
Received November 9, 2020, accepted November 19, 2020, date of publication November 24, 2020,
date of current version December 10, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3040231

Is Human Brain Activity During Driving
Operations Modulated by the Viscoelastic
Characteristics of a Steering Wheel?:
An fMRI Study
YOSHIHISA OKAMOTO 1,2, (Member, IEEE), TAKAFUMI SASAOKA 3, NORIHIRO SADATO 4,
MASAKI FUKUNAGA 4, TETSUYA YAMAMOTO 4, (Member, IEEE), ZU SOH 2, (Member, IEEE),
TAKAHIDE NOUZAWA 5, SHIGETO YAMAWAKI 3, AND TOSHIO TSUJI 2, (Member, IEEE)
1Mazda Motor Corporation, Hiroshima 730-8670, Japan
2Department of System Cybernetics, Graduate School of Engineering, Hiroshima University, Hiroshima 739-8527, Japan
3Center for Brain, Mind and KANSEI Sciences Research, Hiroshima University, Hiroshima 734-8553, Japan
4Department of System Neuroscience, National Institute for Physiological Sciences, Okazaki 444-8585, Japan
5Office of Academic Research and Industry-Academia-Government and Community Collaboration, Hiroshima University, Hiroshima 739-8527, Japan

Corresponding authors: Yoshihisa Okamoto (okamoto_y@mazda.co.jp), Takafumi Sasaoka (tsasaoka@hiroshima-u.ac.jp), and Toshio
Tsuji (tsuji@bsys.hiroshima-u.ac.jp)

This work was supported by the Center of Innovation Program of the Japan Science and Technology Agency under Grant JPMJCE1311.

ABSTRACT To date, a neuroscientific investigation of drivers’ steering behavior has never been performed
because the reaction forces generated by themechanical characteristics of a steeringwheel have been difficult
to assess in a magnetic resonance imaging (MRI) environment. In this study, using our previously developed
MRI-compatible unit for steering reaction force generation, we investigated changes in human brain activity
induced by varying the viscoelastic characteristics associated with manipulating a car steering wheel.
Participants performed a simulated driving task with three levels of stiffness and viscosity. An amplitude
effect of reaction forces on the measured brain activity due to varying stiffness was found in the primary
motor cortex (M1) associated with hand representation. Conversely, the changes in the brain activity induced
by varying viscosity were found more dorsally in the premotor cortex and the M1 than in regions associated
with hand representation. These results are the first to demonstrate that various viscoelastic characteristics
activate different motor regions; more specifically, stiffness and viscosity of the steering wheel mainly
affected the motor control of the distal and proximal muscles, respectively.

INDEX TERMS Brain activity, functional magnetic resonance imaging, steering reaction force, viscoelastic
characteristics, proximal muscle, distal muscle.

I. INTRODUCTION
Electrically powered steering systems are commonly used,
and steering reaction forces can be configured with high
degrees of freedom as the result of progress in the research
and development of electronic control technology (e.g., [1]).
Therefore, it has been desirable to quantitatively optimize
the characteristics of steering reaction forces. In order
to efficiently configure mechanical steering characteristics,
Takemura et al. [2] proposed a force perception model in
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humans when performing steering operations; this model can
be applied to configure the mechanical characteristics of the
steering so that subjective perceptions of the steering reaction
force change linearly in relation to the steering operation,
facilitating better prediction of vehicle responses to steering.

Previous studies, however, have adopted an ergonomics-
based approach to measuring behavioral and psychophysio-
logical indices of the vehicle and driver, such as subjective
evaluation of feelings experienced while driving, muscu-
loskeletal activities related to steering behavior, and resul-
tant emotional responses induced by the autonomic nervous
system. Moreover, these measurements may further the
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understanding of how steering reaction force characteristics
affect the predictability of vehicular behavior, the operabil-
ity of a vehicle, and the driving pleasure elicited by these
factors (e.g., [3]–[5]). To date, unfortunately, the underlying
mechanisms could only be indirectly estimated using these
behavioral and psychophysiological indices.

On the other hand, researchers have recently proposed
the use of ‘‘neuroergonomic’’-based approaches, combining
neuroscientific findings and ergonomics [6]. It is possible
that such approaches could reveal the neural basis of driv-
ing behavior, providing novel findings that could improve
previous ergonomic theories and models that evaluated the
relationships between a car and a driver [7], [8]. In particular,
neuroimaging studies of car-driving using functional mag-
netic resonance imaging (fMRI) and driving simulators have
been conducted since around the early 21st century. These
previous studies revealed the neural substrates of driving
under normal and disturbed conditions, including driving
under the influence of alcohol (e.g., [6], [9]). It is possible
that fMRI studies could better reveal the brain mechanisms
associated with the ways that steering reaction force charac-
teristics affect the vehicle’s operability and the driver’s per-
ception, and may provide a stronger neuroscientific basis for
the design of novel steering systems. Although several stud-
ies have performed fMRI experiments with steering wheels
(e.g. [9], [10]), no fMRI study has examined the effect of the
steering reaction forces fed back to the driver. To address this
issue, we previously developed an fMRI-compatible steering
reaction force generation unit [11]. To the best of our knowl-
edge, this unit is the first equipment that enables performance
of driving operations with reaction force feedback in an fMRI
environment.

In the present study, we examined the neural basis of driv-
ing by measuring brain activity while performing a simulated
driving task with different steering wheel viscoelastic charac-
teristics (stiffness and viscosity of the steering reaction force)
using the fMRI-compatible steering reaction force generation
unit. Achieving a steering feeling within a range of small
steering angles up to about 10 degrees is an important issue
in vehicle development because this range is mainly used
in daily driving; therefore, we focused on this range in our
experiment. We used a simple linear relationship between
steering angle and steering reaction force, whereas existing
commercial vehicles have a comparatively more complex
relationship. As the first step toward clarifying the neural
basis for driving, we aimed to delineate the effects of stiffness
and viscosity on driving behavior and brain activity by per-
forming simple comparisons among conditions with different
levels of stiffness and viscosity. Therefore, based on the
linear approximation of the non-linear relationship between
steering angle and reaction force used in existing commercial
vehicles, we used a steering force that was characteristic of a
linear relationship between the steering angle and the reaction
force.

Stiffness and viscosity parameters of the steering wheel
were varied to examine how viscoelastic parameters affect

motor control strategies. We investigated the neural basis of
driving; in particular, motor planning and control associated
with changing physical conditions and emotions related to
driving pleasure. Changes in stiffness and viscosity charac-
teristics of steering, which are mechanical, can be assumed
to affect brain activity related to motor control. Furthermore,
if the steering wheel characteristics impact the ease of driv-
ing, negative feelings should be elicited when a vehicle’s
response to the steering wheel input is not as expected,
whereas positive feelings should be elicited when a vehicle
response is as expected. Given that driving is considered a
kind of goal-directed visuomotor behavior, drivers evaluate
their task performance by monitoring prediction errors with
respect to the vehicle’s response. If a mechanical character-
istic of the steering wheel is difficult to control, the driver’s
motivation may be affected and he or she may become irri-
tated by being unable to reduce prediction error. In contrast,
if a vehicle response is as expected, drivers can operate the
vehicle without stress and can maintain their motivation,
resulting in a positive feeling. Altogether, it can be expected
that varying steering characteristics while driving should acti-
vate brain regions associated not only with motor control,
but also with emotional processing caused by evaluation of
prediction error in vehicular responses to steering operations.

II. METHODS
A. APPARATUS
1) OVERALL STRUCTURE
Fig. 1 shows an experimental setting in which the steering
reaction force can be manipulated in a simulated driving
environment in an MRI scanner. The experimental system
was configured using an fMRI-compatible steering reaction
force generation unit [11], which we will refer to as ‘‘the
unit’’. The unit consisted of a steering reaction force genera-
tion component and a reaction force transmission component,
both of which made of non-magnetic materials. The unit gen-
erates force against the rotation and rotational velocity of the
steeringwheel according to preset mechanical characteristics.
We improved the unit from the previous study [11] in three
ways: (i) we increased the rigidity of the rotating shaft by
improving the manufacturing method of the fiber reinforced
plastic (FRP) material, (ii) we improved the stability of the
shaft support component, and (iii) we replaced the motor with
a specialized substitute that allowed for torque control.

2) PRESENTATION OF SIMULATED ROAD IMAGES
The driving simulator presented road images seen from a car
traveling at a constant speed. Participants were allowed to
operate the wheel to steer the car left and right in a supine pos-
ture, as shown in Fig.2. An MRI-compatible 32-inch liquid
crystal display (LCD) monitor (NordicNeuroLab, Norway)
with a resolution of 1,920 × 1,080 pixels was placed at the
head side of the MRI scanner (left side of Fig. 1 (a)), upon
which the simulated road images were presented with the
left and right sides reversed. Participants could watch the
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FIGURE 1. Experimental system for presenting steering reaction forces
during simulated driving in a magnetic resonance imaging (MRI) scanner.

FIGURE 2. Steering posture with the participant in a supine position
inside the gantry.

images through a mirror attached to the head coil. These
configurations allowed participants to see the road images
by naturally looking forward. In the experiment, we used a
simple vehicle model because we needed our experimental
design in a driving environment to be as simple as possible.
In this model, a ‘‘camera’’ placed at the driver’s point of
view was set about 1300 mm above the road. When the
vehicle moved, the camera position was translated forward
at a constant speed, and the camera direction was rotated
according to the yaw angle proportional to the steering angle.
We used the OpenGL graphic library to render the camera
view, which also included the road and the poles located on
the road.

3) REACTION FORCE GENERATION
The reaction force was presented to participants accord-
ing to the compliance control method given by (1). In this
manuscript, we have used the terms stiffness and viscosity.
In (1), stiffness refers to the element of the reaction force

generated in proportion to the magnitude of the rotation
angle θ , which is generated by a steering operation. Viscosity
is used as a term representing the element of the reaction force
generated in proportion to θ velocity.

d2θ
dt2
=

1
J

(
F − Kstiff θ −

dθ
dt
Bvisc

)
(1)

where
Kstiff : Stiffness coefficient, Bvisc: Viscosity coefficient,
d2θ
dt2

: Angular acceleration =Motor control target value,
J : Inertia, and F : Measured torque
The reaction force generation component was installed

outside the MRI scan room, separated by an electromagnetic
shield, thereby preventing electromagnetic noise generated
by the motor from affecting the MRI images (Fig.1 (b)).
The rotating shaft of the reaction force generating motor was
connected to the reaction force transmission component in the
MRI scan room via a waveguide. To generate reaction force,
we used a reaction force generation motor (Torque Actuator
UNISERVO SVM-80 reduction rate 1/50 type, ROBOTEC
Inc., Tokyo, Japan) and controller (SVC-80, ROBOTEC Inc.
Tokyo, Japan). The torque-servo installed in this system
allowed us to measure and control the torque at the output
shaft.

B. EXPERIMENT
Two sets of experiments were performed to investigate the
neurobehavioral effects of manipulating the steering reaction
forces using three different levels of stiffness and viscosity
parameters, represented byKstiff and Bvisc in (1), respectively.
Hereafter, these sets of experiments will be referred to as the
stiffness condition and the viscosity condition, respectively.

1) PARTICIPANTS
The participants consisted of 23 men (average age: 25.9 years
(SD 5.2)) for the stiffness condition and 22 men (average
age: 27.1 years (SD 5.2)) for the viscosity condition, none
of whom had a history of neurological or psychiatric disor-
ders. All participants were right-handed, as confirmed by the
Edinburgh Handedness Inventory [12], had a driver’s license
and were driving on a daily basis.

These experiments were approved by the Research Ethics
Committee of Hiroshima University and Mazda Motor Cor-
poration (approval numbers E-965-5 and TRC-152-6). Prior
to the experiment, we obtainedwritten informed consent from
all participants.

2) EXPERIMENTAL DESIGN
Table 1 shows the experimental parameters of the stiffness
and viscosity conditions. Kstiff and Bvisc in Table 1 are the
stiffness coefficient and viscosity coefficient shown in (1).
Each stiffness and viscosity coefficient conditions consisted
of three levels. In the first level of the stiffness condition (S1),
both coefficients were set to zero; in the first level of the
viscosity conditions (V1), only the viscosity was set to zero.
We considered S1 and V1 as the reference levels to examine
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TABLE 1. Experimental condition: Motor control for reaction force
generation.

the effects of stiffness and viscosity. The second level of
stiffness condition (S2) was then implemented by converting
the steering angle-steering force characteristic into a sim-
ple linear relationship, based on the value of the steering
angle-reaction force characteristic of existing commercial
vehicles within a small steering angle range up to 10 degrees.
In our preliminary pilot experiment outside the scanner, we
confirmed that with the reaction force generated at this level,
it was easy to steer in the supine posture, which was required
for this experiment to be performed inside an MRI scanner.
The third level of stiffness condition (S3) was the level at
which the steering reaction force was felt to be slightly large
in the supine position, which was achieved by setting the
stiffness coefficient (Kstiff ) in equation (1) to twice the value
used for S2. We also confirmed that a large exertion force
was not required for steering operations in the pilot experi-
ment. For the three levels of the viscosity condition (V1-V3),
the stiffness coefficients were the same as the second level of
the stiffness condition (S2). In the first level of the viscosity
condition (V1), the viscosity coefficient was set to zero; in
the second level (V2), the viscosity coefficient was set to a
value that gave a moderate response to participants, which
made them feel the viscosity. The third level (V3) was the
level that made participants feel a slightly excessive viscosity.
The viscosity coefficient value used for V3 was twice of
that for V2, and this viscosity was felt to be slightly high
in the supine position, although we confirmed that partici-
pants could perform this task without much difficulty due
to steering delay. Regarding the number of levels for each
condition, we determined one condition with three levels that
would fulfill the minimum requirement for our study aim,
considering participants’ fatigue.

The experimental protocol is shown in Fig. 3. The experi-
ment consisted of six runs. The three levels of the parameters
used for each condition are shown in Table 1 (Kstiff : S1, S2,
S3 in the stiffness condition;Bvisc: V1, V2, V3 in the viscosity
condition). Each of the three levels of the parameters was
randomly assigned to six runs, but we avoided assigning the
same level to successive runs by assigning it only to the first
or latter three runs.

As shown in Fig. 3, each run consists of practice and
task phases. In the practice phase, participants practiced driv-
ing tasks and subjective evaluation using the visual analog

FIGURE 3. Schematic of the experimental protocol showing the timing
and duration of each phase. VAS = visual analog scale.

TABLE 2. Words for subjective evaluation.

scale (VAS). In the task phase, participants performed six
trials. After each trial, participants performed a subjective
evaluation of each trial using VAS (hereinafter referred to
as VAS4). At the end of the run, participants performed
a subjective evaluation of six trials using VAS (hereinafter
referred to asVAS7). Rest periodswere inserted before Trial 1
and Trial 4, and after Trial 6.

In the driving practice, participants were instructed to trace
a lane of a winding road. Participants’ views of the road were
rendered according to their steering inputs. The level of the
steering parameter used in the practice trial was the same as
that in subsequent trials.

In the subjective evaluation practice, participants prac-
ticed the subjective VAS7 evaluation by rotating the steering
wheel (described later). Table 2 shows all evaluation words
we asked participants to use, seven of which were used
in VAS7. Six evaluation words, ‘‘self-efficacy’’, ‘‘unpleas-
antness’’, ‘‘pleasantness’’, ‘‘arousal’’, ‘‘expectation’’, and
‘‘excitement’’ were commonly used in the stiffness and vis-
cosity conditions. The evaluation word ‘‘self-efficacy’’ was
selected to ask participants to evaluate howwell their steering
control matched their intention; that is, how they felt that
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FIGURE 4. Example of the screen of the input interface shown to the
participants during the subjective evaluation of performance based on
certain descriptive words using a visual analog scale (VAS).

about being able to demonstrate their ability to accomplish
the task. We also asked participants to evaluate their valence
and arousal [13] while performing the task. The pleasantness
and unpleasantness were evaluated separately because we
considered the possibility that these factors may not exist
on the same axis. The evaluation word ‘‘expectation’’ was
selected to ask the participants howwell they expected to per-
form the task. The evaluation word ‘‘excitement’’ (described
as ‘‘waku-waku’’ in Japanese) was selected to ask them to
gauge how much excitement they felt while performing the
task. One word differed between the stiffness and viscos-
ity conditions; we used ‘‘anxiety’’ in the stiffness condition
and ‘‘motivation’’ in the viscosity condition. The evaluation
word ‘‘motivation’’ in the viscosity condition was selected
because we considered that a delay in the response of the
vehicle due to an increase in viscosity could decrease a par-
ticipant’s motivation to accurately perform the task. On the
other hand, the evaluation word ‘‘anxiety’’ in the stiffness
condition was selected because vehicle development engi-
neers have an empirical belief that when the reaction force
from the steering wheel is too low, drivers often experience
anxiety. In the VAS4 period, participants evaluated their feel-
ings while performing each trial in terms of four evaluation
words: ‘‘self-efficacy’’, ‘‘pleasantness’’, ‘‘nimbleness’’, and
‘‘smoothness’’ (Table 2). Two of the four evaluation words
(‘‘self-efficacy’’ and ‘‘pleasantness’’) were commonly seen
in the VAS7 evaluations. The remaining two words, ‘‘nim-
bleness’’ and ‘‘smoothness’’ are generally used by vehicle
development engineers to evaluate steering performance.

In VAS7, after the final rest period in each run, partici-
pants were asked to perform a subjective evaluation of how
they felt during the overall run. At the beginning of VAS7,
an instruction for an evaluation word and a VAS scale (Fig. 4)
were presented to participants, next they moved the cursor on
the scale to the left or right by rotating the steering wheel
to score each word. The order of the seven evaluation words
was randomized, and the initial position of the cursor for
each word was randomized around 50 (near the center of
the scale), with a range of ±5 to eliminate the possibility
of biasing the rating value by fixing the initial value of the
cursor. If the cursor did not move for 2 s, the position was
fixed and recorded as the rating score.

For the rest of the phases, a fixation cross was shown at the
center of the display (the leftmost display shown in the lowest
row in Fig. 3), and participants instructed to look at it.

Each trial consisted of ‘‘ready’’, ‘‘countdown’’, ‘‘straight’’,
‘‘gate’’, score feedback, and subjective evaluation (VAS4)
periods. In the ready period, the word ‘‘Ready’’ was displayed
for 1 s prior to the start of the countdown period (the second
display from the left in the lowest row in Fig. 3). In the
countdown period, the number decremented by one every 1 s
starting from three; this was shown at the center of the display
(the third display from the left in the lowest row in Fig. 3)
and disappeared 1 s after the countdown reached 1 s. The
vehicle automatically started to move when the timer reached
zero. Participants were instructed to prepare for the upcoming
task and to imagine how well they would perform a task in
which they were required to pass through the center of a gate
(described later) as smoothly as possible. In the ‘‘straight’’
period, participants were instructed to trace the white line
in the center of the road. In the ‘‘gate’’ period, participants
were instructed to control the vehicle to pass through the
center of the gate as precisely and smoothly as possible.
During this period, five gates were presented one at a time;
the first, third, and fifth gates were presented at the center
of the road, whereas the second and fourth gates randomly
appeared on the left or right side of the white line at the
center of the road. In the feedback period, the difference of the
x-coordinates between the center of the gate and the position
where the center of the car passed through the gate (excluding
the first and fifth gates) was calculated. The calculated value
was converted to 0-100 and presented to the participants as
a feedback score to assess the task performance of the trial.
The score was presented for a randomly selected duration of
time of 1, 3, or 5 s. After each trial, participants performed
subjective evaluations of the last trial (VAS4) in the same
manner as in VAS7.

3) STEERING REACTION FORCE CHARACTERISTICS
Fig. 5 shows the steering reaction force characteristics pre-
sented to participants. To measure the steering torque using
a torque sensor that could not be used in a strong magnetic
field in the MRI gantry, the same layout was reproduced
outside the MRI scan room. In the reproduced setting, using
a steering effort sensor (Model 01184, Sensor Developments
Inc. Chelmsford, MA 01824, USA) mounted on the steer-
ing wheel, we measured the steering torque relative to the
steering angle while performing one run of the driving task.
The upper row of Fig. 5 shows that the stiffness parame-
ters changed the slopes of the regression lines but did not
affect the hysteresis. The lower row of Fig. 5 shows that
the viscosity parameters changed the hysteresis but did not
affect the slope of the regression line corresponding to stiff-
ness. These observations confirmed that the parameters in
(1) could independently determine the stiffness and viscos-
ity of the steering wheel. The measured value was con-
firmed to be in agreement with the steering angle output
from the steering force sensor attached to the steering wheel
within the steering angle and operating speed range shown
in Fig. 5.
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FIGURE 5. Measured steering torques for each stiffness (top row) and viscosity (bottom row) experimental
conditions. Prior to the experiment, steering reaction force characteristics were measured by an experimenter
outside the magnetic resonance imaging (MRI) scan-room for one run comprised of six trials. The result of the linear
regression equation for each condition is shown by a red line.

4) fMRI DATA ACQUISITION
A 3.0 T MRI scanner (MAGNETOM Verio, Siemens AG,
Munich, Germany) was used to obtain MRI data. The func-
tional images were acquired using a T2∗-weighted gradient
echo planar imaging method. The acquisition parameters
were as follows: repetition time (TR) = 1,000 ms, echo time
(TE) = 30 ms, 42 slices, slice thickness = 3.2 mm (without
gaps), voxel size = 3 × 3 × 3.2 mm, flip angle = 80◦, and
field of view (FOV) = 192 mm. The structural image was
acquired using the T1-weighted 3D magnetization-prepared
rapid gradient echo imaging method. The acquisition param-
eters were as follows: TR = 2,500 ms, TE = 2.98 ms,
176 slices, thickness = 1 mm, voxel size = 1 × 1 × 1 mm,
flip angle = 9◦, and FOV = 192 mm. To reduce head move-
ment caused by steering when using both arms during fMRI
measurements, we used a suction-type fixed bag (ESF-19,
Engineering System Co., Ltd, Nagano, Japan) in the head
coil. In addition, we used a cushion to fill the gap between
the head coil and the sides of both ears and the top of the
head as much as possible.

5) fMRI DATA ANALYSIS
Data were analyzed using Statistical Parametric Mapping
version 12 (SPM12) software (WellcomeDepartment of Cog-
nitive Neurology, London, UK.) [14]. The first five volumes
of functional images obtained in each run were discarded
to allow for T1 equilibration; the remaining volumes were
analyzed. Spatial correction of the movement of the head
was performed based on the first volume (realignment). The
T1-weighted structural image for each participant was then
aligned to the first volume of the echo-planar images (EPIs)

for the corresponding participant (co-registered) and normal-
ized to the Montreal Neurological Institute (MNI) template.

In this study, it was difficult to regress out the motion
parameters based on SPM duringmeasurement of brain activ-
ity because the noise caused by the movement of the head
associated with the steering wheel operation was very large.
Therefore, we modified the Human Connectome Project
(HCP) pipeline so that their MultiRunFIX [15] could be
applied to data preprocessed by the SPM software. The inde-
pendent components were extracted byMulti-Run sICA (spa-
tial independent component analysis) from the normalized
EPI data, which were concatenated from six runs. The reason
for linking the 6-run data is that it is more advantageous to
have more time points in order to improve the noise and
signal separation performance for sICA. This reduces the risk
of removing not only noise but also task-related activities
due to low separation performance. To the extracted inde-
pendent components, automatic labeling based on machine
learning was not performed; instead we performed manual
labeling based on a study by Griffanti et al. [16]. In the
last noise component removal step, using the FIX cleanup
procedures described by Griffanti et al. [15] described later,
motion regression was performed using 24 parameters for
each signal and noise component, and concatenated data from
which the effects of motion artifacts were more effectively
removed were obtained. The concatenated data were divided
and returned to the data of each run, and the process was then
returned to the SPM12 software.

In the cleanup procedures with FIX, the following three
steps were performed, similar to that in the ‘‘soft’’ approach
described by Griffanti et al. [15]: (1)We regressed out the full
space of the motion confounds from both the data and all the
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FIGURE 6. Design matrix showing each phase of one run (a), all runs each subject participated in (b), and
group analysis (c).

ICA component timeseries; (2) we estimated the contribution
of both good and bad components via multiple regression of
the data against all (motion-cleaned) ICA timeseries; and (3)
the unique contribution of the bad components was removed
from the data, employing only the bad ICA components’
timeseries and regression coefficients. The 24 parameters
used for the above motion regression were motion estimation
(R = [X , Y , Z , pitch, yaw, roll]), the derivatives (R′) of these
factors, and their squares (R2, R′2).
Following this procedure, the normalized EPIs were

smoothed by a Gaussian kernel (full width at half
maximum = 8 mm). For pre-processed EPIs, we performed
statistical analysis using a general linear model. The ‘‘count-
down’’, ‘‘straight’’, ‘‘gate,’’ ‘‘feedback,’’ and ‘‘VAS’’ peri-
ods were modeled as a boxcar function convolved with the
canonical hemodynamic response function. Fig. 6 shows an
example of the design matrix for the 1st and 2nd level analyses
of one run of the ‘‘gate’’ period. In the 1st level analysis, each
trial was modeled as one regressor for each run in the ‘‘gate’’
period, and 36 regressors were created for each subject (total
of six runs). For each ‘‘countdown,’’ ‘‘straight,’’ ‘‘feedback,’’
and ‘‘VAS’’ period, six trials in each run were modeled
as one regressor. Similarly, in the analysis focused on the
‘‘countdown’’ and ‘‘straight’’ periods, we created different
design matrices for each; the ‘‘countdown’’ or ‘‘straight’’
period in each trial was modeled as one regressor. For each
of the other periods, six trials were modeled as one regressor.
A one-way ANOVA within subjects was performed for the
2nd level analysis. To reduce the variance caused by the
fluctuations in subjective ratings for each trial, the principal
component scores of the VAS4 evaluations after each trial
(described below) were adopted as covariates of no interest.
Prior to the regression analysis, low-frequency fluctuations
in the blood oxygenation level-dependent (BOLD) signal
were eliminated by applying a high-pass filter with a cut-
off of 128 s. Moreover, serial correlations among scans
were estimated using an autoregressive model (AR (1)) to
remove high-frequency noise contaminating the EPI time-
series. The contrast images for the countdown, ‘‘straight’’,

and ‘‘gate’’ periods were calculated for each participant using
the fixed-effects model and were then considered in the
group analysis using a random-effects model. The anatom-
ical region was identified using SPM Anatomy toolbox
2.2b (Forschungszentrum Jülich GmbH, Jülich, Germany)
[17]–[19] and Talairach Client 2.4.3 (Research Imaging Insti-
tute, San Antonio, TX 78229, USA) [20], [21].

6) SUBJECTIVE RATINGS
A principal component analysis (PCA) was performed for the
subjective rating data obtained in the stiffness and viscosity
conditions. For VAS7, six evaluation words common to both
conditions were used in the PCA. One participant rated with
extreme values for all evaluation words in most trials in the
viscosity condition; this participant gave ratings of 100 in
96.5% of his VAS4 evaluations, and 0 (for anxiety) or 100
(for other words) for 95.2% of his VAS7 evaluations. Thus,
we excluded this participant from the analysis because the PC
could not be calculated.

III. RESULTS
A. STEERING BEHAVIORS
Fig. 7 shows the time-series of steering angles in each trial.
(a) to (d) are examples of sections from Countdown to Gate.
Since the appearance of the two gates on the left or right
in Fig. 3 is random, there are four possible combinations of
gate appearances. Therefore, (a) to (d) represent four selected
ways from the six trials of a certain participant. (e) and
(f) show the mean and standard deviation of all subjects’
trials under all conditions of stiffness and viscous conditions,
respectively. Since the gates appear randomly on the left or
right, the average and standard deviation between trials were
calculated using the absolute value of the steering angle.

B. COMMON BRAIN ACTIVITY IN THE STIFFNESS AND
VISCOSITY CONDITIONS
To examine the brain activity related to each period in the
driving task, we calculated the signals during the count-
down, ‘‘straight’’, and ‘‘gate’’ periods. Fig. 8 shows the
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FIGURE 7. Time-series examples of steering angle during the driving task. (a) to (d) are examples of one trial under one viscosity condition (V2). These
examples correspond to four patterns of combinations of two gates that appear randomly on the left or right during a single trial. (a) An example of a
trial in which both gates appeared on the left. (b) An example of a trial in which the first gate appeared on the left, the second on the right. (c) An
example of a trial in which the first gate appeared on the right, the second on the left. (d) An example of a trial in which both gates appeared on the
right. (e) and (f) show the average and standard deviation of the absolute values of steering angles over all trials of all subjects for each stiffness and
viscosity condition. (e) shows the time series under the stiffness condition, and (f) under the viscosity condition. These measurements were performed
with the steering angle meter built in the reaction force generation motor. The measured values showed good agreement with those measured at the
steering position under the measurement conditions shown in Fig. 5. CD = Countdown.

FIGURE 8. Brain regions significantly activated at the thresholds of family-wise error (FWE) with a corrected p < 0.05 at the voxel level in the stiffness
(top row) and viscosity (bottom row) conditions during the ‘‘countdown’’ (a), ‘‘straight’’ (b), and ‘‘gate’’ (c) periods. BA: Brodmann area, IPL: Inferior
parietal lobule, IPS: Intraparietal sulcus, V1: Primary visual, cortex, V2: Secondary visual cortex, V3: Tertiary visual cortex, V4: Quaternary visual cortex,
V5/MT: Middle temporal visual area, Hem: Hemisphere, Verm: Vermis.

brain regions that exhibited significant activations at the
thresholds of family-wise error (FWE) with a corrected
p < 0.05 at the voxel level in the stiffness and viscosity

conditions during the countdown, ‘‘straight’’, and ‘‘gate’’
periods. We performed FWE corrections for each prede-
fined contrast. The MNI coordinates of activation clusters are
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FIGURE 9. Performance scores for each of the three stiffness (a) and
viscosity (b) condition parameters. ∗∗: p < 0.01. Error bar: SEM.

shown in Appendix Table 3 and Appendix Table 4. In both
stiffness and viscosity conditions, we found significant acti-
vations in the visual cortex, somatosensory area, primary
motor area, somatosensory association area, and cerebel-
lum during the countdown period. During the ‘‘straight’’
period, we found significant activations in the visual cor-
tex, somatosensory area, somatosensory association area, and
cerebellum. During the ‘‘gate’’ period, we found significant
activations in the visual cortex, somatosensory area, primary
motor area, somatosensory association area, and cerebellum.

C. SUBJECTIVE RATINGS AND PERFORMANCE SCORES
Fig. 9 shows the performance scores of the task that indicate
how close to the center of the gate the participants were able
to pass through. A repeated measures ANOVA revealed no
significant main effect of the levels in the stiffness condition
(F (2, 22) = 0.601, p = 0.549), but a significant main effect
of the levels in the viscosity condition (F (2, 21) = 13.344,
p < 0.01).

Fig. 10 shows the result of the subjective evaluations
obtained from VAS4 (for each trial). Fig. 10 (a) shows the
mean rating scores for each evaluation word under the stiff-
ness condition, and Fig. 10 (b) shows those under the vis-
cosity condition. Under the stiffness condition, a repeated
measures ANOVAwith levels of stiffness as a factor revealed
a significant main effect for all evaluation words, includ-
ing ‘‘self-efficacy’’ (F (2, 22) = 51.384, p < 0.01),
‘‘pleasantness’’ (F (2, 22) = 21.699, p < 0.01), ’’nimble-
ness’’ (F (2, 22) = 38.777, p < 0.01), and ‘‘smoothness’’
(F (2, 22) = 28.601, p < 0.01). Under the viscosity con-
dition, a repeated measures ANOVA revealed no signifi-
cant main effect of levels of viscosity for any evaluation
words, ‘‘self-efficacy’’ (F (2, 20) = 2.424, p = 0.089),
‘‘pleasantness’’ F (2, 20) = 0.575, p = 0.563), ’’nimble-
ness’’ (F (2, 20) = 1.084, p = 0.339), and ‘‘smoothness’’
(F (2, 20) = 2.109, p = 0.122). The results of Tukey’s
post-hoc tests comparing the levels in each condition are
shown in the figure.

Fig. 10 (c) shows the factor loadings of each PC for each
evaluation word and the contributions for each PC obtained
by the PCA. The subjective rating data obtained from VAS4
(for each trial) for the stiffness and viscosity conditions were
analyzed by PCA. The factor loading of the first PC was

FIGURE 10. VAS4 subjective evaluation scores for trials based on a visual
analog scale (VAS) for each descriptive word for stiffness (a) and viscosity
(b) conditions. The factor loading and contribution ratios for each
principal component based on descriptive words are shown in (c). ∗∗: p <

0.01, ∗: p < 0.05, +: p < 0.1, Error bar: SEM. CR: Contribution ratio.

positive for evaluation words related to a positive affec-
tive state. Therefore, this PC can be interpreted as being
a component reflecting positive feelings. The second PC
reflected high self-efficacy with low nimbleness. The third
PC reflected a feeling of comfort associated with low smooth-
ness. The fourth PCwas related to maneuverability, with high
nimbleness and low smoothness.

The results of the analyses of VAS7 ratings (for each
run) are shown in Fig. 11. Fig. 11 (a) shows the mean
rating scores for each evaluation word under the stiffness
condition, and (b) those under the viscosity condition. Under
the stiffness condition, a repeated measures ANOVA with
stiffness level as a factor revealed a significant main effect
for four words: ‘‘anxiety,’’ ‘‘self-efficacy,’’ ‘‘pleasantness,’’
and ‘‘excitement’’ (‘‘unpleasantness’’ (F (2, 22) = 0.846,
p = 0.433), ‘‘anxiety’’ (F (2, 22) = 6.474, p < 0.01), ‘‘self-
efficacy’’ (F (2, 22) = 16.240, p < 0.01), ‘‘pleasantness’’
(F (2, 22) = 5.925 p < 0.01), ‘‘arousal’’ (F (2, 22) = 2.676,
p = 0.076), ‘‘expectation’’ (F (2, 22) = 4.562, p = 0.014),
and ‘‘excitement’’ (F (2, 22) = 8.971, p < 0.01). Under the
viscosity condition, a repeated measures ANOVA revealed no
significant main effect of viscosity levels for any evaluation
words (‘‘unpleasantness’’ (F (2, 20) = 0.045, p = 0.956),
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FIGURE 11. VAS7 subjective evaluation scores at the end of the run based on a visual analog scale (VAS) for each descriptive word
for the stiffness (a) and viscosity (b) conditions. The factor loadings and contribution ratios for each principal component based on
the descriptive words are shown in (c). ∗∗: p < 0.01, ∗: p < 0.05, Error bar: SEM. CR: Contribution ratio.

‘‘anxiety’’ (F (2, 20) = 0.601, p = 0.552), ‘‘self-
efficacy’’ (F (2, 20) = 0.536, p = 0.588), ‘‘pleasantness’’
(F (2, 20)= 1.071 p = 0.349), ‘‘arousal’’ (F (2, 20) = 0.497,
p = 0.611), ‘‘expectation’’ (F (2, 20) = 0.165, p = 0.848),
and ‘‘excitement’’ (F (2, 20) = 1.701, p = 0.191)). The
results of Tukey’s post-hoc tests comparing the levels in each
condition are shown in Fig. 11 (a).

Fig. 11 (c) shows the factor loadings of each PC for each
evaluation word and the contributions for each PC obtained
by PCA. For the subjective ratings for each run (VAS7),
we performed PCA using six evaluation words common in
the stiffness and viscosity conditions. In the subjective ratings
for each trial and for each session, the factor loading of the
first PCwas positive for evaluation words related to a positive
affective state (except for discomfort), but negative only for
‘‘discomfort’’ related to a negative affective state. Therefore,
the first PC can be interpreted as a component reflecting
positive feelings. For subjective evaluations of each session,
the second PC meant that participants had a high level of
discomfort, with low self-efficacy. The third PC reflected
a high self-efficacy, but a high degree of discomfort and

low arousal, while the fourth PC reflected high expectation
and excitement, the fifth a high degree of pleasantness but
low self-efficacy and arousal, and the sixth a degree of high
excitement and low expectation.

To examine the correlation between subjective ratings
(VAS4) and performance scores, we performed regression
analyses with ratings for each evaluation word as the objec-
tive variable and performance score as the explanatory
variable. Under the stiffness condition, regression analy-
ses revealed significant relationships between performance
scores and the ratings of evaluation words, including ‘‘self-
efficacy’’ (R2 = 0.100, β = 0.769, t = 9.581, F (1, 826) =
91.804, p < 0.01), ‘‘pleasantness’’ (R2 = 0.118, β = 0.834,
t = 10.512, F (1, 826) = 110.495, p < 0.01), ‘‘nimbleness’’
(R2 = 0.079, β = 0.664, t = 8.415, F (1, 826) = 70.819,
p < 0.01), and ‘‘smoothness’’ (R2 = 0.114, β = 0.829,
t = 10.299, F (1, 826) = 106.073, p < 0.01). Under the
viscosity condition, regression analyses revealed significant
relationships between performance scores and the ratings of
evaluation words, including ‘‘self-efficacy’’ (R2 = 0.095,
β = 0.558, t = 8.880, F (1, 754) = 78.846, p < 0.01),
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FIGURE 12. (a) Significant brain activation in the contrast of S3 > S1 in the stiffness condition during the
gate period at the threshold of family-wise error (FWE) with a corrected p < 0.05 at the voxel level. The
blue rectangles indicate a left motor cortex cluster containing the Montreal Neurological Institute (MNI)
coordinates −48, −24, 62. (b) Percent signal change in the activated cluster in the contrast of S3 > S1.
(c) Spatial relationship between activation peaks observed at MNI coordinates: −48, −24, 62 and the
central sulcus. ∗∗: p < 0.01, ∗: p < 0.05, Error bar: SEM.

FIGURE 13. (a) Significant brain activation in the contrast of V3 > V1 in the viscosity condition during the
gate period at the threshold of family-wise error (FWE) with a corrected p < 0.05 at the peak level.
(b) Percent signal change in the activated cluster in the contrast of V3 > V1. (c) Spatial relationship
between significant activation in the contrast of V3 > V1 with the peak activation in the left premotor
cluster including the Montreal Neurological Institute (MNI) coordinates −22, −30, 62 and the significant
activation in the contrast of S3 > S1. ∗∗: p < 0.01, ∗: p < 0.05, Error bar: SEM.

‘‘pleasantness’’ (R2 = 0.043, β = 0.365, t = 5.794,
F (1, 754)= 33.569, p < 0.01), ‘‘nimbleness’’ (R2 = 0.064,
β = 0.425, t = 7.205, F (1, 754) = 51.916, p < 0.01),
and ‘‘smoothness’’ (R2 = 0.079, β = 0.501, t = 8.066,
F (1, 754) = 65.058, p < 0.01).
Overall, these results showed significant correlations

between subjective evaluations and objective performance
scores. This suggests that the subjective ratings reflected
not only the participants’ mental state during steering, but
also that the steering performance scores fed back to affect
perceptions of performance after the steering trials ended.
These confounders are possibly associated with brain acti-
vation related to subjective ratings. Therefore, we did not
examine the relationship between the subjective ratings and
brain activity.

D. BRAIN ACTIVITY CORRELATED WITH PHYSICAL
PARAMETERS
To examine the brain regions showing activity depending on
stiffness and viscosity parameters, we compared the brain
activity between S3 and S1 and also between V3 and V1 dur-
ing the ‘‘gate’’ period.

We performed FWE corrections for each predefined con-
trast for both stiffness and viscosity. A significant effect of
stiffness was observed in the somatomotor and sensorimotor

cortices at the threshold of FWE with a corrected p < 0.05
at the voxel level (Fig. 12 (a)). In the left primary motor
cortex (M1), we found a cluster shown in the blue rectan-
gles with peak activation occurring at MNI coordinates −48,
−24, 62, corresponding to the location of the central sulcus
opening near a region suggested to be involved in controlling
movement of the wrist by Germann et al. [22]. The MNI
coordinates of this cluster are shown in Appendix Table 5.
Fig. 12 (b) shows the percent signal change of this left M1
cluster for each stiffness level. Fig. 12 (c) shows the spatial
relationship between the peak activation observed at MNI
coordinates −48, −24, 62 and the central sulcus.
A significant effect of viscosity was observed in the

somatomotor and sensorimotor cortices at the threshold of
FWEwith a corrected p < 0.05 at the voxel level (Fig. 13 (a)).
One of the three significantly activated clusters included the
left premotor cortex with a peak activation at MNI coordi-
nates −26, −18, 58. The MNI coordinates of this cluster
are shown in Appendix Table 6. In Fig. 13(b), the percent
signal change in the activation of a cluster at MNI coordi-
nates −22, −30, 62 for each viscosity level is shown relative
to the cluster shown in Fig. 13(a). This area is involved
in controlling movement of the shoulder, as reported by
Colebatch et al. [23]. Fig. 13(c) shows the spatial relationship
between significant activation in the contrasts of V3>V1 and
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S3 > S1 with the peak activation in the left premotor cluster
with MNI coordinates of −22, −30, 62.

IV. DISCUSSION
A. VALIDITY OF fMRI DATA
In the ‘‘countdown,’’ ‘‘straight,’’ and ‘‘gate’’ periods, it was
predicted that there would be activation in the brain regions
involved in task-related visual and motor processing; indeed,
these periods were associated with significant activation in
the visual cortex (see Fig. 8). In the ‘‘countdown’’ period,
we observed activations in the visual cortices, somatosensory
areas, primarymotor area, parietal somatosensory association
area, and cerebellum. During this period, participants were
required to prepare for the upcoming task by grasping the
steering wheel and viewing the countdown numbers. Process-
ing in this task would require motor planning and the sensory
perception necessary for grasping the steering wheel. This
result was consistent with our prediction.

In the ‘‘straight’’ period, we observed activations in the
primary somatosensory cortex, parietal somatosensory asso-
ciation area, and cerebellum, as well as the visual cortices.
This result can be interpreted as force modulation based on
the processing of visual information (e.g., [24]), since the
participants were required to maintain a constant force on the
steering wheel to trace the straight white line.

During the ‘‘gate’’ period, participants performed a kind
of a visuomotor task in which they needed to steer and
maintain control of the virtual vehicle to pass through the
center of the gates. This led to the prediction that the brain
regions involved in motor and visual processing would be
engaged because the task would require the coordination of
both hands in accordance with the timing of the car’s passage
through the gate. This task required the participant to process
sensorimotor information based on the steering reaction force
and visual information. The brain regions activated during
the ‘‘gate’’ period included the parieto-motor regions and the
cerebellum. Engagement of these regions is consistent with
those reported in a study by Kan et al. [10] in which they used
an fMRI-compatible driving simulator, requiring participants
to make a turn. This suggests that similar cognitive resources
associated with visuospatial and motor coordination were
recruited in the ‘‘gate’’ period in our study as those activated
when making a turn. The activations observed in various
brain regions in each period of the task can be reasonably
interpreted based on the predicted functional requirement for
performance in each period.

Since more brain regions were active in the contrasts of
S3 > S1 than in that of V3 > V1 (see Figs. 12 and 13),
a change in the stiffness condition had greater effects on brain
activity than changes in the viscosity condition. This is sup-
ported by the fact that in the stiffness condition, many evalu-
ation words had a significant main effect (p < 0.01), whereas
in the viscosity condition, no evaluation words showed a
significant main effect (see Figs. 10 and 11). Therefore,
the range of affective changes in the participants was larger

under the stiffness condition than under the viscosity condi-
tion. In future studies, we plan to examine the relationship
between subjective evaluation and brain activity by dissociat-
ing participants’ mental state during steering and brain acti-
vation from other factors, such as the steering performance
scores fed back after the end of the steering trials.

B. BRAIN ACTIVITY CORRELATED WITH VISCOELASTIC
CONDITIONS
We found that changes in stiffness covaried with changes in
activation in the M1 region associated with the hand repre-
sentation (inverted omega sign, Yousry et al. [25]) (Fig. 12).
Functional neuroimaging studies revealed somatomotor body
representation of the M1 region, including distal represen-
tation in the ventral portion of M1 and proximal represen-
tation in the dorsal portion of M1 (Colebatch et al. [23];
Grafton et al. [26]). The well-known morphological sign
for the hand region (distal representation) is the inverted
omega sign (Yousry et al. [25]). Recently, Germann et al. [22]
showed that the central sulcus is composed of five distinct
sulcal segments and that each segment relates systematically
to the sensorimotor representation of distinct parts of the
body. Thus, stiffness of the wheel is mainly associated with
driving control mediated by the distal muscles (i.e., the hand).

In contrast, changes in viscosity covaried with driving-
related activation in the dorsal premotor cortex and the dorsal
M1 region associated with hand representation (Fig. 13).
According to Germann et al. [22], the precentral gyrus dorsal
to the hand area with the inverted omega sign represents the
proximal muscles. Studies involving lesions of the dorsal pre-
motor cortex showed weakness of the contralateral shoulder
or hip muscles, and uncoordination of movements requiring
temporal adjustment between proximal muscle activations on
both sides of the body (limb-kinetic apraxia) (Freund [27]).
Thus, viscosity affects driving control mediated by the prox-
imal muscles.

The mechanical characteristics of the steering reaction
force in the experiment reflected that of a quadratic linear
system (i.e., a spring-mass-damper system, with the torque
input and the angle output consisting of inertia, stiffness
and viscosity parameters). In this case, the damping ratio
decreases as the stiffness increases, and, conversely, increases
as the viscosity increases. Also, the natural angular fre-
quency increases in proportion to the square root of the stiff-
ness (e.g., [28]). Therefore, a steering system has a quicker
response when the stiffness becomes larger, thus requiring
distal force tuning. On the other hand, the system has a slower
response when the viscosity becomes larger, thus requiring
proximal force tuning.

In this study, we demonstrated for the first time that distinct
parameters representing the physical characteristics of the
steering wheel, namely stiffness and viscosity, can affect
vehicular control during driving by engaging different mus-
cular systems.

From the viewpoint of human physical characteristics,
the forearms and hands are operated by distal muscles and
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TABLE 3. Location and volume of active clusters in the stiffness condition. Brain regions significantly activated at the family-wise error (FWE) thresholds
with a corrected p < 0.05 at the voxel level.
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TABLE 4. Location and volume of active clusters in the viscosity condition. Brain regions significantly activated at the family-wise error (FWE) thresholds
with a corrected p < 0.05 at the voxel level.

are suitable for controlling fast movement because the cor-
responding inertia of the forearm and hand is rather small.
On the other hand, proximal muscles have a large body iner-
tia, which is suitable for controlling slow movements [29].
Therefore, our results show that these different muscular sys-
tems were reasonably utilized for each condition according
to participants’ force feeling information in the driving task,
as a kind of visuo-motor control tool, rather than a simple
power exertion. In contrast, in the context of visuo-motor
control, whenwe exert an action, we predict sensory feedback
and modify the motor signals based on the prediction error
(e.g. [30], [31]). Likewise, the vehicle response results in
less prediction error to steering operation based on driving
intention; thus, a driver can maintain motivation without
stress, which eventually leads to positive emotions. More-
over, drivers might make predictions based on an internal
model [31] acquired from their past experience driving vehi-
cles. In this case, a steering wheel’s viscoelasticity can be

a control factor for drivers to adapt to the prediction error
between the vehicle’s reaction expected from their internal
model of a vehicle, such as a small car, a large car, and
a sporty car, depending on their experiences, as well as
age and gender. In recent years, a model-based approach
has gained importance for efficient and high-quality product
development (e.g. [32]), and for future model-based develop-
ment, accumulating knowledge on the brain mechanism for
the input-output relationship associated with driving will be
useful.

In this study, despite using a simplified relationship
between steering angles and reaction force, we found a
fundamental difference in the effects of stiffness and vis-
cosity on driving behavior and brain activity. To extend
our findings, in a future study, we will conduct an exper-
iment using complex steering force characteristics (e.g.
Takemura et al. [2]) that closely resemble real vehicles. Par-
ticipants were instructed to steer as if they were actually
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TABLE 4. (Continued.) Location and volume of active clusters in the
viscosity condition. Brain regions significantly activated at the family-wise
error (FWE) thresholds with a corrected p < 0.05 at the voxel level.

driving; however, they were not given detailed information on
the vehicle, such as whether it was large or small. However,
the kind of vehicle they intend to drive might affect steering
feelings. To clarify the effects of steering force characteristics
on the steering feeling, it will be necessary to define the
characteristics of the target vehicle and to use a corresponding
vehicle model.

C. SUBJECTIVE PERCEPTIONS
Regarding the results of VAS4 shown in Fig. 10, in the
stiffness condition, S2 was rated significantly positive for all

TABLE 5. Location and volume of active clusters. Stiffness condition
S3 > S1 at cluster 1.

TABLE 6. Location and volume of active clusters. Viscosity condition
V3 > V1.

VAS4 evaluation words, as predicted by our preliminary pilot
study, which can be interpreted as the moderate reaction force
being important for positive steering feeling in comparison
with S1 and S3. In contrast, regarding the viscous condition,
self-efficacy tended to be significantly higher in V2 than in
V3. Since V2 was determined as a characteristic with mod-
erate viscosity, it might mean that excessive viscosity might
hinder the desired steering. In addition, from the results of
principal component analysis (PCA), participants’ evaluation
followed a single axis reflecting positive-negative feeling.

As for VAS7 after six trials, anxiety was rated significantly
higher in S1 than in S2 in the stiffness condition, as shown
in Fig. 11(a). This suggests that participants felt anxiety if
they experienced no reaction force. In addition, self-efficacy,
pleasantness, and excitement were rated significantly higher
in S2 than in S1 and S3. This tendency that ratings for positive
evaluation words increased in S2 was consistent with the
results of VAS4, suggesting that moderate stiffness is related
to positive feelings. As for VAS7, in the viscosity condition,

VOLUME 8, 2020 215087



Y. Okamoto et al.: Is Human Brain Activity During Driving Operations Modulated by the Viscoelastic Characteristics

there was no significant difference among the three levels as
shown in Fig. 11(b). In the PCA results shown in Fig. 11(c),
the first principal component can be interpreted as a positive
feeling and the second as unpleasant, with the cumulative
contribution rate of the first and second principal components
being around 75%. Therefore, these results suggested that the
evaluation on a positive-negative feeling was dominant both
in VAS4 and VAS7.

Note that the task performance scores presented at the
end of each trial resulted in a bias to the steering feeling.
Nevertheless, at least the negative-positive feeling varied by
changing the viscoelastic characteristics of the reaction force
even in themeasurement environment usingMRI. In addition,
the significant change in anxiety rating in VAS7 by different
stiffness coefficients may reflect that participants performed
the driving task with a mindset to drive a vehicle even in this
simple driving simulation.

D. LIMITATIONS
Our experimental settings markedly differed from real-life
driving conditions; for instance, participants’ postures were
supine and the driving task required no acceleration input.
To generalize our results to actual driving, we should consider
implementing the following improvements in future studies:
(1) establishing a method to verify the findings obtained by
fMRI in a vehicular driving environment mimicking the real
world; (2) improving the driving task to enhance participants’
driving pleasure, possibly by using steering reaction force
characteristics such that participants may feel the steering
reaction force changing linearly with their steering opera-
tion (e.g. [2]) and by adopting a challenging driving course.
Furthermore, subjective evaluations in this experiment were
influenced by the performance score presented after each trial
as well as the driving feeling during the trial, because the
subjective evaluation was performed after presentation of the
performance score at the end of each trial. Therefore, it is
difficult to extract brain activity purely related to the driving
feeling, and in future work, the experimental design needs
to be improved so that participants can perform a subjective
evaluation purely reflecting their feelings while performing
the driving task; and (3) examining the effects of individual
differences in driving ability, such as skills and experience.
Moreover, although this experiment targeted only young men
to obtain reliable results within a homogeneous subject group,
it is necessary to expand the scope of research because of
the clear differences in driving behavior and emotional/affect
states caused by age and gender [33]–[35].

Considering these issues will lead to a better understanding
of the neural mechanisms related to driving pleasure.

V. CONCLUSION
The present study is the first to perform fMRI measure-
ments of brain activity during steering operations in a sim-
ulated driving task with variable steering reaction forces.
By changing the viscoelastic characteristics of the steering
reaction force, we found that the rotational stiffness of the

steering wheel mainly affected the distal muscles, whereas
the rotational viscosity affected driving control mediated by
the proximal muscles. It is possible that these novel and
basic findings could provide a neuroscientific method for
optimizing steering characteristics based on brain activity.

APPENDIX
See Table 3–6.
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