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Abstract—Personal Mobility Vehicles (PMVs) have been 

recently attracted considerable interest as next-generation 

vehicles for individual use. However, when a PMV is allowed to 

be used in pedestrian areas, it should be friendly to its driver 

and surrounding pedestrians. In this paper, we proposed a 

semi-active driving assistance system for a four-wheeled PMV 

that detects the personal space of nearby pedestrians, informs 

the driver about the vehicle’s invasion of pedestrian’s personal 

space, and cooperates with the driver in avoiding pedestrians. 

To evaluate the effectiveness of the proposed assistance system, 

an experiment was conducted under the condition that the 

PMV encountered pedestrians and steering angle gain changed, 

and questionnaires of drivers’ feeling were used as an 

evaluation index. The experimental results showed that the 

effectiveness of the proposed system has been confirmed, the 

drivers felt more comfortable when driving PMV with the 

assistance system. 
 

 

Index Terms—assistance system, four-wheeled vehicle, 

pedestrian, personal space, steering gain 

 

I. INTRODUCTION 

In the context of the energy crisis and environmental 

pollution, Personal Mobility Vehicles (PMVs), which are 

suitable for individual use, have attracted significant 

attention as alternatives for personal transportation. Such 

vehicles are expected to be friendly to human and the 

environment, compact and convenient for personal short-

distance trips in urban spaces, such as pedestrian streets, 

and shopping malls [1][2]. Moreover, a PMV can be 

used as an alternative transporter for people with 

disabilities [3]. Consequently, many types of two-

wheeled PMVs have been recently proposed, such as 

Segway [4] and Winglet [5]. However, injuries related to 

operating the PMV have been arisen [6]. It is thus 

necessary to ensure the safety and comfort of drivers and 

surrounding pedestrians when PMVs are allowed to be 

used in pedestrian flows.  There has been considerable 

interest in the psychological effects of PMVs on 

surrounding pedestrians when PMVs move in pedestrian 

areas. Jeong et al. evaluated users’ feelings when driving 
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a self-balancing PMV with a pedal driving mechanism 

[7]. Butler et al. examined the interactions between 

people and mobile personal robots by focusing on the 

psychological effects of robot behavior patterns during 

task performance [8]. Murakami et al. proposed an 

intelligent wheelchair that can avoid collisions with 

pedestrians [9]. In previous studies, we evaluated 

Personal Space (PS) of pedestrians encountering PMVs 

[10] and investigated the effects of a PMV on multiple 

pedestrians using personal space [11]. Furthermore, 

feelings of pedestrians and the driver of a two-wheeled 

PMV was analyzed [12]. 

Alternatively, four-wheeled PMVs like Scooter Q3-

Chariot [13], which can keep its balance better, have been 

recently introduced as safer PMVs. However, such 

vehicles have large sizes and use mechanical steering 

systems, they are thus inconvenient to use in pedestrian 

areas. Therefore, this study proposes a compact four-

wheeled PMV equipped with an electric driving system 

and develops a semi-active driving assistance system 

considering psychological factors in order to enhance the 

safety and comfort for drivers and nearby pedestrians in 

the presence of PMVs.  

The remaining of this paper is organized as follows. 

Section 2 outlines the development of a four-wheeled 

PMV equipped with a semi-active driving assistance 

system using the concept of personal space. Section 3 

describes experiments on the measurement of avoidance 

difficulty levels of PMV drivers. Experimental results are 

presented and discussed in Section 4. Finally, Section 5 

provides conclusions and future work. 

II. PERSONAL MOBILITY VEHICLE WITH A SEMI-

ACTIVE DRIVING ASSISTANCE SYSTEM 

In this study, we developed a four-wheeled PMV 

equipped with a semi-active driving assistance system. 

The proposed assistance system was derived from the 

concept of Personal Space (PS), which is the space 

surrounding a pedestrian in which invasion by others 

induces a psychological strain. Most people may assess 

their PS and feel uncomfortable or fearful when their PS 
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is encroached on [14]. Front and side PSs are frontal and 

lateral distances between two heads when one starts 

avoiding the other [15], as shown in Fig. 1. 

 

Figure 1. Personal space of a pedestrian. 

Our previous study [16] determined the PSs of a four-

wheeled PMV and of a pedestrian encountering the PMV, 

which were used as input parameters for the proposed 

assistance system. 

TABLE I. PSS OF THE PMV AND A PEDESTRIAN 

Parameters Pedestrian PMV 

Front PS (m) 4.8 4.4 

Side PS (m) 0.82 0.75 

 

 

Figure 2. Flowchart of the behavior of a PMV with the semi-active 

assistance system 

Fig. 2 is the flowchart of the behavior of the PMV 

equipped with the assistance system. Initially, the PMV 

and a pedestrian travel in straight lines from their initial 

positions, and once the PMV enters the PS of the 

pedestrian, the assistance system will notify the PMV 

driver about the invasion using a micro-vibration motor 

and a light-emitting diode (LED), the driver himself 

avoids the pedestrian. Moreover, during the process of 

avoidance, the proposed assistance system will cooperate 

with the driver in avoiding the pedestrian. 

As shown in Fig. 3, the proposed PMV is driven by 

two rear wheels 5 using two electric motors, and the front 

wheels 4 were equipped with Omni wheels, which are 

able to roll freely in two directions. The Omni wheel can 

roll like a normal wheel or roll laterally using the wheels 

along its circumference. Moreover, the vehicle can move 

forward and backward via acting operation mode switch 

13, turn via turning handlebar 8, and change the speed via 

adjusting speed control switch 12. The vehicle is 

controlled by an electronic controller 1. 

 

Figure 3. PMV with the assistance system: 1. Controller; 2. Motor; 3. 
Battery; 4. Front wheel (Omni wheel); 5. Rear wheel; 6. Platform; 7. 

Range sensors; 8. Handlebar;9. Steering angle sensor; 10. Vibration 

motor; 11. LED; 12. Speed control switch; 13. Operation mode switch. 

 

Figure 4. Picture of an ultrasonic sensor for the experiment 
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The controller for the PMV is based on the LPC 1768 

microcontroller covering a 32-bit, 96-MHz ARM Cortex 

M3 processor, 512 KB of flash memory, 32 KB of user 

accessible random access memory, and a variety of 

input/output interfaces. Moreover, in order to determine 

the personal space of pedestrians, three ultrasonic sensors 

XL-MaxSonar-EZ1 were employed. The sensor has high 

sensitivity and a narrow beam width, which is appropriate 

for detecting human [17], as shown in Fig. 4. 

Furthermore, an LED and a micro-vibration motor 

were set up on the handle of the vehicle to inform the 

driver about the invasion of the vehicle. The vibration 

motor used in the experiment is a coin-type vibration 

motor [18] (Fig. 5), which operates at a high speed and 

generates vibration amplitude large enough so that the 

driver can recognize the vibration when the PMV invades 

the PS of a pedestrian.  

 

Figure 5. Picture of a vibration motor for the experiment 

Additionally, in this study, the assistance system is 

able to assist the driver in avoiding a pedestrian faster 

while the PMV invade the pedestrian’s PS by controlling 

steering gain (KS) [16]. This gain increases with an 

increase in the invasion ratio of the vehicle. 

III. EXPERIMENT 

The experiment was conducted under the condition 

that 12 participants took part in driving experiments, and 

the PMV traveled toward 12 pedestrians, which it 

encountered one by one. The experimental area had a 

distance in the traveling direction longer than 20 m and a 

width large enough to allow the PMV to avoid a 

pedestrian, as shown in Fig. 6.  

 

Figure 6. Picture of the experiment 

Recently, personal mobility vehicles have been 

allowed to use by seniors in pedestrian areas at the speed 

lower than 6 km/h in Japan. Therefore, in this study, we 

assumed that the PMV travels in a pedestrian area of a 

Japanese road at the speed lower than 6 km/h, and we 

first considered the condition that the PMV travels in the 

opposite direction to a pedestrian. In the experiment, the 

PMV operated at speeds of 4 km/h (low) and 6 km/h 

(high), with steering angle gains KS1 (low) and KS2 (high), 

as shown in Fig. 7. 

 

Figure 7. Steering gain according to invasion ratio 

In this experiment, the drivers avoided pedestrians as 

soon as recognizing information on the invasion via the 

assistance system using a micro-vibration motor and an 

LED. During the process of avoidance, the semi-active 

driving assistance system cooperated with the driver in 

avoiding the pedestrian by adjusting the steering angle 

gain automatically according to the vehicle’s invasion 

ratio of the pedestrian’s PS. This gain increases with an 

increase in the invasion ratio. Meanwhile, pedestrians 

traveled straight from initial positions toward the PMV, 

and would evade the vehicle when they felt 

uncomfortable. Questionnaires were used to estimate the 

drivers’ feelings of different modes of transport. After 

conducting the driving experiment, the drivers reported 

their levels of difficulty in avoiding pedestrians by 

completing the questionnaire sheets on a five-point scale 

including 1: easy, 2: slightly easy, 3: somewhat difficult, 

4: mostly difficult, and 5: very difficult. 

IV. RESUTLS AND DISCUSSION 

Fig. 8 and Fig. 9 show the results for the level of 

avoidance difficulty felt by 12 drivers encountering a 

pedestrian in the cases of the PMV with and without the 

assistance system. The error bar indicates the standard 

error. The results show that increasing the vehicle’s speed 

increased the levels of avoidance difficulty of the drivers.  

Moreover, experimental results reveal that at the low 

speed, the level of avoidance difficulty felt by the drivers 

when the PMV operated with the high steering angle gain 

(KS2) was lower than that when the PMV operated with 

the lower steering angle gain (KS1). This could be because, 

at the low speed, the drivers can maneuver the vehicle 

with the high gain, the PMV can get out of the PS of the 

pedestrian faster. In contrast, at the high speed, the 

proposed assistance system was more effective when the 

PMV operated with the low gain (KS1) than when the 

PMV run with the higher gain (KS2). This may be because, 

at the high speed, the drivers find it difficult to maneuver 

the vehicle with the high gain. 
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Figure 8. Avoidance difficulty levels of the drivers in accordance with 
the speed of PMV at a low gain (KS1). 

 

Figure 9. Avoidance difficulty levels of the drivers in accordance with 
the speed of PMV at a high gain (KS2). 

A Wilcoxon test of the five-point scale showed that 

there was statistically significant difference between the 

levels of avoidance difficulty felt by the drivers when the 

PMV operated with the high gain (KS2) at the low speed 

and when the PMV operated with the low gain (KS1) at 

the high speed (N = 12, p < 0.05).  

The findings of this study show that the proposed 

assistance system was effective when the PMV traveled 

at low speed with high gain and traveled at high speed 

with low gain. Table II summarizes the conditions of the 

speed and the steering angle gain that the assistance 

system was effective. 

TABLE II. APPROPRIATE CONDITIONS FOR THE ASSISTANCE SYSTEM 

          Gain 

Speed 
Low (KS1) High (KS2) 

Low  ○ 

High ○  

 

○ indicates the condition that the assistance system 

was effective.  

V. CONCLUSIONS 

In this paper, we proposed a semi-active driving 

assistance system for a four-wheeled PMV using the 

concept of personal space and analyzed its effects on the 

drivers under different conditions of the velocities and 

steering angle gains. The present findings reveal that the 

effectiveness of the proposed assistance system was 

confirmed by the experiment. Moreover, the avoidance 

difficulty level of the drivers increased when the 

vehicle’s speed increased.  

This study is the first step towards developing the 

compact and human-friendly vehicles using personal 

space. Further work will continue improving the 

effectiveness of the assistance system by optimizing the 

steering angle gain in accordance with the PMV’s speed 

and with invasion ratio. Furthermore, we will consider 

conducting experiments in higher pedestrian density and 

in different scenarios. In addition, other evaluation factors 

such as pedestrians’ feelings will be considered in future 

studies. 
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