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Abstract
In recent years, ultra-compact electric vehicles have been increasingly demanded because of
environmental issues and the aging of society. Our research group has studied an active seat suspension for
ultra-compact electric vehicles, and a high-value added driver's seat that enables feedback control of the
vibration by estimating the psychological state of the driver during driving on the basis of biological signals
and other parameters. We aim to design and manufacture a steer-by-wire system (SBWS) to control the driver's
seat when the driver's entire body is on the active seat suspension system, in other words, neither the driver's
arms nor legs are in contact with the chassis. In addition, we aim to develop an intelligent seat that can provide
an optimal driving environment in accordance with changing conditions by monitoring of the driver's physical
condition by the system, on the basis of various biological signals. Unlike the system in which tires are steered
via a rack-and-pinion mechanism as in conventional vehicles, the SBWS enables tires to be steered through
control using electrical signals. In this paper, we carry out a driving experiment of an ultra-compact electric
vehicle with the SBWS to evaluate changes in the operational feel perceived by drivers by means of a
questionnaire on subjective evaluation, and collect basic data used to improve the operability.
Keywords: Steer-by-Wire, Reaction Force of Steering Wheel, Ultra-Compact Electric Vehicle, Operational Feel

General Motors released the concept car “AUTOnomy” in

1. Introduction

2001 and proposed a skateboard-shaped running system that
In recent years, ultra-compact electric vehicles have

needs no engine room by placing motors, which can be

been increasingly demanded because of environmental issues

relatively freely positioned in electric vehicles, inside the

and the aging of society. In June 2012, guidelines for the

four wheels, and combining the motors with a by-wire

introduction of ultra-compact mobility were presented by the

steering system.9) Such a technology has a significant impact

Ministry of Land, Infrastructure, Transport and Tourism,

on the shape of the cabin. For example, a car design with a

increasing the attention directed toward ultra-compact

custom cowl is possible because the driver’s seat and other

electric vehicles.

1,2)

seats can be freely placed, as shown in Fig. 1.

Our research group has studied an active

seat suspension for ultra-compact electric vehicles, and a

In addition, more space can be easily secured in the car,

high-value added driver’s seat that enables feedback control

improving the added value of electric vehicles that are

of the vibration by estimating the psychological state of the

primarily for short-distance travel. Figure 2 shows intelligent

driver during driving on the basis of biological signals and

seat completely independent of car body. We aim to design

other parameters.

3-7)

and manufacture a steer-by-wire system (SBWS) to control
a

the driver’s seat when the driver’s entire body is on the active

“skateboard-shaped” chassis that are directly driven by

seat suspension system, in other words, neither the driver’s

in-wheel motors will become the mainstream in the future. 8)

arms nor legs are in contact with the chassis. In addition, we
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aim to develop an intelligent seat that can provide an optimal
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Fig. 2

Intelligent seat completely independent of car body

Turn the steering
wheel

Rotary encoder

Stepping motor

Detection of
rudder angle

The motor rotates on
the basis of the
detected signal

Drive a rack-and-pinion
gear

Controller

Motor driver

Tires are steered

Fig. 3 Block diagram of control system
Fig. 1

Skateboard-shaped electric vehicle

changes in the operational feel perceived by drivers by means
of a questionnaire on subjective evaluation, and collect basic

system on the basis of various biological signals. 10)

data used to improve the operability.

We aim for steering wheel reaction force control and
active seat suspension which provide optimal ride comfort in

3. Experimental setup and method

a driver’s state of mind and feeling. In this study, the added
values in terms of operability are examined focusing on the

3.1 Experimental setup

SBWS that incorporates a mechanism for changing the

The SBWS with a device to control the reaction force of

reaction force of the steering wheel.

the steering wheel (reaction-force device) were installed in
Friendly Eco because it has a structure similar to the

2. Outline of SBWS

skateboard-shaped chassis, which is expected to become
mainstream in the future. An ultra-compact electric vehicle

Unlike the system in which tires are steered via
rack-and-pinion

mechanism

and

column

shaft

as

for a single wheelchair, Friendly Eco 15) manufactured by

in

Takeoka Jidosha Kogei was modified for experimental use.

conventional vehicles, the SBWS enables tires to be steered

Figures 4 (a) and 4 (b) are photographs of Friendly Eco. The

through control using electrical signals. Figure 3 shows a

vehicle has a flat frame [Fig. 4(b)] to allow a person on a

block diagram of the control system of SBWS that was

power-operated wheelchair to get in and out of the vehicle

implemented by Takebayashi et al. 11) The angle of rotation of

[Fig. 4(a)]. In addition, Friendly Eco adopted a

the steering wheel is detected by an encoder. The motor is

rack-and-pinion steering mechanism; thus, its steering system

rotated on the basis of the detected signal to drive a

was modified so that the steer angle was detected using a

rack-and-pinion gear. Previous studies similar to the SBWS

rotary encoder and the detected angle was inputted as an

include those reported by Watanabe et al. 12) and Tomita et

electrical signal into the stepping motor used for steering via

al.13) However, since it is difficult for the SBWS to obtain

a wire to drive the rack-and-pinion gear. Figure 5 shows the

information from the road surface, its operability is still

schematic of the control system, and Fig. 6 shows a

unsatisfactory. Matsuoka et al. 14) tried to solve these

photograph of the modified experimental vehicle. The seat of

problems through an experimental evaluation using a

the original electric wheelchair was exchanged with the seat

simulator. In this study, we carry out a driving experiment of

of other ultra-compact electric vehicle. The stepping motors

an ultra-compact electric vehicle with the SBWS to evaluate

were used for the actuators of the SBWS and the
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(a) Ultra-compact electric vehicle for a wheelchair
Fig. 6 Photograph of experimental vehicle
Table 1 Specifications of the stepping motor
CRK566APB-N10 (ORIENTAL MOTOR)

SBWS

Reaction-force
device

(b) Interior of ultra-compact electric vehicle
Fig. 4 Friendly Eco (Takeoka Jidosya Kogei)

Generation of
reaction force torque
Stepping motor
（Steering wheel
reaction force device）

Steering wheel

Frame size
60 mm
Mass
1.5 kg
Rated current
1.4 A/Phase
Basic step angle
0.072 °
Rated torque
5 N･m
Maximum torque
11 N･m
AR66SMKD-T10 (ORIENTAL MOTOR)
Frame size
60 mm
Mass
1.53kg
Allowable torque
3 N･m
Resolution setting
0.036 °/step
Rated torque
3 N·m
Permissible speed range 0～180 r/min

of the stepping motor of the reaction-force device is transmitted to
the steering wheel via a belt.
Rotary encoder

Connected
via belt

3.2 Experimental method
Figure 8 shows the experimental protocol. To determine

Converted into
I/O signal

the difference of the operational feel perceived by subjects

Belt

caused by the change in the reaction force of the steering

Motor driver

experiment was carried out and the two questionnaire surveys
explained in §3.3 were conducted before the driving

Pulse signal

Stepping motor
（Steering）

experiment. (After that, the driver who participated in the

Motor driver

experiment is referred to as the subject.) Before the driving

Tire

experiment, subjects were asked to answer a preliminary

Generation of
steering force

questionnaire and to undergo a psychological test to check

Tire
Rack-and-pinion gear

wheel and the characteristics of the subjects, a driving

Detection of
rudder angle

their driving aptitude 16) (hereafter, driving aptitude test). In
the driving experiment, subjects drove an experimental

Fig. 5 Control system of steer-by-wire

vehicle with one of the three levels of reaction force. The
level of the reaction force was not disclosed to the subjects so

reaction-force device. The specifications of the stepping motor are

that the subjects evaluated the reaction force only from the

shown in Table 1. Figures 7(a) and 7(b) show the photographs of

operational feel. Three levels of the reaction force of the

the stepping motor for steering that directly drove the

steering wheel could be set in the experimental vehicle as

rack-and-pinion mechanism and the stepping motor for the

follows: reaction force with a motor output of 4.6 Nm

reaction-force device, respectively. As shown in Fig. 7(b), the force
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10 m

6m

6m

6m

10 m

2.5 m

Road cones
Start

(a) Stepping motor for steering

Fig. 9 Layout of test course

(b) Rotary encoder and stepping motor for steering wheel reaction
force device

Fig. 10 Photograph of test course

Fig. 7 Devices in steer-by-wire-system
course. In the driving experiment, the experimental vehicle
Driving 1

Driving 2

Driving 3

Medium
reaction force
(4.6 Nm)

Low reaction
force (3 Nm)
or
High reaction
force (6 Nm)

High reaction
force (6 Nm)
or
Low reaction
force (3 Nm)

Preliminary questionnaire
Driving aptitude test

was driven straight at a speed of 10-20 km/h for
approximately 10 m and then through the slalom course so
that the subjects must turn the steering wheel to the right and
left several times. The subjects were asked beforehand to
drive the experimental vehicle as if they were driving a
conventional passenger vehicle.

Questionnaire on subjective evaluation

Each subject drove the experimental vehicle three times
for each reaction force. They were asked to answer the

Fig. 8

Experimental protocol

questionnaire on subjective evaluation on every test time.
This questionnaire consisted of four items, i.e., stability,

mechanical fastening in the state of rest before the

operability, strength of reaction force, and overall evaluation,

modification of the vehicle, and reaction forces with motor

on a scale of five levels, with “5” being “very good” or “too

outputs of 3 Nm (low) and 6 Nm (high). In addition, the

strong” and 1 being “very bad” or “too weak”.

steering reaction force is changed by the variation speed of

The total number of subjects was 30 undergraduate or

vehicle in a non-assistance’s vehicle, such as power steering.

graduate students of Tokai University who have a driver’s

However, due to constant speed of the vehicle, steering

license. We obtained approval from the Ethics Committee for

reaction force for each deiving as shown in Fig, 8 was

Research on Human Subjects of Tokai University. We also

constant in this experiment.

explained to the subject about the contents of the research

The test course was a paved flat road on which the

and obtained signed consent (using a form approved by the

experimental vehicle was driven along an approximately

Committee) from the subject who participated in this

30-m-long slalom course (Fig. 9) in the Shonan Campus of

research.

Tokai University. Figure 10 shows a photograph of the test
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3.3 Questionnaire surveys before driving experiment

20

The subjects were asked to answer a preliminary

3 Nm (low)
4.6 Nm (medium)
6 Nm (high)

18
16

driving experiment.

14

Number of subjects

questionnaire and took a driving aptitude test before the
The items in the preliminary questionnaire included the
number of years since getting a driver’s license, how often
they drove, the purpose of driving, and the presence of fellow
passengers.

12
10
8
6
4

The driving aptitude test was similar to the aptitude test

2

in the driver’s license examination. There were 75 items in

0

the driving aptitude test, such as “I often sound the horn

1

during driving” and “I am always depressed during driving”.
Fig. 11

Subjects were asked to answer these questions on a scale of

2

←Poorer

3

4

Operability

Good→

5

Results for operability in questionnaire on
subjective evaluation

five levels, i.e., “strongly disagree”, “disagree”, “neutral”,
“agree”, and “strongly agree”. From the results of the driving
aptitude test, the scores of the aptitude in terms of six
categories,

i.e.,

aggressiveness,

weak

20

mindedness,

3 Nm (low)
4.6 Nm (medium)
6 Nm (high)

18
16

obtained. The results of the driving aptitude test were used to

14

Number of subjects

impulsiveness, vanity, hypersensitivity, and selfishness, were
examine the relationship between the driving aptitude and the
tendency of the operational feel of subjects. The subject with
high scores had a stronger tendency in each category. The
median of the score is used as a reference to evaluate the

12
10
8
6
4

tendency of the subject. The subjects with a high score of

2

aggressiveness tend to drive tough, those with a high score of

0

weak mindedness change their driving style depending on

1

their mood, those with a high score of impulsiveness drive
without careful consideration, those with a high score of

Fig. 12

vanity drive ostentatiously, and those with a high score of
hypersensitivity

drive

under

tremendous

stress

←Weak

2

3

Reaction force

4

Strong→

5

Results for strength of reaction force in

questionnaire on subjective evaluation

or

nervousness, and those with a high score of selfishness tend

poor” on the items related to operability, as shown in Fig. 11,

to prioritize their own vehicle over others.

and most of the subjects marked “4 strong” on the items
related to reaction force, as shown in Fig. 12. The vehicle
with high reaction force had the poorer operability.

4. Experimental results and discussion

For the experimental vehicle with a low reaction force (3
Nm), subjects favorably evaluated the vehicle to have good

4.1 Questionnaire on subjective evaluation
A questionnaire on subjective evaluation was conducted

operability, as shown in Fig. 11. The number of subjects who

after the driving experiment to examine the change in the

marked “2 weak” was largest and the reaction force tends to

operational feel caused by the change in the reaction force of

be evaluated as relatively weak; however, the evaluation

the steering wheel.

score was distributed over the entire scale. Namely, the

We focused on the items related to the operability and

evaluation results for reaction force varied among the

the strength of the reaction force among the items included in

subjects; however, they felt that the vehicle was easy to

the questionnaire on subjective evaluation. Figures 11 and 12

operate. This was because the steering wheel with a lower

show the results of the items related to operability and the

reaction force can be operated with a weak force, leading to

items related to reaction force, respectively. In Fig. 11, the

an increase in the degree of freedom of the steering wheel.

results are shown on a scale of five levels, i.e., 1 poor, 2

As a result, subjects feel that the vehicle is easier to operate.

somewhat poor, 3 neutral, 4 somewhat good, and 5 good. In

For the experimental vehicle with a medium reaction

Fig. 12, the results are shown on a scale of five levels, i.e., 1

force (4.6 Nm), many subjects marked “3 neutral” or “4

too weak, 2 weak, 3 neutral, 4 strong, and 5 too strong.

somewhat good” on the items related to operability, as shown
in Fig. 11. Regarding the reaction force, the number of

For the experimental vehicle with a high reaction force

subjects who marked “3 neutral” is small, and the number of

(6 Nm), many subjects marked “1 poor” or “2 somewhat
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between the two groups. The subjects in groups A and B evaluated

7

the operability of the vehicle as neutral (score 3) or somewhat good

Number of subjects

6

(score 4) as shown in Fig. 11 and there was no significant difference

5

between the two groups. Figure 14 shows the distribution of the

4

score of items related to impulsiveness in the driving aptitude test

3

for the subjects in groups A and B extracted from the results in Fig.

2

13. The score of the subjects in group A tends to be high, whereas
that for group B tends to be low. From this finding, the operability is

1
0

expected to be improved by setting the reaction force slightly high
7

8

9

for the subjects with a higher score of the items related to

10 11 12 13 14 15 16 17 18 19 20 21 22 23

←Low

Impulsiveness

impulsiveness in the driving aptitude test conducted before the

High→

driving experiment.
Fig. 13 Impulsiveness distribution

Number of subjects

4

5. Conclusion

Group A; Subjects who
evaluate the reaction force
as weak (score 2)
Group B; Subjects who
evaluate the reaction force
as strong (score 4)

3

In this study, basic data on the operational feel of
subjects regarding the level of reaction force were collected
through a driving aptitude test and a questionnaire on
subjective evaluation conducted after a driving experiment. A

2

relationship between the level of operability assessed using
the questionnaire on subjective evaluation and the score of

1

0

the items related to impulsiveness in the driving aptitude test
was found for the experimental vehicle with a medium
7

8

9

10

←Low

11

12

13

14

15

16

Impulsiveness

17

18

19

20

21

reaction force (4.6 Nm). Basic knowledge useful for

High→

evaluating the driving property for each driver in terms of the
operational feel of the steering wheel was obtained.
However, there were some subjects who did not fit the

Fig. 14 Classification of drive impulsiveness for

tendency of other subjects of the same score group. The

group A and group B

reason behind this should also be examined in the future. The
driving aptitude test adopted in this study is applicable to

subjects who marked “2 weak” or “4 strong” is relatively

everyone and includes items related to the operational feel

large.

upon changing the reaction force of the steering wheel, as
targeted in this study. The items in the test should be

4.2 Results of driving aptitude test

optimized to reduce the stress of subjects. The target of a

Figure 13 shows the distribution of the score of items

future study is the realization of a reaction-force device that

related to impulsiveness in the driving aptitude test for 30

can set a reaction force of the steering wheel appropriate for

subjects. The number of subjects was the largest at the score

the preference and psychological state of a driver during

of

driving by only using the results obtained in the driving

14 and the number decreased with increasing or decreasing

aptitude test.

score. A similar tendency of distribution was observed for the
scores of items related to aggressiveness, weak mindedness,
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