ŀ ǊŜŀǊ ǘƛǊŜΣ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ŀ ΨŘŜƭǘŀΩ ŘŜǎƛƎƴΣ ŀǎ ŘƛǎŎǳǎǎŜŘ ƭŀǘŜǊΦ ²ƛǘƘ ǘƘŜ addition of a front tire, the vehicle 

can be prone to understeering (Van Valkenburgh et al., 1982). This 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, 1968). This becomes an issue when trying to avoid obstacles and could potentially 

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

have the potential to increase the rollover threshold while turning. TƘŜ ƘƛƎƘŜǊ ŀ ǾŜƘƛŎƭŜΩǎ rollover 

threshold, the less likely it is to fall over ǿƘƛƭŜ ƛƴ ƳƻǘƛƻƴΦ LŦ ŀ ǳǎŜǊ ōǊŀƪŜǎ ǿƘƛƭŜ ǘƘŜȅ ŀǊŜ ǘǳǊƴƛƴƎ ŀ ΨǘŀŘǇƻƭŜΩ 

designed scooter, they will exert an acceleration in the opposite direction of the current acceleration.  

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 vehicle because the original lateral force will cause it to roll over (Zandieh, 2014). This type of 

configuration requires 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 without difficulty, 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 gained by introducing 

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

ƛǎ ƛǘǎ ƛƴǎǘŀōƛƭƛǘȅ ǿƘƛƭŜ ōŜƛƴƎ ǊƛŘŘŜƴΦ ¢ƘŜ ΨŘŜƭǘŀΩ ŎƻƴŦƛƎǳǊŀǘƛƻƴ Ƙŀǎ ŀ ƘƛƎƘ ŎŜƴǘŜǊ ƻŦ ƎǊŀǾƛǘȅ ŘǳŜ ǘƻ ƛǘǎ 

geometry which can lead to the vehicle 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 lower 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 or injuries.  
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These advantages are heavily outweighed by the loss of dexterity and increased crash severity associated 

with the seat. If the e-ǎŎƻƻǘŜǊ ǿŜǊŜ ǘƻ ōŜŎƻƳŜ ǳƴǎǘŀōƭŜ ŘǳǊƛƴƎ ǘƘŜ ǊƛŘŜ ŀƴŘ ŜƴǘŜǊ ŀ άŘŜŀǘƘ ǿƻōōƭŜΣέ ŀ 

seated operator would have a hard time recovering 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 the e-scooter as easily as if they were standing. 

Suspension 

The addition of a suspension system is an option which many e-scooter companies are incorporating in 

ǘƘŜƛǊ ŘŜǎƛƎƴǎ ǘƻ ǊŜŘǳŎŜ ǘƘŜ ǘǊŀƴǎƳƛǎǎƛƻƴ ƻŦ ǎƘƻŎƪ ǘƻ ǘƘŜ ƘŀƴŘƭŜōŀǊǎΣ ŀƴŘ ǘƘǳǎ ǘƘŜ ǊƛŘŜǊΩǎ ƘŀƴŘǎΣ ǿƘŜƴ ǘƘŜ 

e-scooter travels over objects or rough terrain. A design similar to a bicycle suspension, comprised of two 

front forks with a spring-damper system inside of them, would be relatively unsusceptible to damage. 

Another option for suspension design utilizes a single spring-damper system attached to the rear of the 

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

linkage end. This assembly would be located on one side of the scooter, moving the COG off to the side, 

which would present issues if the e-scooter were self-balancing. This configuration is bulkier and would 

be more susceptible to damage from rider abuse and during transport of the e-scooters. 

Test Methods and Metrics for Two-Wheel Vehicles 
To properly assess the safety benefits of e-scooter designs, previous research was reviewed to identify 

appropriate metrics that could be used for evaluation. As there has been minimal testing of e-scooters, 

methods for evaluating other two-wheel vehicles were also explored. E-bike testing was found to be 

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 placing 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 et al., 2020). It was stated in this study 

ǘƘŀǘ ŀ ǊƛŘŜǊΩǎ ǎǘŀōƛƭƛǘȅ Ŏŀƴ ōŜ ǎǘǳŘƛŜŘ ōȅ ƻōǎŜǊǾƛƴƎ ǘƘŜ Ǉƻǎƛǘƛƻƴ ƻŦ ǘƘŜ ǊƛŘŜǊΩǎ ōƻŘȅΣ ǘƘŜƛǊ ƛƴǘŜǊŀŎǘƛƻƴ ǿƛǘƘ 

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 are rotated 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 the wheels made with the ground. It was found 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 wheel. The contact 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 wheel, the bicycle became more unstable and required the user to self-adjust. 

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 metrics were 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 be traveling 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 main finding 

was that the stem had the highest load 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 study also evaluated the different acceleration and deceleration times, 

maximum steering angle, rider lean angle, and head longitude acceleration (Garman et al., 2020). 

Therefore, with a better understanding on the design of e-scooters and two-wheel vehicles, design 

standards, and potential design concepts, our research team 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 following sections detail the design of this study, including the e-scooters used during testing, testing 

procedures, and demographics information for the participants. The data that is collected and the analysis 

protocols are also described. 

E-Scooter Models 
Four different e-scooter models were evaluated during this study, which can be seen in Figure 16. Table 

8 compares each of the models and their designs. 

 

Figure 16. E-Scooter Models. From left to right: Segway Ninebot Max 2.3, Spin S-100T, Okai ES400B, and Segway 
Ninebot Max 2.0 with a seat attachment. 

These four e-scooters were provided by the sponsor company, Spin, and were identified for testing due 

to prior use in deployments across the U.S. The Max 2.3, S-100T, and Okai units had very limited previous 

use, but due to the Max 2.0 being an older model, a brand-new unit was not acquired. Instead, a unit that 

had been deployed during the E-Scooter Safety Assessment and Campus Deployment Planning study was 
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used during this effort as it was the only unit available. Each of the models had the capability to travel up 

to a speed of 15 mph, and this speed was also governed by Spin software and geofencing technologies. 

The scooters were maintained after each participant session. 

Table 8. E-Scooter Model Specifications. 

  Segway Ninebot  

Max 2.3 

Spin S-100T Okai ES400B Segway Ninebot  

Max 2.0 w/ 

 Seat Attachment 

Previous Use 20 trips 0 trips 0 trips 399 trips 

Weight 61.3 lbs. 62.0 lbs. 75.0 lbs. 49.9 lbs. 

Dimensions птΦсέ Ȅ нлΦоέ Ȅ 

ппΦуέ 

46.0έ Ȅ 19.0έ Ȅ 

46.0έ 

птΦнέ Ȅ нлΦрέ Ȅ 

пуΦлέ 

прΦфέ Ȅ муΦсέ Ȅ 

птΦпέ 

Steering axis angle 72.5 deg 75.0 deg 75.0 deg 76.5 deg 

Handlebar height 

from deck 

 отΦтрέ  отΦсоέ  офΦнрέ  оуέ 

Handlebar 

diameter 

 мΦрсέ  мΦрсέ  мΦрсέ  мΦрсέ 

Handlebar length нлΦнрέ όпΦмуέ ƭŜŦǘΣ 

пΦсфέ ǊƛƎƘǘύ 

ноΦнрέ όрΦлсέ ōƻǘƘύ нлΦрсέ όпΦууέ ōƻǘƘύ муΦрέ όпΦмуέ ƭŜŦǘΣ 

пΦсфέ ǊƛƎƘǘύ 

Brake type(s) Front drum brake, 

rear wheel anti-lock 

electronic brake, 

regenerative 

braking 

Front drum brake, 

rear stomp brake, 

regenerative 

braking 

Front drum brake, 

rear wheel anti-lock 

electronic brake, 

regenerative 

braking 

Simultaneous front 

wheel drum brake, 

rear wheel anti-lock 

electronic brake, 

regenerative 

braking 

Brake controls and 

locations 

Hand brake levers - 

left and right 

handlebars 

Hand brake lever - 

left handlebar, and 

rear stomp brake 

Hand brake levers - 

left and right 

handlebars 

Hand brake lever - 

left handlebar 

Accelerator 

controls and 

locations 

Thumb throttle- 

right handlebar 

Thumb throttle- 

right handlebar 

Thumb throttle- 

right handlebar 

Thumb throttle- 

right handlebar 

Maximum speed 

(governed) 

15 mph 15 mph 15 mph 15 mph 

Deck height 7.00έ сΦрлέ 7.00έ рΦтрέ 

Ground clearance нΦсоέ 2.00έ оΦнрέ нΦнрέ 

Deck length мфΦнрέ мфΦууέ мсΦтрέ мфΦмфέ όмпΦнрέ 

usable) 

Deck width 7.00έ сΦтрέ тΦнрέ сΦтрέ 

Wheelbase осΦнрέ осΦрлέ осΦрлέ орΦнрέ 

Tire diameter фΦрέ фΦрέ 11.0έ ŦǊƻƴǘΣ 

10.0έ ǊŜŀǊ 

9.0έ 

Tire width нΦнрέ нΦсфέ нΦомέ нΦоуέ 

Tire type Pneumatic Pneumatic Solid Pneumatic 

Shock Absorber Front hydraulic 

suspension 

- Front hydraulic 

suspension 

- 

Motor 350 W, 

Rear wheel drive 

500 W, 

Rear wheel drive 

350 W, 

Rear wheel drive 

350 W, 

Rear wheel drive 

Seat No No No Yes 
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Testing Procedures 
Three separate evaluations were conducted during this study: the Speed, 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 of the e-scooters 

performed throughout a series of tasks and testing conditions. Prior to the tests, riders were required to 

pass a pre-testing evaluation that consisted of basic riding tasks to ensure that they could operate an e-

scooter in a safe manner (Appendix B-1). 

Speed, Acceleration, and Braking Test 

The first evaluation was the Speed, Acceleration, and Braking test. This test was conducted on the Rural 

section of the Virginia Smart Roads. The purpose was to compare the true maximum speed of each of the 

e-scooter models to the advertised 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 e-scooters would be compared. In total, there were 9 road conditions, which can be seen in 

Table 9. 

Table 9. Road conditions for SAB test. 

Condition Number Slope Terrain 

1 Flat Pavement 

2 Flat Loose gravel over grass 

3 Flat Wet pavement 

4 Incline Pavement 

5 Incline Loose gravel over grass 

6 Incline Wet pavement 

7 Decline Pavement 

8 Decline Loose gravel over grass 

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 would allow 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 the e-scooter passed between these cones, the 

participant was instructed to brake as hard as they could or were comfortable with. After the e-scooter 

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 distance from 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 seen in Figure 17. 

 

Figure 17. Speed, Acceleration, and Braking test setup. 
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This procedure would be repeated for each of the 4 e-scooter models on all 9 road conditions for 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 the e-scooters was counterbalanced and randomly assigned. 

Handling, Stability, and Maneuverability Test 

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

the Highway section of the Virginia Smart Roads. The purpose was to evaluate and compare the 

performance and safety of each e-scooter model when completing various use cases at low speeds. These 

ǳǎŜ ŎŀǎŜǎ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ŘǳǊƛƴƎ ǘƘŜ ǎǘǳŘȅ ƻƴ ±ƛǊƎƛƴƛŀ ¢ŜŎƘΩǎ ŎŀƳǇǳǎ ŀǎ ƘŀǾƛƴƎ Ǉƻǎǎƛōƭȅ ŎƻƴǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ 

conflicts. In total, there were 22 tasks included in the course, which can be seen in Figure 18. Additional 

images of the obstacles can be found in Appendix B-2. 

 

Figure 18. Handling, Stability, and Maneuverability course. 

Spray chalk was used to mark out a 6-foot-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 needed. Additionally, 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 to 1 of 4 start 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 told that they could choose to opt-out of any tasks during the trial that they were 

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

the participants would use each of the e-scooters was counterbalanced and randomly assigned. 

Geofence Test 

The third evaluation was the Geofence test. This test was conducted on the Highway section of the Virginia 

Smart Roads adjacent to the HSM test. The purpose was to evaluate the GPS accuracy of geofences and 

understand how e-scooters handle when riding through them. It was also of interest to understand 

ǇŀǊǘƛŎƛǇŀƴǘǎΩ ǇŜǊŎŜǇǘƛƻƴǎ ƻŦ ǘƘŜ ŀǳŘƛōƭŜ ƎŜƻŦŜƴŎŜ ƴƻǘƛŦƛŎŀtions from the e-scooter as well as how they 

think the e-scooter handled while traveling through the geofences. 

Figure 19 shows where the geofences were set up on the Smart Roads. There is a no-ride zone geofence 

on both ends of the road with a slow zone geofence in the middle of the road. The no-ride zone brings the 

e-scooter to a stop, and the slow zone reduces the speed of the e-scooter to approximately 7 mph. The 

road has a slight slope to understand how the scooters respond while riding on inclines and declines. 
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Figure 19. 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 no-ride zone geofences, closer to the slow zone geofence, and 

would be instructed to ride on the road so that additional data could be collected and so that additional 

perceptions could be gathered on the e-scooters. Once the participant reached the other slow zone, the 

trial ended, and the participant was asked what they thought happened. They were then debriefed on the 

purpose of the test. Participants next completed 12 more trials, 6 on the Max 2.3 e-scooter and 6 on the 

Max 2.0 e-scooter with a seat, as these were the only two scooters that had internet of things (IoT) boxes 

that communicated with the geofences. 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 the e-scooters was counterbalanced 

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

Participants 
To understand user perceptions of the various e-scooter models, participants were recruited for this 

study. There were two groups of participants: a group of 8 experienced e-scooter riders followed by a 

group of 16 novice e-scooter riders. The experienced rider group was required to have ridden an e-scooter 

at least 9 times previously, with the most experienced riders selected for the study, and the novice rider 

group was required to have ridden an e-scooter 3 times or less previously. These criteria were selected 

ōŀǎŜŘ ǳǇƻƴ ƛƴǇǳǘ ŦǊƻƳ {ǇƛƴΩǎ ǎǳōƧŜŎǘ ƳŀǘǘŜǊ ŜȄǇŜǊǘǎ ŀǎ ǿŜƭƭ ŀǎ ŦƛƴŘƛƴƎǎ ŦǊƻƳ the City of Austin (2019). 

The experienced rider group served two purposes: to generate data that would allow for the most reliable 

comparisons on the performance between each of the scooters, as it was anticipated that their previous 

experience and comfort with using the scooters would better demonstrate 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 sessions. Table 10 shows the 

breakdown of the participants that were eligible and recruited for the study. 

Table 10. Participant demographic breakdown. 

Experienced Rider Group Novice Rider Group 

Experience 9 or more previous trips Experience 3 or less previous trips 

Gender 5 male, 3 female Gender 8 male, 8 female 

 Avg. Std. Min. Max.  Avg. Std. Min. Max. 

Age (yrs.) 20.5 0.71 20 22 Age (yrs.) 33.6 12.9 20 59 

Weight 
(lbs.) 

174.2 26.2 120 213 Weight 
(lbs.) 

153.2 23.9 115 200 

Height (in.) 70.9 3.1 66 74 Height (in.) 67.4 4.6 60 73 
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The two groups had slightly different research procedures. The experienced rider group completed all 3 

of the tests, and the novice rider group only completed the HSM test. For the HSM test, the experienced 

rider group only performed 1 trial on each e-scooter while the novice rider group performed 2 trials on 

each e-scooter. 

Participants were paid at a rate of $30 per hour. Experienced riders were paid $150 for participation across 

two, 2.5-hour sessions, and novice riders were paid $60 for their participation in a single 2-hour session. 

¢Ƙƛǎ ǎǘǳŘȅ ǿŀǎ ŀǇǇǊƻǾŜŘ ōȅ ±ƛǊƎƛƴƛŀ ¢ŜŎƘΩǎ Lƴǎǘƛǘǳǘƛƻƴŀƭ wŜǾƛŜǿ .ƻŀǊŘ όLw. Інм-378 and #22-219). 

Data Collection 

MicroDAS 

Each of the four e-scooters were ƛƴǎǘǊǳƳŜƴǘŜŘ ǿƛǘƘ ±¢¢LΩǎ ƳƛŎǊƻ5!{ όFigure 20) with a customized 

weather-resistant enclosure for scooter installation. The microDAS collected forward-facing video, GPS 

data such as speed and trip or path tracking, and has multi-axis accelerometers to measure longitudinal, 

lateral, and vertical acceleration as well as pitch, yaw, and roll rates. Data is collected in this system at a 

rate of 10 Hz, and the coordinate system is aligned with respect to the stem of the scooter, which can be 

seen in Figure 20. As the origin of the microDAS rotates with respect to the deck of the scooter when the 

rider steers, measures were taken relative to a timepoint when the steering was approximately straight. 

While the four scooters had slightly different steering axis angles which could have resulted in small 

differences in the alignments of the microDAS units on the scooter stems, these were assumed to be 

insignificant for the selected metrics. 

   

Figure 20. VTTI's microDAS (left) and alignment of microDAS on scooter stem (right). 

¢ƘŜ Řŀǘŀ ǿŀǎ ŀǳǘƻƳŀǘƛŎŀƭƭȅ ƻŦŦƭƻŀŘŜŘ ǘƻ ±¢¢LΩǎ ǎŜŎǳǊŜ ǎŜǊǾŜǊ ŦƻƭƭƻǿƛƴƎ ŜŀŎƘ ǎŜǎǎƛƻƴΦ Examples of the data 

collected can be seen in Figure 21 and Figure 23. 

Fixed Cameras 

To understand if there were any rider factors that also contributed to e-scooter 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 total of four Go-Pros were used. Two of the Go-Pros 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. Similarly, two Go-Pros 

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 braking zone. These 

views can be seen in Figure 22. 

For the HSM test, a total of six Go-Pro cameras were used. These cameras were placed safely along the 

side of the course and were strategically located to focus on tasks of interest as well as to capture as many 

tasks as possible in the field of view. An example of these views can be seen in Figure 24. 

Surveys 

Qualtrics electronic surveys 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 Appendix B-4. 

Pre-Session Questionnaire 

A pre-session questionnaire was administered to each participant to collect demographics information as 

well as to understand prior experiences with e-scooters. The novice rider group was also asked questions 

to understand their level of physical activity and athleticism, prior experience with e-scooters or similar 

devices, and initial perceptions on e-scooter safety. The results can be seen in Appendix B-5. 

Speed, Acceleration, and Braking Test Surveys 

Three surveys were developed for the SAB test (Appendix B-4). The first survey was given to the 

participant after completing a single road condition on each of the 4 e-scooter models. Participants would 

complete this survey nine times throughout the course of the session. For this survey, participants were 

asked to rank the e-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 were administered. The first 

survey asked participants to rate each of the e-ǎŎƻƻǘŜǊΩǎ ŀŎŎŜƭŜǊŀǘƛƻƴ ŀƴŘ ōǊŀƪƛƴƎ ǇŜǊŦƻǊƳŀƴŎŜ ƻƴ ŀ ǎŎŀƭŜ 

from 1 to 5 for several criteria. Additionally, participants were asked to select the e-scooter model that 

they preferred for accelerating, 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 conditions, and for 

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 Test Surveys 

Three surveys were also developed for the HSM test (Appendix B-4). 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 asked to rate each of the e-ǎŎƻƻǘŜǊΩǎ 

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 

ǎŜƭŜŎǘ άƴƻǘ ŀǇǇƭƛŎŀōƭŜΦέ !ŘŘƛǘƛƻƴŀƭƭȅΣ ǘƘŜ ƴƻǾƛŎŜ ǊƛŘŜǊ ƎǊƻǳǇ ǿŀǎ ŀǎƪŜŘ ŀōƻǳǘ ǘŀǎƪǎ ǘƘŀǘ ǘƘŜȅ ŎƘƻǎŜ ǘƻ ŀǾƻƛŘ 
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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 of the HSM test, two additional surveys were administered. The first survey asked 

participants to rank the e-scooters in the order for which they thought the e-scooters performed each 

task. They were also asked to select the e-scooter model that they preferred for 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 tasks would 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 a list of choices. 

Geofence Test Surveys 

After the surprise trial, participants were asked what they thought happened and why the e-scooter 

slowed down and came to a stop. Following the test, they were then asked to rate the e-scooters on a 

scale of 1 to 5 on the deceleration rate after entering slow zone geofence, acceleration rate back to full 

speed after exiting slow zone geofence, stopping rate after entering no-ride zone geofence, volume level 

of audible notification, tone of audible notification, and effectiveness of audible notification. They were 

also asked which of the two e-scooters responded better to the slow zone and no-ride zone geofences. 

Overall Study Surveys 

At the end of the study, two final surveys were administered (Appendix B-4). Participants were asked to 

indicate how much they agreed with a series of statements on a scale from 1 to 5 for each of the e-scooter 

models. 

The final survey asked participants to select the e-scooter that they preferred across the two sessions of 

testing and to select the factors that contributed to their selection. These results can be seen in Appendix 

B-8. 

Data Reduction and Analysis 
Data reduction protocols were developed for the DAS data and the Go-Pro videos. These protocols can be 

seen in Appendix B-3. 

Speed, Acceleration, and Braking Test Reduction and Analysis 

SAB MicroDAS Reduction and Analysis 

±¢¢LΩǎ 5ŀǘŀ wŜŘǳŎǘƛƻƴ ǘŜŀƳ ǳǎŜŘ IŀǿƪŜȅŜ, a custom data-viewing software suite developed by VTTI, to 

identify timestamps for each of the trials corresponding to the start of the 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 (Figure 21). 
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Figure 21. 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 speed and 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 calculate the acceleration rate and braking distance. Kinematics equations were used for 

these calculations, which can be seen below: 

Average acceleration rate =  

Braking distance =     where   ὥ  

where vmax is the maximum speed during the trial, tvmax is the timestamp corresponding to the maximum 

speed, tstart is the trial start timestamp, vbraking is the speed at the braking timestamp, tend is the trial end 

timestamp, tbraking is the braking timestamp, and abraking is the braking rate. 

During the test, the braking distance of the Max 2.3 unit 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 team decided to investigate why this result was seen. It was hypothesized that the scooter 

was not braking as well as it should have been due to possible mechanical issues or wear. To test this 

hypothesis, four other Max 2.3 units were evaluated against the Max 2.3 scooter that was used for testing. 

Two of the units were provided by Spin, and the other two were acquired from the fleet deployed on 

ViǊƎƛƴƛŀ ¢ŜŎƘΩǎ ŎŀƳǇǳǎΦ ¢ƘŜ ǘŜǎǘƛƴƎ ǿŀǎ ŎƻƴŘǳŎǘŜŘ on flat pavement, and there were five trials for each 

scooter. The braking distance was recorded after each trial, and the results showed that on average, the 

Max 2.3 unit from testing was braking in 14.16 feet, while the average of the other four units was 11.32 

feet, indicating that the unit that was being used for testing was braking at 80% capacity. To account for 

this in the data, an adjustment factor was added. Additionally, after this result was seen and following the 

conclusion of the SAB test, the Max 2.3 unit was switched with another unit which was used for the HSM 

test and Geofence test. This example shows the importance of servicing brakes, which may not occur as 

often for large fleets of e-scooters. 

A factorial analysis of variance (ANOVA) was used to analyze differences in performance between the 

scooters, with additional factors of the condition 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 post-hoc analysƛǎ ǳǎƛƴƎ ¢ǳƪŜȅΩǎ 

honestly significant difference (HSD) test, and results were deemed significant if their p-value was less 

than 0.05. 

A follow-up analysis was conducted to study trends in performance based upon e-scooter features, and 

regressions were performed to generate correlation values and equations of fit. 

SAB Fixed Camera Reduction and Analysis 

A protocol was developed for analyzing the Go-tǊƻ ǾƛŘŜƻǎΦ CƻǊ ŜŀŎƘ ǘǊƛŀƭΣ ±¢¢LΩǎ 5ŀǘŀ wŜŘǳŎǘƛƻƴ ǘŜŀƳ 

ŀƴǎǿŜǊŜŘ ŀ ǎŜǊƛŜǎ ƻŦ ǉǳŜǎǘƛƻƴǎ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ǊƛŘŜǊΩǎ Ǉƻǎture while accelerating and braking, such as their 

initial acceleration posture, acceleration posture change, initial braking posture, and braking posture 

change (Figure 22). The data was analyzed using descriptive statistics and grouped by scooter model. 

 

Figure 22. Go-Pro 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 Test Reduction and Analysis 

HSM MicroDAS Reduction and Analysis 

{ƛƳƛƭŀǊ ǘƻ ǘƘŜ {!. ǘŜǎǘΣ ±¢¢LΩǎ 5ŀǘŀ wŜŘǳŎǘƛƻƴ ǘŜŀƳ ƛŘŜƴǘƛŦƛŜŘ ǘƛƳŜǎǘŀƳǇǎ ŦƻǊ ŜŀŎƘ ǘŀǎƪ ƻŦ ǘƘŜ I{M test 

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 (Figure 23). 
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Figure 23Φ CƻǊǿŀǊŘ ǾƛŘŜƻ όƭŜŦǘύ ŀƴŘ ŀŎŎŜƭŜǊƻƳŜǘŜǊ Řŀǘŀ όǊƛƎƘǘύ ŎƻƭƭŜŎǘŜŘ ōȅ ±¢¢LΩǎ ƳƛŎǊƻ5!{ ŘǳǊƛƴƎ I{a ǘŜǎǘΦ 

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 completion of 

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 into groups 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 additional factors of 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 by post-ƘƻŎ ŀƴŀƭȅǎƛǎ ǳǎƛƴƎ ¢ǳƪŜȅΩǎ I{5 ǘŜǎǘΣ ŀƴŘ ǊŜǎǳƭǘǎ ǿŜǊŜ ŘŜŜƳŜŘ 

significant if their p-value was less than 0.05. 

HSM Fixed Camera Reduction and Analysis 

A second protocol was developed for analyzing the Go-Pro videos for the HSM test. For each trial, VTTLΩǎ 

5ŀǘŀ wŜŘǳŎǘƛƻƴ ǘŜŀƳ ŀƴǎǿŜǊŜŘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǉǳŜǎǘƛƻƴǎ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ǊƛŘŜǊΩǎ ƛƴƛǘƛŀƭ ǇƻǎǘǳǊŜ ŀǇǇǊƻŀŎƘƛƴƎ 

each task and any posture changes or strategies that they used while completing each task (Figure 24). 

The data was analyzed using descriptive statistics and grouped by scooter model and experience level for 

each obstacle type. 
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Figure 24. Go-Pro view to observe rider initial posture and change in posture for riding off 4" curb during HSM 
test. 

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

όŜȄŎƭǳŘƛƴƎ ǘƘŜ мέ ǊŀƛǎŜŘ ŜŘƎŜύΣ ŀ ƭƻƎƛǎǘƛŎ ǊŜƎǊŜǎǎƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŦƻǊ ƛŦ ǘƘŜ scooter was able to complete 

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 corresponding 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 in scooter 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 Test Reduction and Analysis 

Geofence MicroDAS Reduction and Analysis 

For each trial, the following timestamps were identified by using the forward-video: 

- 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 exits the slow zone geofence 

- Scooter begins to accelerate after exiting the slow zone geofence 

- Scooter enters no-ride zone geofence 

- Scooter begins to decelerate after entering the no-ride zone geofence 

Corresponding latitudes, longitudes, and speeds were 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 the slow-zone 

- Time and distance to reach the reduced speed after entering the slow-zone 

- 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 begins to increase after exiting the slow-zone 

- Time and distance until the speed begins to decrease after entering the no-ride zone 

A factorial ANOVA was used to analyze differences in performance between the scooters, with additional 

factors of the slope and speed at the beginning timestamp included in the analysis, as well as interaction 
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effects. Group differences were identified by post-ƘƻŎ ŀƴŀƭȅǎƛǎ ǳǎƛƴƎ ¢ǳƪŜȅΩǎ ƘƻƴŜǎǘƭȅ I{5 ǘŜǎǘΣ ŀƴŘ 

results were deemed significant if their p-value was less than 0.05. No follow-up analyses on scooter 

features were performed as only two e-scooters were included in this testing. 

Survey Analysis 

All survey data was analyzed using descriptive statistics. 

Safety Critical Event Analysis 

A third protocol was developed for reducing safety critical events. Safety critical events were defined as: 

- Full fall over ς a part of the scooter contacts the ground (other than wheels) and a part of the 

rider contacts the ground (other than feet). 

- Bailout with fall over ς a part of the scooter contacts the ground (other than wheels), but the 

ǊƛŘŜǊΩǎ Ŧƻƻǘ ŎŀǘŎƘŜǎ ǘƘŜƛǊ Ŧŀƭƭ ƻǊ the rider successfully aborts without falling. 

- Bailout no fall over ς ƻƴƭȅ ǘƘŜ ǊƛŘŜǊΩǎ ŦŜŜǘ ŎŀǘŎƘ ǘƘŜƛǊ Ŧŀƭƭ ŀƴŘ ǘƘŜ ǊƛŘŜǊ ŀƭǎƻ prevents the scooter 

from contacting the ground. 

- Forward impact ς the scooter impacts an object or surface. 

!ƴ άhǘƘŜǊέ ŎŀǘŜƎƻǊȅ ǿŀǎ ŀƭǎƻ ǳǎŜŘ to capture circumstances that did not fit into the defined categories 

Each event was characterized by the type of event and the post-event action of the rider. A narrative was 

also written for each event. 

Results 
The following sections include the results from each of the three tests and is broken down by the specific 

measures collected by the microDAS, the fixed camera results, and the survey results. 

Speed, Acceleration, and Braking Test Results 

SAB MicroDAS Results 

Top Speed Results 

The top speed that the four e-scooter models were able to reach during each trial was recorded, and these 

results can be seen in Figure 25. When averaging the top speed by scooter, the Max 2.3, S-100T, 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 a speed of 

around 10.2 mph, which was significantly different from the other three models (p<0.0001). The top speed 

that each e-scooter was able to reach also varied by slope. When averaging the top speed of all four 

scooter models by slope, the scooters were able to 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<0.0001), and flat and incline 

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 able to reach a speed of 13.0 mph on pavement, 12.8 mph on wet pavement, 

and 9.5 mph on off-road. There were significant differences between the pavement and off-road terrains 

(p<0.0001) and the wet pavement and off-road terrains (p<0.0001). For the off-road terrain, the S-100T 

reached significantly greater top speeds than the Okai (p=0.0190) and the Max 2.0 (p<0.0001). 
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Figure 25. Top speeds from the SAB test. Top left: top speed by scooter model. Top right: top speed by scooter 
model and 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, which can be seen in Figure 

26. Averaging the top speed of all four scooters, female riders were able to reach speeds of 12.6 mph 

while male riders reached speeds 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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Figure 26. Top speed by scooter model and gender (left) and by scooter model and rider weight (right). (*-
p<0.05, **-p<0.01, ***-p<0.001, ****-p<0.0001) 

Acceleration Rate Results 

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 scooters, and the results can be seen in Figure 27. When averaging the 

acceleration rate by scooter for all slopes and terrains, the S-100T had the fastest acceleration rate of 1.95 

ft/s2, followed by the Max 2.3 with 1.85 ft/s2, then the Okai with 1.64 ft/s2, and the Max 2.0 with 1.23 

ft/s2. The acceleration rate of the Max 2.0 was significantly different than the other three e-scooters 

(p<0.0001), and the acceleration rate of the S-100T 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 average rate of 2.40 ft/s2, followed by the flat slope with 

a rate of 1.64 ft/s2, and the incline slope had the slowest average acceleration rate of 0.98 ft/s2. The 

acceleration rates were significantly different between the decline and flat slopes (p<0.0001), the decline 

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 ft/s2 for all four scooters and 1.89 ft/s2 for wet pavement, both of which 

were significantly different than the acceleration rate on the off-road terrain which was 1.13 ft/s2 

(p<0.0001). Only the acceleration rate of the S-100T was significantly faster than the acceleration rate of 

the Max 2.0 on the off-road terrain (p=0.0002). 



60 
 

 

Figure 27. 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 model 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 

Figure 28. 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). 

 

Figure 28. 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 Distance Results 

Braking distances were also calculated for each of the trials, and the results can be seen in Figure 29. 

Speed before braking was also included as a factor in this analysis. The Max 2.3 had an average braking 

distance of 18.7 ft, the S-100T had an average braking distance of 15.5 ft, the Okai had an 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 by the 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 non-significant differences in the braking distance between 

different terrains, with the average braking distance on the off-road terrain being 9.6 ft, 17.7 ft on the 

pavement terrain, and 17.7 ft on the wet pavement terrain. 

 

Figure 29. Braking distance 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. (*-p<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 Figure 30, braking distance was highly correlated with speed before braking (R2=0.80) and also varied 

largely based upon slope and terrain. 
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Figure 30. Braking distance by speed before braking (left) and by scooter model and condition (right). 

To have more standardized data to compare 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 calculated braking rate. These results can be seen in Figure 

31. The scooters all had very similar predicted braking distances (Max 2.3: 28.2 ft, S-100T: 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 

ǊƛŘŜǊǎ ǿŜǊŜ ǇǊŜŘƛŎǘŜŘ ǘƻ ōǊŀƪŜ ƛƴ нтΦн Ŧǘ ŀƴŘ ƳŀƭŜ ǊƛŘŜǊǎ ǿŜǊŜ ǇǊŜŘƛŎǘŜŘ ǘƻ ōǊŀƪŜ ƛƴ нтΦр ŦǘΣ ¢ǳƪŜȅΩǎ 

adjustment accounting for 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). These results can be seen in Figure 32. 
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Figure 31. Predicted braking distances for 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. (*-p<0.05) 

 

Figure 32. Predicted braking distance by scooter model and gender (left) and scooter model and rider weight 
(right). (*-p<0.05) 
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SAB Survey Results 

Participant rankings on their perceptions of the acceleration and braking capabilities for each of the 

scooters after each trial can be seen in Figure 33. Across all trials, the S-100T was ranked first for 

acceleration rate (34 selections), acceleration stability (33 selections), braking rate (34 selections), and 

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 stability). 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 lowest rankings for 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 seen in Figure 34. Participants thought that the acceleration rates for the 

Max 2.3 and S-100T 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 the S-100T to have the most 

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 appropriate rate, with the S-100T 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, S-100T, and Okai. Participants thought that the brake controls were 

more effective for the S-100T 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. 

 

Figure 33. Post-trial survey results. Participants ranked the scooters from 1-4 for each trial. The figure shows the 
number of participants to give the scooter each rank for all trials combined. 



65 
 

 

Figure 34. Post-test survey results. Participants would rate scooters on a scale from 1-5. The figure shows the 
average ratings. Acceleration/braking rate: 1 ς too slow, 5 ς too fast. Acceleration/braking feel: 1 ς unstable, 
wobbly, 5 ς stable, smooth. Acceleration/braking control effectiveness: 1 ς not effective (hard squeezing to 

accelerate), 5 ς effective (easy squeezing to accelerate). Accelerator/braking control placement/location: 1 ς 
uncomfortable, 5 ς comfortable. 

Additional survey results can be seen in Appendix B-6. 

SAB Fixed Camera Results 

The initial acceleration posture and acceleration posture change by scooter and slope can be seen in 

Figure 35 and by scooter and terrain in Figure 36, and the initial braking posture and braking posture 

change by scooter and slope can be seen in Figure 37 and by scooter and terrain in Figure 38. Aside from 

the seated Max 2.0, the most common initial acceleration posture was legs bent, body leaning forward. 

The most common acceleration posture changes were to return the body to a neutral front/back position 

or to straighten the legs. Aside from the seated Max 2.0, the most common initial braking postures were 

legs either bent or straight, no body lean or body leaning forward. Most participants did not change their 

posture while braking. The second most common action was to lean backward. There were no major 

differences or trends in acceleration or braking initial postures or posture changes with scooters, slopes, 

or terrains. 
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Figure 35. Acceleration posture by slope. Top: initial acceleration body posture. Middle: initial acceleration legs 
posture. Bottom: acceleration posture change. 
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Figure 36. Acceleration posture by terrain. Top: initial acceleration body posture. Middle: initial acceleration legs 
posture. Bottom: acceleration posture change. 
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Figure 37. Braking posture by slope. Top: initial braking body posture. Middle: initial braking legs posture. 
Bottom: braking posture change. 
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Figure 38. Braking posture by terrain. Top: initial braking body posture. Middle: initial braking legs posture. 
Bottom: braking posture change. 
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SAB Safety Critical Event Results 

The safety critical events are summarized in Figure 39. Most safety critical events occurred while braking 

and on the flat, off-road condition, and the S-100T had the most safety critical events. The most common 

crash type was a bailout, and most safety critical events happened on either the first or third trials. 

 

Figure 39. Safety critical event frequency occurring 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 and scooter model. 

Handling, Stability, and Maneuverability Test Results 

HSM MicroDAS Results 

Lateral Maneuver Results 

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 seen in Figure 40. The 

average speed changes were -1.15 mph for the Max 2.0, -1.74 mph for the Max 2.3, -1.92 mph for the 

Okai, and -1.69 mph for the S-100T. However, no significant differences were observed between 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 were significant 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 changes of -1.14 mph compared to -2.02 mph. 
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Figure 40. Speed change for lateral maneuvers. Top left: speed change by scooter. Top right: speed change by 
speed before the obstacle. Bottom left: speed change by scooter and experience level. Bottom right: speed 

change by scooter and gender. (*-p<0.05) 

Significant trends were also observed with specific scooter features. As can be seen in Figure 41, 

increasing scooter weight, deck height, wheelbase, and tire diameter also resulted in greater speed 

decreases (p<0.0001). 
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Figure 41. Effect of specific 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 experienced during the lateral maneuver obstacles was also 

analyzed, and these results can be seen in Figure 42. The Max 2.3 and Okai experienced higher maximum 

roll rates of 46.4 deg/s and 44.5 deg/s, respectively, when compared to the S-100T 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 S-100T (p=0.0133), Max 2.3 and 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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Figure 42. Maximum roll rate for lateral maneuvers. 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 weight had a significant effect in determining roll rate for the Max 2.3 (p=0.0005), Okai (p=0.0014), 

and S-100T (p<0.0001), and rider height was significant for all scooters (p<0.0001) (Figure 43). 

 

Figure 43. 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<0.0001) (Figure 44). 

 

Figure 44. 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 in Figure 45. On average, the Max 2.0 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 the S-100T. Significant differences were 

observed between the Max 2.3 and the S-100T (p<0.0001), the Max 2.3 and the Max 2.0 (p<0.0001), the 

Okai and the S-100T (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 differences in 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 significantly affected by rider weight for the S-100T (p=0.0087) 

and rider height for the Max 2.0 (p=0.0011), the Max 2.3 (p=0.0398), and the S-100T (0.0013) (Figure 46). 

Similar to roll 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 seen in Figure 47. 
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Figure 45. 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 rate by scooter 

and gender.   (*-p<0.05, **-p<0.01, ***-p<0.001, ****-p<0.0001) 

 

Figure 46. Maximum yaw rate by rider weight (left) and by rider height (right). 
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Figure 47. Effect of steering axis on yaw rate. 

Riding into Raised Surface Results 

The first metric analyzed for obstacles that involved the scooters riding into a raised surface was speed 

change, or how easily the rider can maintain speed as a function of the scooter while riding over a raised 

surface. These results can be seen in Figure 48. On average, the Max 2.0 decreased speed by 1.32 mph, 

the Max 2.3 decreased speed by 1.24 mph, the Okai decreased speed by 1.17 mph, and the S-100T 

decreased speed by 1.55 mph. There was also a significant difference in speed change between the Okai 

and S-100T (p=0.0075). There were no significant differences in the speed change between experience 

groups or gender, but it was seen that female riders were able to maintain their speed when riding with 

the Okai significantly better than when riding with the S-100T (p=0.0114). 

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

to maintain their speed better on average than scooters without suspension (-1.25 mph compared to -

1.44 mph, respectively; p=0.0412). A trend was also seen such that scooters with greater ground clearance 

maintain their speed better (p=0.0251). These trends can be seen in Figure 49. 

The next metric analyzed was maximum vertical acceleration, and these results can be seen in Figure 50. 

On average, the Max 2.3 experienced 1.11 g of acceleration, the Okai experienced 1.27 g, the S-100T 

experienced 1.30 g, and the Max 2.0 experienced 1.34 g. There were significant differences in vertical 

acceleration between Max 2.3 and Okai (p=0.0366), the Max 2.3 and S-100T (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 e-scooters, as higher vertical accelerations were observed at higher speeds 

(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 novice riders had lower accelerations on the Max 2.3 compared to the 

Max 2.0 and S-100T (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 experienced by 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 be seen in Figure 51. 
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Figure 48. Speed change for riding into raised surfaces. Top: speed change by scooter. Bottom left: speed change 
by scooter and experience level. Bottom right: speed change by scooter and gender. (*-p<0.05, **-p<0.01) 

 

Figure 49. Effect of specific scooter features on speed change. Left: speed change by suspension. Right: speed 
change by ground clearance. 
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Figure 50. Maximum vertical acceleration for riding into raised surfaces. Top left: vertical acceleration by 
scooter. Top right: vertical acceleration by speed before obstacle. Bottom left: vertical acceleration by scooter 

and experience level. Bottom right: vertical acceleration by scooter and gender. (*-p<0.05, **-p<0.01, ***-
p<0.001, ****-p<0.0001) 

 

Figure 51. Maximum vertical acceleration by suspension (left) and rider weight (right). (** -p<0.01) 
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Riding off Raised Surface Results 

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 scooters, and the 

results for pitch rate can be seen in Figure 52. The Max 2.0 had an average pitch rate of -45.4 deg/s, the 

Max 2.3 had an average of -30.9 deg/s, the Okai had an average of -26.2 deg/s, and the S-100T had an 

average of -41.1 deg/s. There were no significant differences between scooters, experience groups, or 

genders. 

 

 

Figure 52. 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 suspension (Figure 53), such that 

increasing tire diameter and deck height resulted in 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 and -43.2 deg/s, respectively; p=0.0138). 
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Figure 53. Maximum pitch rate by tire diameter (top left) deck height (top right) and suspension (bottom).             
(*-p<0.05) 

Terrain Transition Results 

For terrain transition obstacles, vertical acceleration data was analyzed, which can be seen in Figure 54. 

The Max 2.0 had an average maximum vertical acceleration of 1.37 g, the Max 2.3 had 0.92 g, the Okai 

had 0.93 g, and the S-100T 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 S-100T and the Max 2.0 (p<0.0001), the Max 2.3 and 

S-100T (p=0.0003), and the Okai and S-100T (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 to the main effects. Suspension was also seen to influence vertical 

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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Figure 54. Maximum vertical 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. 

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

Course Time Results 

Time to complete the course was also measured and analyzed, the results of which can be seen in Figure 

55 and Figure 56. 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 the S-100T in 141 s, then the Okai in 143 s, and the Max 

2.0 in 150 s. The course times for the Max 2.3, S-100T, 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 also completed 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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Figure 55. Average time to complete the course. Top: time by scooter. Bottom left: time by scooter and 
experience level. Bottom right: time by scooter and gender. (*-p<0.05, ***-p<0.001, ****-p<0.0001) 

On average, course time was seen to decrease 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 and an average 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 S-100T scooters (p=0.0033 and p=0.0280, respectively). 
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Figure 56. 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 rider weight. 

HSM Survey Results 

Average participant ratings on their perceptions of the performance capabilities for each of the scooters 

after each trial can be seen in Figure 57. 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 while the S-100T 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 2.3 and S-100T did the best at riding 

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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Figure 57. Post-trial survey results. Participants would rate scooters on a scale from 1-5 with 5 being the best 
rating and 1 being the worst rating. The figure shows the average ratings. 

Additional survey results can be found in Appendix B-7. 

HSM Fixed Camera Results 

The initial posture and posture change and strategies by obstacle type and each of the experience level 

groups can be seen in Figure 59 and . Regardless of obstacle type, the initial postures that riders were in 

to prepare themselves for the obstacle were very similar. There were no major differences in posture 

between scooters for any obstacle type aside from the Max 2.0 where riders would occasionally use the 

seat. Novice riders were seen to sit on the Max 2.0 scooter less than experienced riders. Experienced 

riders tended to prepare themselves more before each obstacle by bending their legs, where novice riders 

approached the obstacle with their legs straight and bent them while completing the obstacle.  
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Experienced riders also leaned more with their bodies in preparation of obstacles. Experienced riders used 

more strategies such as using their feet or lifting the handlebars with their arms than novice riders. 

Leaning was the most common strategy across all obstacle types, and use of feet was most common for 

the lateral maneuver obstacles. A combination of lifting the handlebars and using feet was the most 

common for riding into raised surfaces, and riding into raised surfaces was the most common obstacle 

not attempted. Novice riders did not attempt a larger percent of obstacles than experienced riders. 

 

Figure 58. Posture and strategies by obstacle type for experienced riders. Top: initial posture. Bottom: posture 
change and strategies. 
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Figure 59. Posture and strategies by obstacle type for novice riders. Top: initial posture. Bottom: posture change 
and strategies.  

For the sideways U-turn obstacle, the Go-Pro videos were also used to understand how often riders could 

complete it with and without using their feet for assistance. These results can be seen in Figure 60. For all 

scooters, it was seen that riders were less likely to complete the obstacle without using their feet. The 

Max 2.3 and S-100T had higher percentages of completing the turn without assistance compared to the 

Okai and Max 2.0. 
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Figure 60. Percentage of attempts where riders were able to complete the sideways U-turn with or without 
assistance by scooter model. 

When only looking at the attempts without assistance and combining the totals for the Max 2.3 and S-

100T and the totals for the Okai and the Max 2.0 (Table 11), the probability of completing the obstacle 

using the Max 2.3 or S-100T 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 and S-100T did have the two shortest handlebar and scooter heights 

and the longest usable 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 complete the obstacle without assistance, which 

can be seen in Figure 61. 

Table 11. Attempts without assistance for the sideways U-turn, used to calculate odds ratio. 

Without Assistance Completed Did not complete Total 

Max 2.3 + S-100T 68 23 91 

Okai + Max 2.0 36 24 60 

Total 36 47 151 

 

 

Figure 61. Probability of completing the sideways U-turn 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 shown in Figure 62. Novice riders 

and female riders had lower completion rates of the sideways U-turn when they did not use their feet for 

assistance when compared to experienced riders and male riders, respectively, although percentages of 

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

 

Figure 62. Percentage of attempts where riders were able to complete the sideways U-turn with or without 
assistance by scooter and experience level (top) or gender (bottom). 

For the obstacles that involved riding into a raised surface, the Go-Pro videos were also used to 

understand how often scooters would get stuck while attempting to ride over them with and without 

using their feet or arms to lift the front of the scooter for assistance. These results can be seen in Figure 

63. The S-100T and Max 2.0 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, 

ŀƴŘ ǎŎƻƻǘŜǊǎ ǿŜǊŜ ǎǘǳŎƪ ƳƻǊŜ ƻŦǘŜƴ ƻƴ ǘƘŜ оέ ƻōǎǘŀŎƭŜǎΦ 
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Figure 63. 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 S-100T and Max 2.0 and the Max 2.3 and Okai (Table 12), the 

probability of the scooter getting stuck on the obstacles using the S-100T 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 systems and the greatest ground clearances.  

Table 12. Attempts where the scooters were stuck on the raised surface obstacles, used to calculate odds ratio. 

Overall Stuck Not Stuck Total 

S-100T + Max 2.0 23 255 278 

Max 2.3 + Okai 12 272 284 

Total 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 seen in Figure 64. The 

probability of the scooter not getting stuck on a raised surface was higher if a scooter had a suspension 

ǎȅǎǘŜƳΦ tǊƻōŀōƛƭƛǘƛŜǎ ƻŦ ƴƻǘ ƎŜǘǘƛƴƎ ǎǘǳŎƪ ƻƴ ŀ ǊŀƛǎŜŘ ǎǳǊŦŀŎŜ ŀƭǎƻ ƛƴŎǊŜŀǎŜŘ ŀǎ ǘƘŜ ǎŎƻƻǘŜǊΩǎ ground 

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 probabilities of getting 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 shown in Figure 65. 

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, where a larger 

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 female riders, but female riders did not attempt the obstacles much 

more frequently than male riders. 

 

 

Figure 64. Probability of a scooter getting stuck on the obstacle. Top left: by obstacle height and suspension. Top 
right: by obstacle 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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Figure 65. Percentage of attempts where scooters were stuck on raised surfaces with or without assistance by 
scooter and experience level (top) or gender (bottom). 

HSM Safety Critical Event Results 

The safety critical events are summarized in Figure 66 and Figure 67. Most SCEs were caused by obstacles 

where the scooters were riding into raised surfaces, and most SCEs involved either a forward impact with 

a bailout and no fallover. SCEs decreased as the trials went on. Novice riders had lower rates of SCEs than 

experienced riders but did have higher rates of bailouts without forward impacts. 
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Figure 66. Safety critical event frequency during 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. 

 

Figure 67. Safety critical event frequency during 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 experience level. 






































































































































































































































































































