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To significantly reduce the occurrence of severe traffic accidents, reducing the number of vehicles in urban areas should be
considered. Personal mobility is essential for realizing this reduction, which requires consideration of the last-/first-mile problem.
The overall objective of our research is to solve this problem using standing-type personal mobility vehicles as transportation
devices; however, to evaluate the feasibility of such vehicles as future mobility devices, it is necessary to evaluate their operation
under real-world conditions. Therefore, in this study, experimental and survey data relating to the velocity, stability, safety, and
comfort of a standing-type personal mobility device are obtained to evaluate its performance in three different scenarios. The
results show that the personal mobility vehicle is socially well received and can be safely operated on sidewalks, irrespective of the
gender or age of the driver; moreover, the results suggest that subjects who routinely use a bicycle are adept at avoiding and
absorbing the impacts of small holes and bumps, thereby yielding reduced acceleration values (in all directions) and pitch, roll,
and yaw rates. This is anticipated to benefit the future development of personal mobility devices and help realize effective and

accessible public transport systems, as well as reduce the number of vehicles in urban areas.

1. Introduction

The ever-increasing population and transportation re-
quirements of societies have led to an increase in urban
traffic, congestion, and air pollution; this has detrimental
effects on the quality of life of people [1-6].

A potential solution to these problems is to reduce the
use of individual cars in urban areas by encouraging city
dwellers to use public transport for their daily commuting
necessities and personal mobility to access the nearest public
transport hubs and shopping centers, as well as for other
short distance journeys. In the literature, the problem of
reaching the nearest transportation hub is referred to as the
last-/first-mile problem [7-13].

At present, automobiles remain the optimal mode of
transportation for long-range door-to-door journeys, owing
to the comfort they provide. However, at least a portion of
the population—though not all—could switch from using

conventional automobiles to public transportation; this
would help address the aforementioned traffic issues.
Nevertheless, until the last-/first-mile problem is solved—in
particular, for people with ambulatory needs, such as the
elderly, who make up a quarter of the Japanese population
[14]—the problems of increasing usage of individual
transportation will persist. Considerable research efforts
have been focused on using personal mobility and small
electric vehicles to solve the last-/first-mile problem [9].
Solving the last-/first-mile problem is difficult when
focusing on only one type of transportation because envi-
ronmental conditions, legislation and regulations, users, and
user preferences vary significantly around the globe. Thus,
several studies have sought to solve the problem using
multimodal approaches. Chen proposed a method for op-
timizing the location and capacity parameters of a park-and-
ride system to solve the last-/first-mile problem [15]. Pav-
kova et al. proposed a method for expanding public
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transportation resources, taking the city of Melbourne,
Australia, as an example [16]. Other researchers have pro-
posed numerous alternative methods to solve these prob-
lems, including automated vehicles, car and bike sharing,
and mobility-as-a-service applications [17-21].

This study focuses on personal mobility vehicles, which
offer a promising solution to the last-/first-mile problem and
might thereby help realize effective, accessible, and multi-
modal public transportation networks for urban areas.
Personal mobility vehicles are defined as transportation
devices for individual use [10, 11, 13]. Several vehicles (e.g.,
electric scooters, single-seater mobility devices, and
wheelchair-type mobility devices) are considered as personal
mobility vehicles. The present study focuses on the less-
commonly studied standing-type personal mobility vehicle.
Pham et al. used a numerical simulation and an experiment
(conducted in a controlled environment) to investigate the
acceptance of pedestrians for such vehicles on sidewalks by
studying their responses—in terms of personal space—when
walking amongst people using standing-type personal
mobility devices [13]. Lavallee investigated the safety of these
vehicles and presented an analysis of the existing safety
regulations for Segways (Segway, Inc., New Hampshire,
USA), as well as the legal framework for their use and their
traffic rules [22]. A local government review of the utilization
of Segway in the Australian Capital Territory was published
in 2012; it discussed the acceptance, safety, impacts, merits,
and demerits of Segway use within a community [23].
Several studies have also investigated standing-type vehicles
designed for use as assistive mobility devices [24-27]. At
present, the empirical studies investigating real subjects
using new self-balancing vehicle models in public spaces are
found to lack detail. Performing experiments on public
roads—to analyze public safety and determine the impacts of
human factors (e.g., age, user experience, and gender)—is
crucial for the introduction of new types of personal vehicle.
Experimental research into these standing-type vehicles
using six-dimensional sensors to quantify the effects of
human factors on public roads has not been published. In
particular, the use of standing-type vehicles in public areas is
prohibited in Japan, and several other countries/areas also
impose their own strict regulations; thus, research into the
use of these devices in public areas is limited compared to
other types of personal mobility vehicle.

Therefore, in this paper, we present the results of our
research into standing-type personal mobility devices, fo-
cusing on the effects that human factors have upon their use.
We aim to evaluate the feasibility of standing-type personal
mobility vehicles as solutions to the last-/first-mile problem
by conducting experiments in public areas with a mixed
group of subjects and using questionnaires to gauge per-
ceptions of the vehicles and trials. Three different experi-
mental scenarios were prepared to evaluate various types of
experimental data; furthermore, we conducted question-
naires to assess the perceptions of the subjects regarding the
vehicle and trials. Thus, the objectives of this paper are as
follows:
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(1) To investigate the effects of these devices on the
traffic flow and pedestrian and cyclist behaviors on
shared roads

(2) To investigate the amenability and adaptability of
different demographics—including the elderly—to
several characteristics of the device

(3) To identify weaknesses in the design and improve the
uptake of the general public for these devices

From these objectives, the main contribution of this
paper is to prove the minimal effects on the flow of pe-
destrians and cyclists, which was described in objective 1,
and the possible human factors on riding the Winglet, which
was described in objective 2.

In the following sections, we describe the personal
mobility vehicle, experiments, and various results obtained
from different sources.

2. Personal Mobility Vehicle

In the experiments, we used a Winglet personal mobility
device, an assistive, standing-type mobility vehicle devel-
oped by the Toyota Motor Corporation of Japan; it is
demonstrated in Figure 1 [28, 29].

The Winglet is lightweight, compact, and more portable
than other devices such as the Segway [30]. Table 1 lists the
key specifications of the Winglet. Each Winglet was
equipped with several sensors (Figure 1) to record near-
incident scenes and obtain the following information:

(1) Acceleration (X, Y, and Z)

(2) Yaw, roll, and pitch

(3) Yaw rate, roll rate, and pitch rate
(4) Velocity

(5) Duration of speed warning (a warning triggered
when the maximum speed is reached)

(6) Trajectory

(7) Video data (for extracting information on incident
and near-incident situations)

Generally, one of the most important issues in the in-
troduction of electric vehicles is battery life, and personal
mobility devices are subject to the same issue [31-33]. The
charging voltage of the Winglet is AC 100V, which is the
standard voltage in Japan. Therefore, Winglets can be
charged at home and in several places in Japan. A special
charger adapter, which is a DC/AC converter, is used to
charge the device. Thus, it is assumed that this charger
adapter can be easily replaced when the Winglet is used
outside Japan. We used a dash-cam (commonly used in
passenger vehicles) to record video data of the surroundings.
The viewing angle was approximately 120°, and the number
of pixels was 1 x 108; we considered this to be sufficient for
recording, and the front and both side views could be an-
alyzed. Moreover, distances could be verified from near
contact-distance to more than 10 m.
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Ficure 1: Winglet equipped with mobile sensors. The image shows the X, Y, and Z and roll, pitch, and yaw coordinate systems.

TaBLE 1: Winglet specifications.

Property Specification
Length 265 (mm)
Width 464 (mm)
Height 1130 (mm)
Tire diameter 150 (mm)
Max. velocity 6 (km/h)
Weight 12.3 (kg)
Battery Lithium ion
Distance (km per charge) ~4 (km)
Turning radius 0 (m)
Climbing distance 20 (mm)

3. Experimental Method

This section describes the various scenarios and experi-
mental conditions, as well as the contents of the ques-
tionnaires given to the subjects before and after the
experimental trials. Three scenarios were tested during the
experiments, each with different subjects and environ-
mental conditions.

3.1. Experimental Location. Experiments using standing-
type mobility devices in public areas are prohibited by
Japanese law. Therefore, any experiment conducted in such
areas must be conducted under strict conditions; however,
very little insight can be gained from these experiments, and
they prevent natural interactions of people from being
investigated.

In 2012, the Cabinet Office in Japan decided to construct
the Tsukuba Designated Zone. As of December 2016, when
experimental trials commenced, seven private companies,
including the Toyota Motor Corporation and Aisin Seiki
Corporation, several nonprofit organizations, including the
National Institute of Advanced Industrial Science and
Technology (AIST), and three universities have contributed
to the construction of this zone.

3.2. Experimental Scenarios. To investigate the research
questions, we designed three experimental scenarios, each
involving different route characteristics. Table 2 provides a
summary of each scenario; here, “number of times” denotes
the total number of experiments. When one subject com-
pletes the route, the number increases by one. Thus, some
subjects tried the course two or more times.

3.2.1. Scenario 1. The route for Scenario 1 began at the AIST
and continued to Tsukuba station, the nearest train station
[34]. Figure 2 demonstrates the route used in the experi-
ment; it is largely flat but does include several slopes and
pedestrian crossings. The route distance is approximately
3.6 km.

The AIST provides a complimentary shuttle-bus service
for its employees. It takes approximately 30 min to reach
Tsukuba station from the AIST because the bus stops at
several intermediary locations. These buses are an inefficient
mode of transport because they operate approximately once
every 40 min. Therefore, this route was chosen as an ex-
perimental scenario, and the subjects used the Winglet
instead of the bus. Table 2 presents the number and ages of
participants in Scenario 1 trials.

This route was the longest of the three. Thus, the course
was divided into five sections (Figure 2), to analyze the
effects of specific road characteristics and conditions on
vehicle operation. These sections are as follows:

(A) From AIST Central 2 to the pedestrian crossing in
the AIST complex

(B) From the pedestrian crossing in the AIST complex
to Matsubokkuri Park

(C) From Matsubokkuri Park to Ninomiya Park

(D) From Ninomiya Park to the pedestrian crossing
near the Tsukuba International Congress Center

(E) From the pedestrian crossing near the Tsukuba
International Congress Center to Tsukuba station
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TaBLE 2: Features of each scenario.
Scenario 1 Scenario 2 Scenario 3
Route AIST to Tsukuba St City office to Kenkyugakuen St Shopping mall to Kenkyugakuen St

Subject (age: average and range)
Number of subjects

Distance 3.6km
Number of times 53
Flatness Flat and sloping sections

AIST staff (46.6 and 31-56) 20 Office staff (36.6 and 26-57) 10

Mall staff (47.5 and 25-75) 10

0.7 km 0.6 km
49 23
Flat Flat

I
—J

AV

Pedestrian
crossing

Pedestrian
crossing

RNFR o ———
==/ ||

FIGURE 2: Experimental route for Scenario 1 (dashed blue line:
route; blue circles: start and end points; gray lines: borders between
each of the five sections).

The features of each section are summarized in Table 3.
Apart from Section A, all sections are public spaces.

3.2.2. Scenario 2. The route for Scenario 2 proceeds from the
City Office to Kenkyugakuen station, as indicated by the
dashed green line in Figure 3; it is approximately 0.7 km long
and largely flat and features pedestrian crossings. Table 2 lists
the number and ages of participants in Scenario 2 trials. Each
subject operating the Winglet on this route was asked to
perform the trial more than three times within a week.
Expressed otherwise, the subject would use the Winglet as a
commuter device, enabling us to more comprehensively
evaluate the operation and acquire suggestions for im-
provements. The subjects were also asked to use the Winglet
instead of their own vehicles.

3.2.3. Scenario 3. The route for Scenario 3 proceeds from the
shopping mall to Kenkyugakuen station, as denoted by the
dashed red lines in Figure 3; it is approximately 0.6 km long
and largely flat and features several pedestrian crossings.
Table 2 presents the number and ages of subjects completing
the route for Scenario 3. These subjects were asked to use the
Winglet during their break period.

3.3. Experimental Conditions. The number of trials com-
pleted by each subject differed between scenarios. To prevent
bias, none of the subjects were associated with the Winglet or
Toyota Motor Corporation. Each subject participated in the
trials for one scenario only. Prior to the first trial, all subjects
were trained to operate the Winglet. Moreover, the subjects
participated in a seminar that introduced the Winglet and
explained the rules for operating it in an outdoor envi-
ronment. All subjects voluntarily participated in the study
after informed consent had been taken.

The subjects used the Winglets to travel from the
starting location of the route to the corresponding des-
tination. All trials were performed on the sidewalk, which
is accessible to both cyclists and pedestrians. All routes
involved several pedestrian crossings. The use of public
areas is considered significant in evaluating the experi-
mental results because it more accurately reflects the real-
life operation of personal mobility vehicle than results
obtained from restricted areas. No testing was performed
in rainy or dark conditions, to prevent adding the further
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TaBLE 3: Features of each section.

(V) Do you think the route length was too long (if you
do, please suggest an appropriate length)?

Section Distance Pedestrian density Features
(approx.)
A L1km Lowest Asphalt road and a wide course
Eleven bump spots at road crossings
B 0.8 km Lower than areas C and E and comparable with area D No bump SpOt.S and a wide course
Surface paved with stones and asphalt
Asphalt road and no rough surfaces as road crossings
C 0.4km Comparable with area E Narrow course, approx. 3 m wide
Pedestrians share sidewalk with cyclists
. No bump spots, wide course, and asphalt road
D 0.9 km Lower than areas C and E and comparable with area B Pedestrians must share sidewalk with bicycles
0.6 km Highest No bump spots, wide course, and asphalt road
o T e | - - N [ .
J_Q [—::::“F::;ﬂl ,l || "[’ 1/ \ \'J; (III) Do you regularly exercise?
|' 'l [ || %——:—:i—_l]‘l— JI |' " | | ‘ - \ A= Furthermore, the posttrial questionnaire con-
L ||,L__i [7] ll |} | AR sisted of the following questions:
1 ’_‘_‘\A — —_— -‘ ] : . .
— T~ -
] [ > ] |':\\_JL. iL Bl shopping ’ (IV) Would you choose a ngl.et again for the same
. — | —J ma route (if not, please provide reasons for your
| ] oy [ Petestion L answer)?
f-_ o C
|

_ Pedestrian
crossing

FIGURE 3: Experimental routes for Scenarios 2 and 3 (dashed green
line: route for Scenario 2; dashed red line: route for Scenario 3).

analysis dimension of weather when evaluating the effects
of human factors and safety. During each trial, one
person followed behind the Winglet user in case of
emergency. A research ethics committee meeting was
conducted in AIST before performing the experiments;
the committee members consisted of specialists from
academia and industry who had no financial interest in
AIST; they granted us permission to conduct our
experiments.

3.4. Questionnaires. Each subject was requested to complete
a questionnaire before and after participating in the ex-
periments. Initially, the number of postexperiment ques-
tions was large. Thus, we chose questions whose answers did
not relate to the experiment and asked these before the trials
because too large a questionnaire may lead to a loss of
concentration. The pre-experiment questionnaire primarily
concerned the participant habits and personal characteris-
tics; it consisted of the following questions:

(I) What is your usual mode of transportation for
this route?

(II) Do you have experience using this type of per-
sonal mobility vehicle?

(VI) Was using a Winglet more comfortable than
walking?

(VII) What are your opinions on the advantages and
disadvantages of using a Winglet?

(VIII) What is your opinion of the 6km/h maximum
speed?
(IX) Are there other conditions under which, or places
where, you would like to use a Winglet?

(X) If you have any comments regarding this ex-
periment, please let us know

When designing these questionnaires, we discussed their
content with several developers who were planning to
produce a new type of mobility device, and we referred to an
earlier paper [29]. Furthermore, our research group had
previously developed a smaller standing-type vehicle [30]
and conducted several test rides and pre-experiment mo-
bility trials thereof [27]. From these studies, we developed
several hypotheses regarding human factors on the standing-
type vehicle employed in the present study, and we finally
decided upon the above questionnaire.

4. Experimental Results and Discussion

This experiment was performed in cooperation with the
Tsukuba City Government. The total distance covered by the
subjects was approximately 267 km. The factors (e.g., social
receptibility, safety, efficiency, and environmental protection
(via substitution of high-emission vehicles with personal
mobility vehicles)) were investigated and evaluated using the
experimental results. The questionnaire results, safety
analysis, and evaluation of individual differences between
users (with respect to operation) are presented in the fol-
lowing sections.



4.1. Questionnaire Results. This section presents the ques-
tionnaire and statistical analysis results.

Figure 4 and Table 4 present the results for Question IV;
they show that the subjects held favorable opinions re-
garding the Winglet, with several expressing a desire to use it
again in the future. The subjects who responded negatively to
Question IV provided the following reasons for their answer:

(1) The commute took too long because of the low
maximum speed

(2) T would like to use the Winglet alone without an
accompanying person

(3) Travelling on uneven roads was uncomfortable

(4) I would like to avoid experiencing muscle fatigue in
my feet

These comments indicate that the Winglet should be
improved in terms of its comfortability and operation, which
are highlighted as weak aspects of the device. With respect to
the operation, we considered these types of devices to be
generally designed for shared—rather than individual—use;
thus, the design of the operation consider the anticipated
users, environments, and usage conditions. Comfortability is
an important design aspect of these devices, and to improve
it, the influences of human factors—discussed later in this
paper—should be considered.

Moreover, privacy was found to be an important factor
when operating this type of mobility vehicle because several
people stated a preference for using the Winglet alone,
without an accompanying person.

Figure 5 and Table 4 present the results for Question V,
which determined whether the route lengths for Scenarios 2
and 3 were felt to be appropriate; based on the subjects who
responded in the affirmative, the average appropriate route
distance for a Winglet was found to be approximately
2.6km.

Figure 6 and Table 4 show the results for Question VL.
Approximately 60% of subjects reported that using the
Winglet was more comfortable than walking, which indi-
cates that using a Winglet may lead to a reduction in fatigue
compared to walking, another potential benefit of the
Winglet.

The positive responses to Question VII are as follows:

(1) I was able to enjoy great views because of the higher
vantage point when riding the Winglet compared to
walking

(2) I could communicate well because I felt comfortable
during the experiment

(3) I can commute to my office without using my vehicle
(4) I can travel without sweating

(5) I was comfortable without the pitch movements
involved in walking

(6) I can avoid getting my shoes dirty
Most subjects provided responses relating to the im-

proved vantage point while riding the device; this was un-
expected but may be a significant motivation for people to
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adopt a personal vehicle such as the Winglet. There were no
negative responses for Question VII. One of the major
reasons for negative responses has already been explained
for Question IV.

Figure 7 and Table 4 depict the results for Question VIIL
No subjects reported the maximum speed to be too fast;
approximately 80% of the subjects who reported the max-
imum speed to be too slow expected it to exceed 10 km/h,
with the average desired maximum speed being approxi-
mately 12km/h. The maximum speed of the personal mo-
bility vehicle is expected to be adjustable to suit user
preferences.

Other possible uses for the Winglet, found from the
results for Question IX, include the following:

(1) Travelling on sloping roads
(2) Travelling around a shopping mall
(3) Sightseeing

(4) Mobility assistance for users in poor physical
condition

(5) Travelling to a restaurant during lunch break
(6) Patrolling (police, security, etc.)

Several subjects responded to Question X by saying that
it was easy to avoid pedestrians with the Winglet because its
footprint is similar to that of a pedestrian and it can be
turned easily.

4.2. Safety Analysis Results from Video Recorder. The trip
analysis of the test runs showed no accidents or near ac-
cident events that might have resulted in severe injuries. In
comparison with the data available for other mobility de-
vices (e.g., bicycles), the experimental data obtained in this
experiment were not deemed sufficient to assess the safety of
the device [35]. However, we extracted event scenes of in-
terest from approximately 2500 min of Scenario 1 travelling
data, to evaluate the social receptibility of the Winglet and
analyze probable near-incident situations that may arise in
the future. Only the travelling data from Scenario 1 were
used in the safety analysis because this route was the longest
and included five different types of environment. Tables 5
and 6 list the numbers of event types that occurred in
Scenario 1. Events relating to bicycles were relatively fre-
quent on this route because the subjects were required to
share the sidewalk with cyclists in Sections C, D, and E
(Table 5).

The events that occurred in each section are categorized
and presented in Table 7. Figure 8 shows several of the
categorized events. We classified each event according to the
actions of the subject (driver) and the reactions of the nearby
third-party individual (pedestrian or cyclist). The results
indicate that minimal interactions occurred between the
Winglet riders and pedestrians or cyclists. An interaction
was defined to have occurred when the recorded video
showed that the Winglet rider performed intentional ma-
neuvers to avoid cyclists or pedestrians, or vice versa. The
percentages of rider and third-party reactions were ap-
proximately 3.68% and 2.83%, respectively. The results also
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Scenariol

Scenario2

()

Scenario3

0%

Yes
100%

(c)

(®)

Average

72%

(d)

FIGURE 4: Results for question IV (“exercise” and “no exercise” indicate that the subject answered “yes” and “no” in questionnaire III,

respectively).

TaBLE 4: Results for questions IV, V, and VI with respect to exercise
habits.

Exercise No exercise
Yes No Even Yes No Even
Results of question IV 60% 40% — 87% 13% —
Results of question V. 34% 66% — 43% 57% —

Results of question VI 73% 4% 23% 50% 7% 43%

showed that the Winglet was well integrated into the pe-
destrian flow along the route, as indicated by the fact that the
subjects and third-party individuals made few special
avoidance maneuvers.

Consequently, the Winglets were found to have only
minimal effects on the normal pedestrian flow. The reactions
of the nearby pedestrians and cyclists that initially
approached the Winglets suggested that they were interested
in the device and wanted to see it more closely. Presumably,
increased familiarity with Winglets will result in fewer third-
party “approach” reactions in the future.

In terms of cyclist reactions, the results indicate that
cyclists rarely needed to execute special maneuvers, and they
had sufficient time to prepare when passing the Winglets.
Although the cyclists travelled faster than Winglet, only two
sudden-stop reactions were observed. It is assumed that
cyclists can easily recognize a Winglet driver by their height
difference, which makes them more visible when operating
the device.

Regarding pedestrian reactions, the results indicate that
pedestrians  rarely —performed particular avoidance

maneuvers and that the Winglet riders occasionally ma-
neuvered to avoid pedestrians. Though the maximum speed
of the device was 6km/h (comparable to the speed of a
pedestrian), the Winglet rider tended to maneuver to avoid a
pedestrian before the pedestrian initiated avoidance ma-
neuvering. The results for Question X in the previous section
revealed that subjects found it easy to avoid pedestrians
when driving the Winglet because the footprint of the
Winglet is comparable to that of a pedestrian, and it is easily
maneuverable.

4.3. Individual Differences. The relationships between the
various factors identified from the questionnaire and the
data analysis results were further analyzed using SPSS
AMOS software to determine the factors that may affect the
Winglet operation. Although the experimental conditions
and subjects varied between the three scenarios, we were able
to extract several relationships, as presented in Tables 7-9.
Thereafter, we attempted to evaluate the statistical differ-
ences between each scenario by implementing Welch’s t-
test [36, 37]; this uses the static parameter f, which is cal-
culated as

XI_XZ

where X is the average of group i, s; is the standard deviation
in group i, and n; is the number of participants in group i;
here, i=1 or 2. The statistics obtained should follow a
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Scenariol Scenario2
Yes
65% ’
Yes
0%
() (b)
Scenario3

Average

0

0%

(@] (d)

FIGURE 5: Results for question V.

Scenariol Scenario2

(a) (b)

Scenario3 Average

(d)

FIGURE 6: Results for question VI (“even” indicates neutral feelings).

standard normal distribution, which allows calculation of
the t-test. The number of subjects (trial) was limited owing to
budget restrictions (i.e., because public tests, using these

devices are prohibited, performing them requires special
government permission and extensive safety lectures to be
given to subjects, and thereby making experiments
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Scenariol Scenario2 Scenario3
Appropriate
0%

Appropriate

Appropriate 42%

40%

Fast

0%
0% 0% ?

(a) () ()

Average Average (exercise) Average (no exercise)

Appropriate
17%

Appropriate
18%

Appropriate
16%

0%

0% 0%
(d) (e) )

FIGURE 7: Results for question VIIIL.

TaBLE 5: Scenario 1 events categorized according to area (objective: cyclists).

Section Event Winglet driver’s action Objective’s reaction Number of times
Pass Avoid None 3
A None None 15
Bicycle overtakes None None 3
Cross Stop Avoid 1
. Stop 1
Avoid None 5
Avoid 1
Pass Stop 1
B None Approach 1
None 163
. Avoid 1
Bicycle overtakes None None 40
Sto Decelerate 1
p None 1
Pass .
C None Avoid
None 117
. Avoid
Bicycle overtakes None None 36
Winglet overtakes None None 1
Avoid None 1
Decelerate None 2
D Pass Avoid 5
None Approach 1
None 126
. Approach 2
Bicycle overtakes None None 67
Stop None 1
Avoid None 1
Pass .
E None Avoid
None 65
Bicycle overtakes None None 46

Cross None None 1
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TABLE 6: Scenario 1 events categorized according to area (objective: pedestrian).
Section Event Winglet driver’s action Objective’s reaction Number of times
Avoid None 2
Pass None Avoid 2
A None 37
Cross Decelerate None 2
None None 1
Avoid None 2
Pass None Avoid 4
None 60
B Avoid None 2
Winglet overtakes Stop 1
None
None 2
Pedestrian overtakes None None 2
Cross None None 1
Avoid None 3
c Pass Stop None 1
None None 15
Winglet overtakes None None 1
Pass Avoid None 2
None None 66
b Pedestrian overtakes None Approach L
None 5
Winglet overtakes None None 3
Avoid None 5
Pass Avoid 2
None Approach 1
E None 93
Pedestrian overtakes None None 4
. Avoid None 2
Winglet overtakes None None 23

TaBLE 7: Number of events according to section in scenario 1.

) Objective

Section

Bicycle Pedestrian Sum
A 22 44 66
B 213 74 287
C 157 20 177
D 205 77 282
E 119 130 249
Sum 716 345 1061

expensive). Thus, the number of trials was small; in Welch’s
t-test, if the number of subjects is small, the number of
degrees of freedom is low, and the ¢ value required to prove
significance is considerably high.

The leftmost columns in Tables 8-10 present the pa-
rameters of the travelling data for one trial. The top hori-
zontal row shows the related human factors as determined
by the questionnaire results (e.g., age and gender). A 95%
confidence level setting revealed the following statistical
differences:

(1) The standard deviations of acceleration in the X, Y,
and Z directions, as well as the pitch, roll, and yaw
rates, in Columns 1-4 in Table 8

(2) The average and standard deviation of velocity and
the standard deviation of acceleration in Y in Col-
umns 2-4 in Table 9

(3) The standard deviation of acceleration and roll axis
in Columns 3-4 in Table 10

The subjects tended to rate their experience of the
Winglet more positively than that of their usual mode of
transportation. Of particular interest are the differences in
the following seven items with respect to the subjects from
Scenario 1 who typically used a bicycle and those who
typically drove a private vehicle: the standard deviations of
acceleration in the X, Y, and Z directions; the standard
deviations of the pitch, roll, and yaw rates; and the buzzer
duration ratio.

This implies that the acceleration was important for user
acceptance. Therefore, in this study, we included the ac-
celeration data for evaluation. The Winglet buzzer beeps
when the vehicle is speeding. These seven items are positive,
which means that these subjects operated the Winglet
without being affected by sidewalk disturbances, by ab-
sorbing the impact thereof. This result indicates that subjects
who typically use a bicycle are adept at avoiding and ab-
sorbing the impacts of small holes and bumps, thereby
reducing their acceleration values in all directions as well as
their pitch, roll, and yaw rates.
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FIGURE 8: Scenes of the categorized events of scenario 1 (top left: section =D, objective = avoid, winglet =none; top right: section=E,
event = cross, and winglet = none; bottom left: section = E, event = bicycle overtakes, winglet = none; bottom right: section = E, event = pass,

and winglet = stop) (faces of persons unrelated to the study have been covered to protect their privacy).

TABLE 8: t-test results for various differences in scenario 1 (avg: average; SD: standard deviation; accel: acceleration; ans: answer; Q: question).

between exercise and

between ans: yes

between ans: yes and ans:

between ans: vehicle and ans:

no exercise and ans: no in Q V no in Q VI bicycle in Q I
Avg. velocity -0.281 -0.520 0.241 0.947
SD of velocity 0.924 0.411 0.108 1.360
SD of accel. in X —-0.208 0.162 0.935 2.304
SD of accel. in Y -0.509 -0.113 1.735 3.803
SD of accel. in Z 0.019 0.189 -1.398 2.190
SD of pitch rate 0.255 0.925 0.268 3.662
SD of roll rate —-0.454 0.201 0.216 2.912
SD of yaw rate 1.329 -0.170 0.760 3.599
Buzzer duration ratio -0.027 0.588 0.739 2.993

TaBLE 9: t-test results for effects of human factors in scenario 2 (avg.: average, SD: standard deviation, accel.: acceleration, ans: answer, Q: question).

between exercise and no exercise

between first time

between female and male

between ans: yes and ans:

and third time noin QV
Avg. velocity -1.636 0.110 —-0.538 2.094
SD of velocity 0.196 1.067 0.334 -2.603
SD of accel. in X 1.584 -0.295 -1.270 -0.416
SD of accel. in Y 1.748 1.422 —1.561 2.456
SD of accel. in Z -0.615 -0.700 —-0.765 —-0.660
SD of pitch rate 0.765 -1.038 -0.435 -0.391
SD of roll rate -0.253 -1.580 0.081 -0.771
SD of yaw rate 0.805 -1.696 1.146 -0.938
Buzzer duration ratio 0.542 0.503 -1.999 -0.575
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TaBLE 10: t-test results for effects of human factors in scenario 3 (avg.: average, SD: standard deviation, accel.: acceleration, ans: answer, Q:

question).

between exercise and no exercise

between female and male

between first time
and third time

between ans: yes
and ans: noin Q I

Avg. velocity -1.636
SD of velocity 0.196
SD of accel. in X 1.584
SD of accel. in Y 1.748
SD of accel. in Z -0.615
SD of pitch rate 0.765
SD of roll rate -0.253
SD of yaw rate 0.805
Buzzer duration ratio 0.542

0.110 -0.538 2.094
1.067 0.334 -2.603
-0.295 -1.270 -0.416
1.422 -1.561 2.456
-0.700 -0.765 —-0.660
-1.038 —-0.435 -0.391
—-1.580 0.081 -0.771
-1.696 1.146 —-0.938
0.503 —-1.999 -0.575

With a 95% confidence level, a reduced statistical dif-
ference was found when considering the influences of age,
gender, and exercise frequency on the parameters of trav-
elling data. Moreover, all elderly riders answered YES to
Question IV. In Table 9, a smaller statistical difference was
observed between the first and third trials, suggesting that all
subjects could easily become accustomed to operating and
manipulating a Winglet. Therefore, Winglet operation was
concluded to be feasible for all types of people, regardless of
the differences in factors (e.g., age, gender, and exercise
frequency).

When evaluating the effects of environmental conditions
on the travelling data parameters in Scenario 1, the average
driving speed in Section B was found to be 5% lower than
that observed in the other sections. The riders may have
driven more slowly in this section because the course was
narrower than the others. Moreover, at a 95% confidence
level, a reduced statistical difference in the average driving
speed was found to be consistent among all the sections in
Scenario 1.

5. Discussion with Three Analyses

Based on the responses in Section 4.1, we derived the fol-
lowing conclusions regarding the use of the Winglet:

(1) The device should be utilized for short journeys
owing to its size and velocity

(2) It can serve multiple purposes, including commuting
and sightseeing

(3) It would be suitable as a private transportation device
for reaching nearby amenities on a daily basis

(4) It can reduce the fatigue of riders, especially when
travelling uphill or downhill on sloping roads

Accordingly, we derived the following conclusions:

(1) As observed, it is unlikely that Winglets will affect
cyclists in areas of mixed traffic because of the high
visibility of the Winglet rider

(2) Winglet riders can share pedestrian roads with pe-
destrians because the device occupies a small area
and can maneuver as pedestrians do

Based on the results of the individual analyses, it is
concluded that exercise habits affect the use of these

standing-type vehicles. Meanwhile, the following factors
were not found to affect their use:

(1) Familiarity of using the Winglet (related to Ques-
tions V and VI and experience)

(2) Age and gender

These analyses indicate that the Winglet personal mo-
bility device has a favorable social receptibility and was safe
to operate on sidewalks, irrespective of the gender or age of
the driver. In addition, the analysis results reveal that several
factors should be considered when further developing such
vehicles:

(1) Because these devices are for shared use, the oper-
ation instructions, user expectations, and usage
environment must be clear

(2) Based on the operation, the velocity should be set by
considering the average operating time or usage
distance because large journey times or distances are
not acceptable

(3) To improve the public reception of these devices, the
opinions of those who rarely exercise and/or use a
bicycle should be positively accepted

(4) In the design, the acceleration of Y should primarily
be considered, whilst keeping the vehicle size
compact

6. Conclusions

We conducted public experiments on a personal mobility
device to assess its viability as a solution to the last-/first-mile
problem. Operational evaluations under real-world condi-
tions are necessary to evaluate the feasibility of standing-type
personal vehicles as personal mobility devices. This study
was conducted as part of a pilot program to test the vehicle;
the results are expected to yield useful information for
evaluating its social receptibility, safety, acceptability, and
efficiency. We hope to use this information to solve the last-/
first-mile problem and thereby provide an effective solution
to urban congestion and its associated risks.

Three experimental scenarios were tested. Each was
implemented on a different route with different subjects. We
obtained and evaluated the experimental data, which in-
cluded measurements of the average velocity; the standard
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deviations of the motion information in X, Y, and Z di-
rections; the roll, pitch, and yaw rates; and questionnaire
results related to the speed, safety, stability, and comfort of
the standing-type vehicle.

No accidents occurred during the trials. To conclude, the
Winglet had a minimal effect on the flow of pedestrians and
cyclists. In terms of human factors, the factors of age, gender,
and familiarity with and opinions of Winglet use were
determined—by implementing Welch’s t-test with a 95%
confidence level—to not be significant. However, the fre-
quency of exercise affected the Winglet riding experience.
These results demonstrate that the Winglet had a favorable
social receptibility when operated on sidewalks, irrespective
of the gender or age of the driver. However, large quantities
of experimental data describing natural interactions with
bicycles and pedestrians are required to statistically verify
the safety of the Winglet. Therefore, a future study will
conduct further experimental trials with more vehicles and
subjects. In addition, this type of personal mobility vehicle
could be improved by offering the ability to adjust the
maximum speed according to the environmental conditions
and ability of the user to maintain stability; such a feature
will improve rider comfort and optimize the device oper-
ation, thereby increasing its potential as an urban transport
solution.
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