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Introduction 
 

 Background and purpose 

Driving a car is indispensable in modern society. Nowadays, automobiles are required to 

serve many functions, such as ensuring safety, while being environmentally friendly and 

economically efficient. The author focused attention to the features of automobiles that 

drivers can control and move by themselves in developing these technologies. The author 

considers that enhancing the driving pleasure by self-manipulation is an important 

technological development target. One of the most important aspects in this regard is 

steering performance. 

Recently, electrically powered steering systems have become common, and steering 

reaction forces can now be configured with high degrees of freedom as a result of 

advancements in the research and development of electronic control technology. 

Therefore, it is desirable to quantitatively optimize the characteristics of the steering 

reaction forces. In order to efficiently configure mechanical steering characteristics, a 

force perception model has been proposed in humans when performing steering 

operations; this model can be applied to configure the mechanical characteristics of 

steering so that the subjective sensations of the steering reaction force change linearly in 

relation to the steering operation, facilitating better prediction of vehicle responses to 

steering.  
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Previous studies, however, have adopted an ergonomics-based approach to measuring 

behavioral and psychophysiological indices of the vehicle and driver, such as a subjective 

evaluation of feelings experienced while driving, musculoskeletal activities related to 

steering behavior, and resultant emotional responses induced by the autonomic nervous 

system. These measurements may further the understanding of how the characteristics of 

steering reaction force affect the predictability of vehicular behavior, the operability of a 

vehicle, and the driving pleasure elicited by these factors. To date, unfortunately, the 

underlying mechanisms can only be indirectly estimated using these behavioral and 

psychophysiological indices.  

In view of this, researchers have recently proposed the use of “neuroergonomic”-based 

approaches, combining neuroscientific findings and ergonomics. Such approaches could 

reveal the neural basis of driving behavior, providing novel findings that could in turn 

improve previous ergonomic theories and models that evaluated the relationships between 

a car and a driver.  

On the other hand, the Center of Innovation Program (COI), in which the author 

participates, aims to create new values in various fields of life such as food, clothing, 

lifestyle, mobility, education, and medical care through research studies on emotional 

information based on neuroscience [1]. 

Against such a background, the author attempts to convince people that it is possible 

to apply neuroscience in order to better reveal the underlying mechanisms associated with 

the ways by which the characteristics of steering reaction force affect the vehicle’s 

operability and the driver’s perception, which is expected to provide a stronger 

neuroscientific basis for the design of novel steering systems, especially model-based 
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development (MBD). 

The purpose of this study is, thus, to elucidate the neural basis of automobile steering 

operation in situations in which a steering reaction force is applied.  

To achieve this aim, it is suitable to measure brain activity using functional magnetic 

resonance imaging (fMRI), which can measure activity in the entire brain at a high spatial 

resolution. Therefore, a new device was developed to measure fMRI during steering. This 

study seeks to determine the characteristics of the steering reaction force that are focused 

on the influence of viscoelasticity, which is the most basic mechanical element. In 

addition, the standby state of steering, which has no behavioral output and is difficult to 

handle by conventional ergonomic methods, is also examined. 

 Related works 

In recent years, electric power-assisted steering has become common in automobile 

steering systems. As research and development on electronic control technology 

progresses, the degrees of freedom in setting the characteristics of the steering force 

continue to increase (e.g., [2]). Conventionally, these characteristics are developed by 

repeating a feeling test involving test drivers. Therefore, as the number of degrees of 

freedom in setting the characteristics of the steering force increases, a large number of 

feeling tests are required. In light of this situation, Takemura et al. proposed a 

mathematical model to convert mechanical properties into spaces of subjective force 

perception using a force perception model for the steering operation [3]. Such a model 

allows for the design of the steering system in an early stage of development. They 

controlled the characteristics of the steering force such that the driver felt that the steering 
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reaction force changed linearly with the steering operation. Such characteristics of the 

steering force make it easy to predict the response of the vehicle to the steering operation, 

thereby leading to automobiles that are easy and pleasurable to drive. 

Research and development engineers generally measure vehicle behavior as well as the 

driver’s behavioral and psychophysiological indices, such as subjective evaluation, 

musculoskeletal activity, and responses generated by the autonomic nervous system. 

These measurements allow them to understand how well the driver can predict future 

vehicle behavior as well as his/her experience relating to how easy and pleasurable 

driving the vehicle is depending on the characteristics of the steering force. These indices 

have been applied to automobile development (e.g., [4]-[7]) However, it is not clear which 

brain mechanism directly relates to the characteristics of the steering force that can help 

determine ease of driving and the pleasure derived from driving. 

Understanding brain mechanisms pertaining to the influence of the characteristics of 

the steering force on the driver can provide a neuroscientific basis for the design of a 

steering system through the simulation of a mechanical system that considers subjective 

perception. For this purpose, it is necessary to identify neural substrates that govern not 

only the planning and control of the voluntary movements directly involved in the steering 

operation, but also the emotions related to the pleasure extracted from driving. Although 

various methods have been proposed to measure activity in the brain, to approach the 

problems considered in the context mentioned above, the author selected magnetic 

resonance imaging (MRI), which can measure activity in the entire brain at a high spatial 

resolution. 

On the other hand, researchers have recently proposed the use of “neuroergonomic”-
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based approaches, combining neuroscientific findings and ergonomics [8]. It is possible 

that such approaches could reveal the neural basis of driving behavior, providing novel 

findings that could improve previous ergonomic theories and models that have evaluated 

the relationships between a car and a driver [9], [10]. In particular, neuroimaging studies 

of car-driving using functional magnetic 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., [8], [11]). It is possible that fMRI 

studies could better reveal the brain mechanisms associated with the ways that steering 

reaction force characteristics affect the vehicle’s operability and the driver’s perception, 

and may provide a stronger neuroscientific basis for the design of novel steering systems. 

Many MRI studies related to simulated driving have been conducted. For example, the 

neural substrates of driving behavior when making a right or a left turn with or without 

distracting tasks were examined using a driving simulator equipped with a steering wheel 

and an accelerator pedal on an MRI scanner (e.g., [12], [13]). A functional MRI (fMRI) 

study used a joystick to control a virtual vehicle in a driving simulator to show the 

relationship between maintaining a constant distance between vehicles and the activity of 

the anterior cingulate cortex [14]. Although these studies aimed to explain fundamental 

brain activities involved in driving by fMRI, they did not examine the relationship 

between these activities and the characteristics of the force feedback from the automobile 

to the steering operation. In other MRI studies on simulated driving (e.g., [15], [16]), the 

characteristics of the force feedback to the steering operation have not been considered.  

Many studies have been conducted on the function of the musculoskeletal system and 
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brain activities using MRI. For example, several MRI studies have examined the 

relationship between the force of the arm and brain activity during gripping tasks using 

the right hand [17], [18]. Another fMRI study reported functional interaction between the 

cerebellum and the premotor cortex in error correction when slowly exercising fingertip 

force [19]. Developmental research has been conducted on a robot system to provide force 

feedback to the wrist by employing MRI [20]. An MR-compatible actuation system was 

developed for a parallel force-feedback exoskeleton to measure and/or assist wrist-

pointing movements [21]. Brain activity for the motions involved in pedaling a bicycle, 

accompanied by multijointed movement of the lower limbs, were studied by employing 

MRI [22]. However, to the best of the author’s knowledge, no study has examined the 

cooperative operation of two hands using the proximal muscles, such as the steering 

operation of an automobile. 

Although the author aimed to obtain brain activity during steering operation, it is also 

important to examine the brain mechanisms related to affective states of drivers, such as 

anxiety. A previous study reported that many drivers feel anxious during their daily drive 

[23]. Drivers’ anxiety is caused not only by the performance of the car but also by various 

factors including environmental factors, for instance, narrow roads, frozen roads, heavy 

rain, and thick fog. Therefore, it may be difficult to control anxiety only by changing the 

characteristics of the steering force needed. However, at a minimum, if the brain 

activation related to anxiety during driving is clarified, it would be helpful to design the 

steering force characteristics to reduce drivers’ anxiety. 

Recent neuroimaging studies on the intrinsic brain network showed that there exist 

three typical networks called the default mode network (DMN), salience network (SN), 
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and central executive network (CEN) (e.g., Menon et al. [24]). Menon et al. proposed a 

hypothesis that the SN, which consists of the insula and the anterior cingulate cortex 

(ACC), plays a role in switching the DMN, which is dominantly active when participants 

are at rest, to the CEN, which is active when participants engage in a task. In this study, 

the author hypothesized that the brain regions comprising the SN, such as the insula and 

the ACC, are active when participants are on standby for steering, that is, when the SN 

switches the DMN to the CEN in order to perform the steering operation immediately 

after the participants receive a cue to start steering. Furthermore, the author hypothesized 

that activation in the SN will be enhanced in the condition in which anxiety is elicited, 

for instance, when participants are waiting for steering operation with a large reaction 

force. 

As described above, conventional experiments that simulate driving represented using 

MRI have emphasized visual information, and have used a simple steering wheel, pedal, 

computer mouse, or dial as the input device. The intrinsic value of driving pleasure is 

rooted in the driver’s self-efficacy provided by good feedback from the automobile, which 

can activate the brain’s reward system by providing the driver with a way to emotionally 

and cognitively evaluate motor control. As the first step to investigate feedback from the 

automobile, the author focuses on the steering reaction force because it is the most 

primitive and direct feedback. In addition to its importance in industrial applications of 

the automobile, evaluating the mechanical feedback accompanying manual operations is 

a highly universal research subject. Numerous previous studies revealed important 

insights into the reward system of the brain, including the psychological aspects of 

monetary, artistic, and musical rewards (e.g., [25]), and medical effects such as depression 
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and dependence (e.g., [26]). However, to the best of the author’s knowledge, no study has 

dealt with the functions of the reward system related to mechanical feedback given by 

human operation and machine interaction. To study this relationship, the brain functions 

related to emotional and cognitive evaluation must be measured simultaneously with the 

motor control of the human body. The author thus employed fMRI that can measure the 

activity of the whole brain, including deep parts with a high spatial resolution to reveal 

brain functions. This study is the first attempt to manufacture a device that applies a 

controlled reaction force to both arms (proximal muscles) of the participant in the MRI 

gantry with a high magnetic field, which potentially enables the brain-function-based 

mechanical design that provides the driver with both self-efficacy and driving pleasure. 

Even though a force feedback is performed in a general driving simulator, similar 

experiments have not been conducted in an MRI environment because a device capable 

of measuring brain activity under the action of steering reaction forces that simulate 

automobile steering using MRI has not yet been developed. 

 

 Outline 

The thesis is organized as follows: 

In chapter 2, the author describes a newly developed fMRI-compatible steering 

reaction force generation unit. To avoid disturbance in the electromagnetic field of the 

MRI, the proposed apparatus was configured as follows: A motor installed outside a scan 

room generated a reaction force that was transmitted to a steering wheel placed in the 

hands of a subject using a nonmagnetic transmission unit. By verifying its performance 
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for steering reaction force generation, the author confirms that the steering reaction force 

of different magnitudes can be presented at the position of the hand using an MRI scanner. 

In chapter 3, the author describes the verification of fMRI measurement performance 

using the proposed device. To verify the performance of the unit, the author measures the 

brain activity of participants of an experiment by using fMRI while they performed 

steering operations using their arm/arms under various steering forces. The results are 

consistent with those for motor-related brain activity obtained in past neuroimaging 

studies. The author conclude that the proposed unit can measure brain activity through 

fMRI in the presence of a steering reaction force. 

In chapter 4, the author focuses on the brain activity while waiting to steer about the 

experimental data of chapter3, assuming that it reflects participants’ affective state in 

preparation of the upcoming steering task. The author observes activations in the anterior 

cingulate and insular cortices comprising the salience network, which is one of the 

intrinsic brain networks and involved in preparation for an upcoming task. Intriguingly, 

when waiting for the steering task having larger reaction force, the anterior cingulate 

cortex, known to be related to anxiety, was more active.  

In chapter 5, the author describes 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 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 
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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. 

Finally, Chapter 6 concludes the dissertation and outlines related challenges and future 

work． 
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Development of fMRI-compatible 
steering reaction force generation unit 
 

 Introduction 

This chapter describes a newly developed fMRI-compatible steering reaction force 

generation unit. To the best of my knowledge, the proposed experimental apparatus is the 

first effort to enable a simulator of driving operation with reaction force feedback in an 

MRI with exposure to a strong magnetic field. To avoid disturbance in the electromagnetic 

field of the MRI, the proposed apparatus is configured as follows: A motor installed 

outside a scan room generated a reaction force that is transmitted to a steering wheel 

placed in the hands of a subject using a nonmagnetic transmission unit. Therefore, in this 

chapter, it is further explained that an appropriate reaction force transmission 

characteristic was obtained as a mechanical characteristic in such a unique device layout. 

The structure of this chapter is as follows. Section 2.2 describes the performance 

required for this device. Section 2.3 describes the implementation of the device. Section 

2.4 describes the measured mechanical properties. Section 2.5 describes the conclusion 

remarks.  
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 Expected performance of the unit 

The proposed fMRI-compatible simulated steering reaction force generation unit was 

used in conjunction with a driving simulator (a device that presented various sensory 

stimuli according to vehicle behavior, such as a simulated visual scene corresponding to 

a driving operation) in an MRI scan room. Fig. 2.1 shows the experimental environment 

containing the proposed unit (hereinafter referred to as “the unit”). The unit consisted of 

a steering reaction force generation part and a reaction force transmission part. The 

rotation angle of the steering wheel obtained from this unit was sent to the driving 

simulator and used as the steering rotation angle input to the vehicle model of the driving 

simulator. The unit simultaneously generated a steering reaction force corresponding to 

the steering rotation angle, which was fed back to a participant lying in the MRI scanner. 

Using this unit, we constructed an experimental system that could acquire the functional 

image of the brain in an experimental situation where the participant virtually drove 

according to the steering operation in a driving scene generated by the driving simulator 

and received the steering reaction forces as somatosensory stimuli in addition to visual 

and auditory stimuli. This subsection describes the expected performance of this system 

and its implementation. 

The proposed unit used in the MRI scan room was expected to fulfill the following two 

performance criteria: (1) The steering reaction force intended by an experimenter should 

be reproduced on the steering wheel in the hands of the participant lying in the MRI 

scanner. (2) The unit should not adversely affect magnetic resonance images, e.g., by the 

introduction of measurement noise. 
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2.2.1. Steering reaction force generation performance 

Steering characteristics during the steering operation of the automobile were quantified 

by the steering force generated corresponding to the steering rotation angle. Therefore, 

the technical problems in reproducing the steering reaction force using the characteristics 

of the steering force intended by the experimenter on the steering wheel in the hands of 

the participant should be solved. 

 

2.2.2. MRI acquisition performance 

The technical problems involved in ensuring that the measurement magnetic field of the 

MRI is not disturbed by the operation of the reaction force generation motor should be 

solved. Moreover, the rotational movement of the members constituting the unit 

according to the steering movement can disturb the magnetic field used for MRI 

measurement. Preventing imaging noise generated by these members might also be a 

technical problem that needs to be solved. 
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Fig. 2.1.  Experimental system consisting of fMRI-compatible steering reaction force 

generation unit. 
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 System implementation 

To solve the abovementioned problems, the fMRI-compatible steering reaction force 

generation unit (Fig. 2.1) was designed to consist of a reaction force generation unit 

specification. To realize the steering reaction force generation unit in the fMRI 

environment with a high magnetic field limitation because of heat, adsorption, and 

abnormal movements affected by magnetism had to be placed outside of the MRI scan 

room (the control room). This strictly limited the arrangement of the equipment. We 

examined several layouts and equipment configurations to maximize the performance of 

the steering torque presentation (maximum steering torque of 6 Nm) and constructed a 

variable mechanism for the body interface to adjust to the subject’s height (155 cm to 185 

cm). We also considered the simplicity of installation and withdrawal of the unit, so the 

equipment could be installed and withdrawn within 10 minutes. 

 

2.3.1. Steering reaction force generation unit 

The steering reaction force generation unit was built based on the configuration of the 

steering reaction force generation unit of the driving simulator developed in a previous 

study [3]. The reaction force was generated by using a direct drive-type rotary motor (M-

YSB, NSK Ltd., Tokyo, Japan; maximum torque: 20 Nm). The axis of the motor was 

connected to the rotating shaft of the reaction force transmission unit via a steering force 

meter (TR60, SOHGOH KEISO Co., Ltd., Tokyo Japan; rated torque: 50 Nm). A DSP 

board (DS1103, dSPACE GmbH, Paderborn, Germany) was used to control the motor. 

The rotation angle of the rotating shaft used in the reaction force transmission unit was 
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measured using an encoder (resolution: 51200 pulse/rad) built into the motor. 

With this configuration, the steering wheel was operated by the participant of the 

experiment, and the torque and rotation angle transmitted by the rotating shaft were 

detected and digitized by the steering force meter and encoder. This signal was entered 

into the DSP board, and the motor was controlled so that a predetermined reaction force 

was generated. The reaction force generation unit was installed outside the MRI scan 

room with magnetic shielding so that electromagnetic noise from the motor did not affect 

the MRI images. 

 

2.3.2. Reaction force transmission unit 

 Materials and parts 

To install the reaction force transmission unit inside the MRI scan room with a strong 

magnetic field, the entire reaction force transmission unit was composed of nonmagnetic 

materials and parts. Furthermore, all parts used in the gantry of the MRI scanner were 

composed of nonmetallic materials (i.e., plastic and wood). These parts were brought into 

the MRI scan room and confirmed to be MRI safe (i.e., they did not cause magnetic 

adsorption, heat generation, or noise in the MRI images). 

 

 Setup 

The rotating shaft connected to the reaction force generation unit was introduced into the 

MRI scan room by penetrating a dedicated waveguide installed in the penetration panel. 

The shaft was subsequently made to pass through three shaft support stands installed on 
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the floor and two stands installed on the MRI bed. The rotation torque was configured to 

be transmitted to the steering wheel in the hands of the participant (Fig. 2.2). In the gap 

between the waveguide and the shaft, plastic ball bearings were positioned at both the 

ends of the waveguide to prevent it from rubbing with the shaft. The height of the floor 

of the motor output shaft of the reaction force generation unit was made equal to that of 

the steering shaft that could be held by the participant in the MRI gantry in a steering 

operation posture. Because the penetration panel was not installed on the extended line 

of the central axis in the MRI scan room in the left–right direction, the angle of the rotating 

shaft was changed by approximately 10° using the universal joints on each of the two 

shaft support bases installed on the floor, and the edge of the shaft reached the penetration 

panel. 

 

 Rotating shaft 

Considering the abovementioned configuration, the length of the rotating shaft needed to 

be approximately 5 m. To ensure that the steering reaction force controlled by the 

characteristics of the steering force intended by the experimenter was reproduced, the 

material of the rotating shaft needed to fulfill the requirements of high torsional rigidity 

and small moment of inertia. Therefore, we used carbon fiber-reinforced plastic (CFRP) 

as the material for the rotating shaft. As CFRP is nonmagnetic and nonmetallic, it was 

expected to fulfill the abovementioned requirements. 

 

 Steering posture 

The steering posture is shown in Fig. 2.3 together with the steering wheel. The gripping 
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part of the steering wheel was made of wood that was easy to process into an arbitrary 

shape and was nonmagnetic. The diameter of the steering wheel at its outermost end was 

370 mm, identical to the steering wheel diameter of a normal automobile. With regard to 

the shape of the steering wheel, at the point where the steering wheel was held at a rotation 

angle of zero, the gripping part was secured such that it reproduced the normal grip of an 

automobile; the other parts were shaped to omit the upper and lower circular arcs so that 

these parts did not interfere with the participant’s body and the MRI gantry during steering 

rotation. 

 

 Adjustments for differences in physique 

Because the participant’s head was fixed, the position of the steering wheel, where the 

participants could choose an appropriate steering posture, was different for participants 

with different physiques. In general, the taller a participant was, the farther the steering 

wheel was from his/her head. This dimensional difference was adjusted by using shafts 

of different lengths, and by increasing or decreasing the gap of the shaft’s connecting part. 
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Fig. 2.2.  Configuration of fMRI-compatible steering reaction force generation unit. 

Fig. 2.3.  Steering posture. 
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 Verification of steering reaction force 

generation performance 

2.4.1. Methods 

The output of the reaction force generation motor was transmitted to the participant, lying 

in the MRI scanner and operating the steering wheel, by using the reaction force 

transmission unit. As this unit consisted of long rotating shafts and universal joints, elastic 

strain was assumed to have been generated during the transmission of the output of the 

reaction force generation motor. Therefore, the relationship between the output of the 

motor and the steering reaction force at the position of the steering wheel in the MRI 

scanner needed to be measured. 

However, as a torque measurement device cannot be brought inside the MRI room 

because of the strong magnetic field inside, the unit was arranged in a room that had a 

normal magnetic field, and the layout of which was the same as that of the MRI scan 

room. The steering effort sensor (01184, Sensor Developments Inc. Chelmsford, MA 

01824, USA) was attached to the steering wheel. The output of the reaction force 

generation motor and the reaction force at the hand of the participant were measured. 

We set two conditions—low and high—for stiffness against reaction force around the 

axis of the steering shaft. In this experiment, we determined the control parameter of the 

reaction force generation motor such that a predetermined steering reaction force was 

generated when the steering wheel was rotated by π/6 rad under each condition. Stiffness 

was determined as the slope of the linear fit-to-rotation angle-reaction torque profile. The 

stiffness against the rotation of the steering shaft was 2.8 Nm/rad under the “low” 
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condition and 6.1 Nm/rad under the “high” condition. For these two conditions, the 

experimenter rotated the steering wheel by π/6 rad to the left and right using both arms 

with a period of approximately 4 s. The reaction force at the steering wheel and the output 

of the reaction force generation motor were recorded at a sampling frequency of 100 Hz. 

 

2.4.2. Results 

Fig. 2.4 shows the reaction torque measured with the steering wheel rotated by π/6 rad 

under conditions of low and high reaction torque stiffness. The characteristics of the 

frequency domain are also shown in Fig. 2.5. The steering effort sensor (Model 01184, 

Sensor Developments Inc. Chelmsford, MA 01824, USA) was attached to the wooden 

steering wheel of the proposed equipment. For each of the nine frequencies from 0.25 Hz 

to 1.5 Hz, the wheel was steered side to side at a maximum angle of π/6 (rad) for 250 

cycles. The steering torque, the steering angle of the steering wheel, the torque, and the 

rotation angle of the motor were recorded at a sampling frequency of 100 Hz. We then 

calculated the magnitude and phase delay of the motor torque with respect to the steering 

torque. The motor installed in the steering reaction force generation unit is controlled to 

generate the steering torque according to the rotation angle of the motor. The rotation 

angle is generated by the participant’s steering operation, which applies steering torque. 

Therefore, we calculated the frequency property using the steering torque as the input and 

the motor torque as the output. By inspecting the figure of the frequency response, we 

confirmed that the gain is about 1, and the phase delay is about 5-10°. 

Fig. 2.6 shows the scatter plot of the rotational torque measured at the output of the 

reaction force generation motor. The correlation coefficient was 0.974 under the low 
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condition and 0.992 under the high condition. 

Fig. 2.7 shows the steering rotation angle and the reaction torque measured at the 

position of the steering wheel; in the figure, time is plotted along the horizontal axis. The 

correlation between the steering rotation angle and the reaction torque was as shown in 

Fig. 2.8. A linear approximation formula according to the least-squares method was used 

to obtain this correlation. The R2 value was 0.830 under the low condition and 0.958 under 

the high condition. 
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Fig. 2.4.  Changes in reaction force with time at motor and steering wheel for (a) low 

and (b) high reaction force stiffnesses. 

Fig. 2.5.  Characteristics of the frequency domain with steering torque as the input and 

motor rotation torque as the output. 
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Fig. 2.6.  Correlation of reaction force at motor output and steering wheel for (a) low 

and (b) high reaction force stiffnesses. 

Fig. 2.7. Changes in steering angle and reaction force with time at steering wheel for 

(a) low and (b) high reaction force stiffnesses. 
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Fig. 2.8. Correlation of steering rotation angle and reaction force at steering wheel for 

(a) low and (b) high reaction force stiffnesses 
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2.4.3. Discussion 

Although the reaction force generated on the participant’s hand against the reaction force 

generation motor output (see Fig. 2.6) deviated from the linear approximation of a straight 

line, the correlation coefficient showed a clear relationship between the reaction force 

generated on the participant’s hand and the output of the reaction force generation motor 

(0.974 under the Low condition and 0.992 under the High condition; ps < 0.001). This 

indicated that the output of the reaction force generation motor was transmitted accurately 

to the participant’s hand on average. 

The reaction force exerted on the hand of the participant with respect to the rotation 

angle of steering (see Fig. 2.8) also deviated from the linearly approximated straight line. 

The correlation as transmitted accurately to the participant’s hand on average was 0.830 

under the low condition and 0.958 under the high condition (p < 0.001), indicating that 

the reaction force was generated exactly with respect to the rotation angle while steering. 

The slope of the regression line (i.e., reaction force stiffness) under the high condition 

(6.1 Nm/rad) was approximately 2.2 times that under the low condition (2.8 Nm/rad). 

This suggested that these two conditions with different steering reaction forces were 

appropriate for the verification of fMRI performance. It should be noted that some 

deviations from the regression lines were observed as shown in Figs. 2.6 and 2.8, and 

there was a phase delay as shown in Fig. 2.5. In future, we intend to reduce the phase 

delay by using a shaft with higher torsional stiffness and less viscosity. 

 Conclusion remarks 

In this described that a developed an fMRI-compatible steering reaction force 
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presentation device. By verifying its performance for steering reaction force generation, 

we confirmed that the steering reaction force of different magnitudes can be presented at 

the position of the hand using an MRI scanner. 

 

 

 

  



28 

 

 

  
Verification of fMRI acquisition 
performance of fMRI-compatible 
steering reaction force generation unit 

 

 Introduction 

During the operation of the unit, we must consider the following possibilities that might 

cause the unit to affect MRI imaging performance: (1) an electromagnetic field generated 

by the reaction force generation motor, and (2) magnetic field disturbance caused by the 

rotation of members and parts installed in the MRI scan room. To examine these 

possibilities, we perform two experiments to determine whether fMRI measurement is 

possible for participants operating the steering under the steering reactive force, and 

whether brain activity while executing steering operations using the unit is consistent with 

that reported in previous studies. 

The structure of this chapter is as follows. Section 3.2 describes the verification of 

noise caused by motor operation, Section 3.2.1 describes the experiment, and Section 

3.2.2 describes the results and discussion. Section 3.3 describes the verification of 

functional imaging during steering, Section 3.3.1 describes the experiment, and Section 

3.3.2 describes the results and discussion. 3.4 describes the conclusion remarks.  
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 Noise assessment caused by motor operation 

The brain activity of participants at rest with their eyes closed was measured using the 

apparatus described in the foregoing. We compared brain activities between the 

conditions when the motor was rotating and when it was not. Through this comparison, 

we examined the influence of the noise caused by the motor on the functional images. 

These experiments were approved by the Research Ethics Committee of Hiroshima 

University and Mazda Motor Corporation (approval numbers E-965-3 and TRC-151-09). 

Prior to the experiment, we obtained informed consent from all participants in writing. 

3.2.1. Methods 

We measured fMRI responses while the participants were not grasping the steering wheel, 

with the wheel being rotated automatically by the reaction force generation motor. 

 Participants 

The participants were 21 men (average age: 21.8 ± 1.7 years) with no history of 

neurological or psychiatric disorders. 

 Experimental design 

With the unit installed in the MRI scanner, the participants were asked to lie on the bed. 

The experiment consisted of 20-s blocks during which the motor was not rotated (no-

rotation condition) and other blocks of time during which it was (rotation condition). Each 

experimental run lasted for 430 s. Each run began with five dummy scans (10 s) that were 

discarded to allow for T1 equilibration effects. Blocks of the no-rotation and the rotation 

conditions were then alternately repeated 10 times; finally, one block of the no-rotation 

condition was added following the 10th block of the rotation condition. In the rotation 
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condition, the motor rotated to the right and left by approximately π/18 rad at intervals of 

2 s. The participants wore earplugs and headphones that attenuated noise from the MRI 

scanner. They were instructed to close their eyes and rest during the experiment. No clues 

to distinguish the onset of the no-rotation or the rotation condition were presented to them. 

All participants reported having been unaware of the operation of the motor. 

 fMRI data acquisition 

A 3.0-T MRI scanner (MAGNETOM Verio, Siemens AG, Munich, Germany) was used 

to obtain MRI data. The functional images were acquired using a T2*-weighted gradient 

echo planar imaging (EPI) method. The imaging parameters were as follows: TR = 2000 

ms, TE = 24 ms, 30 slices, slice thickness = 4 mm (without gaps), voxel size = 3 × 3 × 4 

mm, flip angle = 75°, 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 imaging parameters were as follows: TR = 2500 

ms, TE = 2.98 ms, 176 slices, thickness = 1 mm, voxel size = 1 × 1 × 1 mm, flip angle = 

9°, and FOV = 192 mm. 

 fMRI data analysis 

The data were analyzed using the statistical parametric mapping (SPM) 12 package [27]. 

From the functional image obtained for each participant, five volumes obtained during 

the dummy scans were excluded from the analysis and the remaining 110 volumes were 

analyzed. Spatial correction of the movement of the head was first performed based on 

the first volume (realignment), and the correction of in the timing of the imaging (slice 

timing correction) was carried out. The T1-weighted structural image for each participant 

was then aligned to the first volume of the corresponding participant (co-registered) and 
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normalized to the Montreal Neurological Institute (MNI) template. Following this, the 

normalized images of the echo planar were smoothened by a Gaussian kernel (full width 

at half maximum = 8 mm). The T1-weighted structural image for each participant was 

then aligned to the first volume of the corresponding participant (co-registered) and 

normalized to the MNI template. 

For pre-processed echo planar images, we performed a statistical analysis using a 

general linear model. The rotation and no-rotation conditions were modeled by a boxcar 

function by convolving the hemodynamic response function (HRF). In addition, to 

remove artifacts related to the movement of the head, six relevant parameters obtained 

from realignment processing were included as regressors in the model. 

Prior to regression analysis, low-frequency fluctuations in the blood oxygenation level-

dependent (BOLD) signal were eliminated by applying a high-pass filter with a cutoff of 

128 s. Moreover, serial correlations among the scans were estimated using an 

autoregressive model (AR (1)) to remove high-frequency noise contaminating the EPI 

time series. The contrast images between the no-rotation and the rotation conditions were 

calculated for each participant using the fixed-effects model and were then considered in 

group analysis using a random-effects model. 

3.2.2. Results and discussion 

To verify whether the noise caused by motor operation affected the acquired functional 

images, we performed a one-sample t-test on the contrast images between the rotation 

and no-rotation conditions with a family-wise error (FWE) corrected for p < 0.05 as the 

activity peak threshold. This revealed that no voxel was significantly activated in the 
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rotation condition compared with the no-rotation condition for 21 participants.  

A comparison between brain activities when the motor was operated and when it was 

not indicated no significant activation for all participants. This suggested that the 

electromagnetic field generated by the motor does not affect brain imaging. 

 

 Verification of fMRI acquisition performance 

during steering 

The participants performed a steering operation by using their right hands, left hands, or 

both hands. We looked for brain activity in the motor area on the opposite side of the 

operating arm, as reported in previous studies (e.g., Roland et al. [28] and Kinoshita et al. 

[29]). 

This experiment was approved by the Research Ethics Committee of Hiroshima 

University and Mazda Motor Corporation (approval numbers E-965-3 and TRC-151-09). 

Prior to the experiment, we obtained informed consent from all participants in writing. 

3.3.1. Methods 

 Participants 

The participants for this experiment were 27 men aged 19–32 years with no history of 

neurological or psychiatric disorders. The laterality quotient (LQ) was calculated 

according to the Edinburgh inventory [30]. Two participants with LQ < 0 were regarded 

as left handed and excluded from the analysis. Six participants whose head movements 

exceeded 4 mm were excluded as well. As a result, data from 19 participants (average 
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age: 22.7 ± 2.9 years) were used for analysis. 

 Experimental design 

Table 3.1 lists the conditions for the arm used for steering and the stiffness in the rotation 

of the steering shaft. The reaction torque stiffness around the steering axis at the gripping 

position of the steering wheel operated by the participants was set at two levels: low (2.8 

Nm/rad) and high (6.1 Nm/rad). These values were obtained by converting the values of 

2.8 Nm/rad in the low condition and 6.1 Nm/rad in the high condition, which had been 

used to verify reaction force generation performance, into the torque of the steering wheel 

at the gripping position (0.185 m from the center of rotation). At the high level, 

participants used both arms for manipulation (High-B condition). At the low level, they 

used their left arms, right arms, or both (Low-L, Low-R, and Low-B conditions, 

respectively). 

The experimental protocol is shown in Fig. 3.1. The experiment consisted of four 

sessions. The four conditions (Table 3.1)—Low-L, Low-R, Low-B, and High-B—were 

used in each session in random order for each participant. Each session lasted for 320 s. 

Five dummy scans (10 s) were carried out to discard the volumes and allow for T1 

equilibration. The rest (10 s) and the task (20 s) blocks were alternately repeated 10 times 

and, finally, one rest block (10 s) was added (Fig. 3.2). 

Prior to each session, the experimenter instructed the participants on which arm(s) to 

use for steering. Each session began with a fixation cross presented at the center of the 

screen. After 10 s, bars tilted by π/4 rad and -π/4 rad were presented alternately for 1 s 

each. The color of the bar was a cue for block identification (task or rest block), and the 

correspondence between the condition and the color was counterbalanced for each 
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participant. 

The participants were instructed to avoid moving their eyes as much as possible from 

the fixation cross displayed at the center of the screen, and to rotate the steering wheel by 

π/9 rad to the left and right according to the direction of the bar, when a bar of a specific 

color was presented. In addition, they were instructed to not release the steering wheel 

until the session was over, move their heads as little as possible, and not perform any 

action except the steering operation during each session. Before the experiment, the 

participants were trained to rotate the steering wheel by π/9 rad in accordance with the 

experimenter’s instruction, so that they could remember the operation during the task 

blocks. 

To reduce the movement of the participants’ heads during the steering operation in the 

task blocks, the face and the head coil were connected using skin tape, and cushions were 

used on both the sides of the head to suppress movement. This was done with the consent 

of the participants. Moreover, the participants were instructed to avoid movement of the 

head by paying attention to the tension in the tape, felt when their heads began to move. 

Moreover, prior to the first session, the participants performed two practice trials for each 

condition. 

 fMRI data acquisition 

We used the 3.0 T MRI scanner used in 3.2.1. The imaging parameters were also the same 

as those in 3.2.1. 

 fMRI data analysis 

In each session, we obtained 161 volumes. In the dummy scan, five volumes were 

discarded from the analysis and the remaining 156 were preprocessed using the procedure 
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employed in 3.2.1. In the statistical analysis, the task and rest blocks were modeled by a 

boxcar function by convolving the HRF. The contrast images between the task and the 

rest of the blocks were calculated for each participant using the fixed-effects model and 

were then taken into the group analysis using a random-effects model. 
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Fig. 3.1. Experimental protocol. 
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Fig. 3.2.  Timeline of experiment. Ten repetitions of the rest (10 s) and task (20 s) 

blocks. A fixation cross was displayed at the center of the screen throughout the 

experimental run. Ten seconds after the beginning of the experiment, bars tilted by 

±π/4 rad were presented alternately for 1 s each. The participants were instructed to 

look at the fixation cross and hold the steering wheel. The colors of the bars indicate 

rest or task block. The participants were instructed to steer in the direction in which 

the bar was tilted when white bars were presented, and to not steer when red bars were 

shown. The relationship between the colors and the task/rest block was 

counterbalanced across participants. 
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Table 3.1 Experimental conditions for steering arm and reaction torque stiffness 
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3.3.2. Results 

Fig. 3.3 shows the displacements of the head calculated in the realignment process during 

the preprocessing stage of MRI analysis; the results are indicated separately for the 

analysis target group and the excluded group. In the figure, Dx, Dy, and Dz represent the 

displacements along the x, y, and z directions, respectively, and θ pitch, θ roll, and θ yaw 

indicate the rotation along the pitch, roll, and yaw directions, respectively. 

We compared the contrast images between the task for each condition (Low-L, Low-

R, Low-B, and High-B) and the rest blocks. A one-sample t-test with the FWE corrected 

for p < 0.05 (with a cluster extent of k > 20 voxels) revealed that common activities 

occurred in the primary motor cortex and the cerebellum under all conditions. In 

particular in the primary motor cortex, we observed right hemispheric dominance under 

the Low-L condition and left hemispheric dominance under the Low-R condition (Table 

3.2 and Fig. 3.4). 

To examine whether the degree of handedness affected the results, percentage changes 

in the BOLD signal of the primary motor cortices under the Low-B and the High-B 

conditions were calculated using MarsBar [32] for 16 participants with LQ > 0.7, which 

had been used in previous studies as the criterion for determining dextrality (e.g., [33]). 

For each participant, we summed the percentage change in the BOLD signal in the left 

and right primary motor cortices. 

Fig. 3.5 shows the percentage change in the BOLD signal in the bilateral primary motor 

cortices averaged over 16 participants under each condition for the reaction force torque 

stiffness. A paired t-test showed that the percent signal change tended to increase under 

the High-B condition than under the Low-B condition (t = 1.378, df = 15, p = 0.0944). 
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Fig. 3.3.  Displacement and rotation of head position for (a) analyzed and (b) 

excluded volumes. The X, Y, and Z axes are coordinate axes in the MNI (Montreal 

Neurological Institute) coordinate system [31], and θ yaw, θ pitch, and θ roll indicate 

rotation about the X, Y, and Z axes, respectively. 
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Fig. 3.4. Detected brain activated area. 
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Fig. 3.5.  BOLD signal change rate in primary motor cortex for subjects screened with 

LQ > 0.7. 
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Table 3.2 Location and volume of activation clusters 
X, Y, and Z indicate the coordinates in the MNI coordinate system. As shown in Fig. 3.4, the 
MNI coordinate system is a right-handed system where the anteroposterior direction of the head 
is along the x axis, the lateral direction was the y-axis, and the vertical direction is the z -axis. 
The origin is at 2.5 mm along the x-axis and 4.5 mm along the z-axis from the anterior 
commissure. The origin was located at the center in the lateral direction of the brain, 74.5 mm 
from the front end, 106.5 mm from the rear end, 82 mm from the upper end, and 52 mm from 
the lower end. 
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3.3.3. Discussion 

The results of fMRI data (Fig. 3.4, Table 3.2) under low reaction torque stiffness (Low-

L, Low-R, and Low-B) showed significant brain activity during the task in the right 

primary motor cortex for steering using the left arm (Low-L), in the left primary motor 

cortex for steering using the right arm (Low-R), and the bilateral motor cortices for 

steering using both arms (Low-B). Significant activity was also observed in the 

cerebellum for all three (Low-L, Low-R, and Low-B) conditions. Under the High-B 

condition, wherein reaction torque stiffness was high, significant activity was observed 

relative to the rest block in the bilateral primary motor cortices and the cerebellum, as 

observed under the Low-B condition. These activated regions were consistent with those 

reported in many previous studies (e.g., [34]) reporting MRI measurements during hand 

or arm movements. Furthermore, as these results were obtained with the same peak 

threshold as that in 3.2.2, the influence of noise due to the operation of the motor was 

sufficiently small, suggesting that brain activity measurement was not obstructed by the 

use of the unit. Thus, we confirmed that brain activity related to the movement of the 

hands can be measured using this unit to yield results consistent with those of previous 

studies. 

Because the steering operation was performed to the left and the right against the 

reaction force while the participants were lying in the MRI scanner, there was a concern 

whereby body movements could have become significant. In particular, the displacement 

in the left and right directions (Dy) as well as the roll direction (θ roll) might have become 

large. However, the magnitude of displacement of the head (Fig. 3.3) indicated that this 

and the standard deviation along the z direction were large both in the group for analysis 
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and that to be excluded; in particular in the latter, the displacements along the z and the 

pitch directions were larger than those in the group for analysis. Moreover,  

approximately 30% of the participants were excluded from analysis because the 

maximum displacement of the head for them during imaging was greater than 4 mm. This 

excessive displacement was only along the z direction. 

These results can be interpreted as follows: Because the axis of the steering wheel was 

along the horizontal direction, changes in the elbow angle because of the steering 

operation caused a component force in the direction parallel to the axis of the steering 

wheel, and a reaction force was generated along the z and the pitch directions with respect 

to the participant’s body. This force was generated by the gap between the head coil and 

the head of the participant. We fixed the participant’s head by placing urethane cushions 

on both the sides of his head, but we did not place a cushion in the gap above the head. 

Moreover, we used surgical tape on the participant’s forehead and the head coil so that he 

would be aware of head movements by sensing the tension in the tape. However, the 

tension on the face along the z direction to suppress the movement of the head was 

difficult to perceive than the tension in the tape along the y direction, and it might have 

been difficult to perceive head movements along the z direction. By improving methods 

to suppress the participants’ head movement along the z and the pitch directions, the 

number of participants excluded from analysis can be reduced. 

To examine brain activity according to reaction torque stiffness, the rate of change in 

the BOLD signal in the bilateral primary motor cortices was calculated for 16 participants 

with LQ > 0.7; this has been used as right-handed reference in previous studies [33]. We 

found that the activity tended to increase under the High-B condition relative to that under 
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the Low-B condition (see Fig. 3.5). The results of past studies have indicated that the 

degree of force exerted and the BOLD signal of the primary motor cortex are positively 

correlated [18]. The results of this experiment were consistent with those of previous 

studies. 

However, we did not observe statistically significant differences between BOLD 

responses under the High-B and the Low-B conditions. This can be interpreted as follows: 

Because this experiment aimed to verify the performance of the proposed unit, the 

participants were asked to keep the steering operation as simple as possible. However, the 

operation involves cooperative movement of the arms with multiple degrees of freedom, 

including the movement of the elbow, the wrist, and the joints of the shoulder. Therefore, 

the movement is not necessarily simple. For example, it is known that neural crosstalk, 

which is defined as a mirror image command sent to the homologous muscles of the 

contralateral limb, exists between the arms; this crosstalk contributes to the learning and 

stability of performance on bimanual force production tasks, as reported previously by 

Kennedy et al. [35]. Therefore, we can infer that under the Low-B and High-B conditions, 

where the magnitude of the reaction force changed according to manipulation by both 

arms, hemodynamic responses related to neural crosstalk were also contaminated. Yokoi 

et al. [36] also reported the difference in role sharing between the dominant and 

nondominant hands in motor learning with arm coordination. Therefore, if the number of 

degrees of freedom of the dominant hand differs from that of the nondominant hand, there 

is a difference in role sharing. We inferred that the hemodynamic responses might have 

been contaminated in response to this difference. Unlike previous studies analyzing the 

increase in the BOLD signal of the primary motor cortices depending on the force exerted 
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on single-arm movements, in this study, the fMRI results might have been contaminated 

by a factor specific to bimanual coordination. Therefore, using the criterion of right 

handedness (LQ > 0.7) can reduce this contamination. Taken together, our unit yields 

satisfactory performance in terms of presenting various reaction forces and can be used 

in MRI scanners to measure brain activity during simulated driving. 

 Limitations 

The major limitation of this study is that the steering in MRI was restricted to a supine 

position, which exerted a significant impact on the state of the muscle. As the proposed 

device does not affect the magnetic field while imaging brain activity by installing the 

power source outside the MRI room, the layout configuration of the experimental 

environment is highly flexible. Therefore, it can be easily combined with Stand-Up MRI 

[37] and PET [38] which can measure brain activity in the sitting position and solve 

problems posed by posture restriction. Moreover, we plan to perform experiments using 

real vehicles to obtain data that complement the MRI measurement, and to clarify the 

relationships between driving motion in a supine posture under MRI environment and 

that in a sitting posture during normal driving. 

Further, the following problems originating from the fMRI experimental environment 

must be solved: (i) realizing the feeling of driving immersion, (ii) reducing awkward 

feelings from fMRI measurement, (iii) reducing the differences between the 

biomechanical conditions of actual driving environment and the fMRI experimental 

environment. Regarding problem (i), previous studies [12], [13] derived important 

scientific insights into brain functions by presenting appropriate driving cues to simulate 

the driving situation under fMRI experimental environments. The achievements of these 
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previous studies indicate that a highly realistic simulated environment is not always 

necessary if the principal cues of a driving situation are provided. In our study, the 

principal cue is the force feedback. The force feedback not only enabled us to measure 

the human responses against the force feedback but also increased the feeling of 

immersion relative to previous studies. Nonetheless, fMRI-compatible virtual reality 

devices [39] should be developed in the future to further improve the feeling of immersion. 

Regarding (ii), we tried to reduce awkward feelings caused by the enclosed gantry, loud 

noises, and physical restraint caused by the fMRI experimental environment. For example, 

we used active noise-cancelling headphones, and we applied the minimum sufficient head 

stabilization (i.e., we used cushions to restrain the participant’s head by pressing the 

parietal bone in the minus direction along the y-axis), and supported the participants to 

maintain the desired posture and decrease fatigue. Regarding (iii), we plan to carry out 

complementary experiments using EEG (Electroencephalogram e.g., [40]) to clarify the 

influence of acceleration input on the sense of balance through semicircular canal and 

vestibular organ. 

 

 Conclusion remarks 

The fMRI acquisition performance of the fMRI-compatible steering reaction force 

generation unit was verified by the following. (1) A comparison between brain activities 

when the motor was operated and when it was not indicated no significant activation for 

21 participants. This suggested that the electromagnetic field generated by the motor does 

not affect brain imaging. (2) The brain activity of 19 participants of an experiment were 



49 

 

 

measured by using fMRI while they performed steering operations using their arm/arms 

under various steering forces. The results were consistent with those for motor-related 

brain activity obtained in past neuroimaging studies. Therefore, it was concluded that the 

proposed unit can measure brain activity through fMRI in the presence of a steering 

reaction force. 

The results obtained using this novel device can contribute to our understanding of the 

relationship between the characteristics of the steering force of automobiles and brain 

activity. Moreover, because our measurement of brain activity is aimed to resolve the 

effect of drivers’ steering operation on the functioning of the motor control and cognitive 

emotional evaluation systems, this device will help to understand the intrinsic driving 

pleasure to design a steering control system for a car that is pleasing to drive. 

However, to improve the reproducibility of the steering characteristics, the rigidity of 

the torque transmission shaft should be improved. Moreover, to further improve the 

imaging accuracy of fMRI, it is desirable to further suppress head movement along the z 

direction. In future research, we plan to investigate brain activity under more realistic 

experimental settings—for instance, by presenting visual stimuli generated by a driving 

simulator. The proposed apparatus can be used to elucidate the relationship between brain 

function and reaction force, which depends on personal characteristics. Such relationships 

can be applied to generate appropriate reaction forces to compensate for the burden of 

visual cognition, and to support cognitive functions of elderly and new drivers. 
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Brain activity while waiting for the 
upcoming steering task 

 

 Introduction 

This chapter focuses on brain activity while waiting for steering, assuming it reflects the 

emotional state of the participants in preparing for the next steering task. We examine the 

brain mechanism of drivers’ anxiety associated with the characteristics of steering 

reaction force by analyzing data obtained from the verification of fMRI acquisition 

performance of our steering reaction force unit (chapter 3). We use a block design in 

which the blocks for steering and standby for steering are repeated, and we visualize brain 

activity focusing on a block of standby for steering that do not include brain activity 

directly related to steering movement. It can be assumed that the brain activity while 

waiting to steer includes the function of preparation for the upcoming steering operation. 

In addition, the brain activity for preparation may be affected by the upcoming condition 

of the magnitude of the steering reaction force and the condition of the arm to be used for 

steering. 

The structure of this chapter is as follows. Section 4.2 describes the methods, Section 

4.3 describes the results, Section 4.4 describes the discussion and Section 4.5 describes 

the conclusion remarks.  
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   Methods 

4.2.1. fMRI-compatible steering reaction force generation unit 

We used the apparatus reported in our previous study [69] described in chapter 3. Fig. 4.1 

shows the experimental environment including the fMRI-compatible simulated steering 

reaction force generation unit (hereinafter referred to as “the unit”). The unit consisted of 

a steering reaction force generation part and a reaction force transmission part. The unit 

simultaneously generated a steering reaction force, calculated based on the vehicle model 

of the driving simulator, depending on the steering rotation angle, which was fed back to 

a participant lying in the MRI scanner (Fig. 4.2). Using this unit, we constructed an 

experimental system that could acquire functional brain images in an experimental 

situation where participants virtually drove by their steering operation and received the 

steering reaction forces as feedback. 

4.2.2. Measuring brain activities while waiting for the upcoming 

steering task 

In this chapter, we focused while steering standby, analyzed fMRI data obtained from our 

previous experiment [69] described in chapter 3. Therefore, methodological details, such 

as participants, experimental design, and fMRI data acquisition and analysis, were the 

same as in the previous study. 

 Participants 

The participants were voluntary applicants to the recruitment of participants, who were 

university or graduate male students and have driver's license. They were 27 men aged 
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19–32 years with no history of neurological or psychiatric disorders. The laterality 

quotient (LQ) was calculated according to the Edinburgh inventory [30]. Two participants 

with LQ < 0 were excluded from the analysis because they could be regarded as left-

handed. Six participants whose head movements exceeded 4 mm were excluded for 

further analysis. Consequently, data from 19 participants (average age: 22.7 ± 2.9 years) 

were used for analysis. 

 Experimental design 

Table 4.1 shows the conditions for the arm used for steering and the reaction torque 

stiffness. The reaction torque stiffness around the steering axis at the gripping position of 

the steering wheel operated by the participants was set at two levels: low (2.9 Nm/rad) 

and high (7.1 Nm/rad). At the low level, they used their left arm, right arm, or both (Low-

L, Low-R, and Low-B conditions, respectively). At the high level, participants used both 

arms for manipulation (High-B condition). 

The experiment consisted of four sessions. Each of the four conditions (Table 4.1)—

Low-L, Low-R, Low-B, and High-B—was assigned in each session in random order for 

each participant. The protocol of the experiment is shown in Fig. 4.3. Each session lasted 

for 320 s. Five dummy scans (10 s) were carried out to discard the volumes and allow for 

T1 equilibration. 

As shown in Fig. 4.4, the rest (10 s) and the task (20 s) blocks were alternately repeated 

10 times and, finally, one rest block (10 s) was added. Prior to each session, the 

participants were instructed on which arm(s) to use for the task. Each session began with 

a fixation cross presented at the center of the screen. After 10 s, bars tilted by π/4 rad and 

-π/4 rad were presented alternately for 1 s each. The color of the bar was a cue for task or 
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rest. For each participant, the correspondence between the condition and the color was 

counterbalanced. 

The participants were instructed not to release the steering wheel until the session was 

over, to move their heads as little as possible, and not to perform any action except the 

steering operation during a session. They were also instructed to avoid moving their eyes 

as much as possible from the fixation cross displayed at the center of the screen. When a 

bar, colored in a designated color as a task block, was presented, they were asked to rotate 

the steering wheel by π/9 rad to the left and right according to the direction of the bar. 

Before the experiment, the participants were trained to rotate the steering wheel by π/9 

rad in accordance with the experimenter’s instruction, so that they could remember the 

operation during the task blocks. 

It is important for proper fMRI data acquisition to reduce the movement of the 

participants’ heads during the experiment, especially during the steering operation in the 

task blocks. Participants’ face and the head coil were connected using skin tape, and 

cushions were used on both the sides of the head to suppress movement. This was done 

with the consent of the participants. Moreover, the participants were instructed to avoid 

movement of the head by paying attention to the tension in the tape, so that they can feel 

their movement when their heads move. Moreover, prior to the first session, the 

participants performed two practice trials for each condition. 

 MRI data acquisition 

To obtain MRI data, a 3.0-T MRI scanner (MAGNETOM Verio, Siemens AG, Munich, 

Germany) was used. The functional images were acquired using a T2*-weighted gradient 

echo planar imaging (EPI) method. The imaging parameters were as follows: TR = 2000 
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ms, TE = 24 ms, 30 slices, slice thickness = 4 mm (without gaps), voxel size = 3 × 3 × 4 

mm, flip angle = 75°, 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 imaging parameters were as follows: TR = 2500 ms, TE = 2.98 ms, 176 

slices, thickness = 1 mm, voxel size = 1 × 1 × 1 mm, flip angle = 9°, and FOV = 192 mm. 

fMRI data analysis: For data analysis, the statistical parametric mapping (SPM) 12 

package [27] was used. From the functional brain images obtained for each participant, 

five volumes obtained during the dummy scans were excluded from the analysis and the 

remaining 156 volumes were analyzed. Spatial correction of the movement of the head 

was performed based on the first volume (realignment), and the correction in the timing 

of the imaging (slice timing correction) was carried out. The T1-weighted structural 

image for each participant was then co-registered to the first volume of the corresponding 

participant and normalized to the Montreal Neurological Institute (MNI) template. 

Following this, the normalized images of the echo planar were smoothened by a Gaussian 

kernel (full width at half maximum = 8 mm). 

We performed a statistical analysis using a general linear model for pre-processed echo 

planar images. The task and rest blocks were modeled by a boxcar function by convolving 

the hemodynamic response function (HRF). To remove artifacts related to the movement 

of the head, six relevant parameters obtained from realignment processing were included 

as regressors in the model. 

Low-frequency fluctuations in the BOLD signal were eliminated by applying a high-

pass filter with a cutoff of 128 s prior to regression analysis. To remove high-frequency 

noise contaminating the EPI time series, serial correlations among the scans were 
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estimated using an autoregressive model (AR (1)). The contrast images between the task 

and the rest blocks were calculated for each participant using the fixed-effects model and 

were then considered in group analysis using a random-effects model. 
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Fig. 4.1. Experimental system consisting of fMRI-compatible steering. 

Fig. 4.2. fMRI-compatible steering reaction force generation unit. 
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Fig. 4.3. Experimental protocol. 

Fig. 4.4. Timeline of experiment. Ten repetitions of the rest (10 s) and task (20 s) 

blocks were performed. A fixation cross was displayed at the center of the screen 

throughout the experimental run. Ten seconds after the beginning of the experiment, 

bars tilted by ±π/4 rad were presented alternately for 1 s each. The participants were 

instructed to look at the fixation cross and hold the steering wheel. The colors of the 

bars indicate rest or task block. The participants were instructed to steer in the 

direction in which the bar was tilted when white bars were presented, and to not steer 

when red bars were shown. The relationship between the colors and the task/rest 

block was counterbalanced across participants. 
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Table 4.1 Experimental conditions for steering arm and reaction torque stiffness. 
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 Results  

To identify the brain region activated more during the rest than during the task for each 

condition, we created a contrast image that compared the brain activation during rest to 

that during the task for each condition. Then, we conducted a one-sample t-test using 

these contrast images. A one-sample t-test with a peak level threshold of uncorrected for 

multiple comparisons p < 0.001 and a cluster-level threshold of false discovery rate (FDR) 

corrected p < 0.05 revealed common activities in the ACC and the insula under all 

conditions (Table 4.2, Table 4.3, Fig. 4.5, Fig. 4.6, and Fig. 4.7). 

The amygdala was active under Low_L condition (Table 4.2 and Fig. 4.6) for 16 

participants with LQ > 0.7, used as the criterion for determining dextrality in the previous 

studies (e.g., [33]). Also, in the supplementary motor cortex, significant activation was 

observed under the Low_L condition (Table 4.2 and Fig. 4.7). To examine the BOLD 

signal change rate in the ACC, we conducted a structural region of interest (ROI) analysis. 

The region definitions used in the ROI analysis were derived from the Automated 

Anatomical Labeling library [41]. Under Low_B and High_B conditions, a BOLD signal 

change rate in the ACC, calculated using MarsBar [32] is shown in Fig. 4.8. We conducted 

paired t-test on BOLD signal changes at ACC during the rest, to examine the differences 

between High-B and Low-B condition. Paired t-tests showed that the BOLD signal 

change rate was significantly larger under the High-B condition than under the Low-B 

condition in the left ACC (t = -2.740, df = 18, p = 0.0067) and in the right ACC (t = -

2.187, df = 18, p = 0.0211).   
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Fig. 4.5. Activation in the anterior cingulate cortex and insula (uncorrected for 

multiple comparisons p < 0.001 with cluster-level corrected FDR p < 0.05). 
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Fig. 4.5.  (Continued.) Activation in the anterior cingulate cortex and insula 

(uncorrected for multiple comparisons p < 0.001 with cluster-level 

corrected FDR p < 0.05). 
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Fig. 4.6. Activation in the amygdala under Low_L condition (LQ > 0.7) (uncorrected 

for multiple comparisons p < 0.001 with cluster-level corrected FDR p < 0.05). 

Fig. 4.7. Activation in the supplementary motor area under Low_L condition for 

participants (LQ > 0.7) (uncorrected for multiple comparisons p < 0.001 with cluster-

level corrected FDR p < 0.05). 
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Fig. 4.8. Bold signal change rate in anterior cingulate cortex. 
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Table 4.2 Activated cluster location and volume under Low_L and Low_R condition 
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Table 4.3. Activated cluster location and volume under Low_B and High_B 
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 Discussion 

Analysis of fMRI data focusing on the brain activities while being on standby for steering 

showed significant activation in the SN including the ACC and insula under all conditions. 

Although we defined the period of being on standby for steering as ‘rest’, during this 

period, the participants held the steering wheel while seeing the fixation point on the 

display according to the prior instructions. Moreover, participants waited for the cue (a 

change in the color of the bar presented on the display) to start the steering operation. 

Thus, this period cannot be just considered as ‘rest’. The activations in the ACC and insula 

during this period are consistent with our hypothesis. Menon et al. [24] argued that the 

SN switches the state of the intrinsic brain networks. It is known that the DMN is 

dominant when people are idle, or during mind-wandering (e.g. [42]). When participants 

have to prepare for an upcoming task, the SN is activated to switch the DMN to the CEN 

related to task engagement. In the present study, during the ‘rest’ period, the participants 

were required to pay attention to the change in the external stimulus to perform the 

predetermined task immediately when the change occurred. Thus, the activation in the 

SN during the ‘rest’ period can be interpreted as the function of the SN to switch the brain 

network into the executive mode in order to engage in the upcoming operation task. 

There were significant differences between Low_B and High_B conditions in the left 

and right ACC. This indicates that the magnitude of the stiffness of the steering reaction 

force affected the SN during the ‘rest’ period where the steering operation was not 

performed directly. When the participants were preparing for starting the steering 

operation with a large resistance, the activity in the SN, particularly in the ACC, would 
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be enhanced. Previous studies have reported that the ACC is active in correlation with the 

score of anxiety [43] [44]. Therefore, our results suggested that during the standby for 

steering where greater force exertion was required, the participants felt more anxiety. 

Significant activation in the amygdala, which is known to be associated with negative 

emotions [45], was observed in the condition (Low_L) in which the pure right-handed 

participants (LQ > 0.7) steered with only their left arm. In addition, for the pure right-

handed participants under Low_L condition (Low_L), significant activation was observed 

in the supplementary motor area (SMA). The SMA is known to be involved in the 

initiation and suppression of voluntary movement [46]. These activations in the amygdala 

and SMA might reflect the negative emotion associated with the additional resource 

required to prepare for the movement initiation of the left hand, which the right-handed 

participants were not accustomed to use for the steering operation. 

The major limitation of this study is that the results were obtained from a very simple 

comparison of conditions. In the experiment, participants were required to pay attention 

to the change in the color of the bar as a cue to start or stop the steering operation, and to 

perform the simple task following the cue. There was no subjective evaluation of the 

handling of the maneuvering. Therefore, it might have been difficult to maintain their 

motivation to perform the task. In actual driving situation, drivers feel positive emotions, 

as well as negative emotions such as anxiety. The brain mechanism underlying drivers’ 

positive emotions could be applied for the development of a vehicle that enhances drivers’ 

positive emotions during driving, leading to a novel control technology for vehicles. 

Therefore, in future research, we will improve the experimental design, such as the 

feedback from the maneuvering, for example changes of front scene along the various 
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simulated testing course by steering operation, during the experiment, which can elicit a 

positive emotional change in the form of a sense of accomplishment in driving. 

 

 Conclusion remarks 

In this chapter, we focused on the brain activity of participants while they waited to steer. 

We observed activations in the SN, including the ACC and insula. When the steering 

reaction force was large, the BOLD signal change rate in the ACC increased during the 

standby period.  

When the pure right-handed participants were waiting for steering operation using only 

their left arm, the amygdala and SMA were significantly activated, suggesting that the 

participants felt a negative emotion associated with the additional resource needed to 

prepare for the initiation of the movement of the left hand.  

These results showed for the first time that the magnitude of the steering reaction force 

and the difference in arms used for steering operation influence the brain activity during 

the standby period for steering.  



69 

 

 

  
Brain activity during driving operations 
modulated by the viscoelastic 
characteristics of a steering wheel 

 

 Introduction 

In this chapter, using a developed MRI-compatible unit for steering reaction force 

generation, we investigate changes in human brain activity induced by varying the 

viscoelastic characteristics associated with manipulating a car steering wheel. 

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 performing 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.  
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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 

characteristics 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 driving, 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 characteristic of the steering 

wheel is difficult to control, the driver’s motivation may be affected and he or she may 

become irritated 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 activate 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. 

The structure of this chapter is as follows. Section 5.2 describes the methods, Section 

5.3 describes the results, Section 5.4 describes the discussion, Section 5.5 describes the 

conclusion remarks, and Section 5.6 describes appendix. 
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 Methods 

5.2.1. Apparatus 

 Overall structure 

Fig. 5.1 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 MRI-compatible steering reaction force generation unit 

[69], which we will refer to as “the unit”. The unit consisted of a steering reaction force 

generation component and a reaction force transmission component, both of which made 

of non-magnetic materials. The unit generates force against the rotation and rotational 

velocity of the steering wheel according to preset mechanical characteristics. We 

improved the unit from the previous study [69] 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. 

 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 

posture, as shown in Fig. 5.2. 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. 5.1 (a)), upon which the simulated 

road images were presented with the left and right sides reversed. Participants could 

watch the images through a mirror attached to the head coil. These configurations allowed 
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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. 

 Reaction force generation 

The reaction force was presented to participants according to the compliance control 

method given by equation (5.1). In this manuscript, we have used the terms stiffness and 

viscosity. In equation (5.1), 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. 

 
The reaction force generation component was installed outside the MRI scan room, 

= 1 − −  

: Angular acceleration = Motor control target value, 

J: Inertia, and F: Measured torque 

: Viscosity coefficient, : Stiffness coefficient, 

 (5.1) 

where 
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separated by an electromagnetic shield, thereby preventing electromagnetic noise 

generated by the motor from affecting the MRI images (Fig. 5.1 (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. 

5.2.2. 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 by Kstiff and Bvisc in equation (5.1), respectively. 

Hereafter, these sets of experiments will be referred to as the stiffness condition and the 

viscosity condition, respectively. 

 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 disorders. All participants were 

right-handed, as confirmed by the Edinburgh Handedness Inventory [30], 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 Corporation (approval numbers E-965-5 and TRC-152-6). 
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Prior to the experiment, we obtained written informed consent from all participants. 

 Experimental design 

Table 5.1 shows the experimental parameters of the stiffness and viscosity conditions. 

Kstiff and Bvisc in Table 5.1 are the stiffness coefficient and viscosity coefficient shown in 

equation (5.1). 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 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 simple 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 (5.1) to twice the value used for S2. We also confirmed that a large exertion 

force was not required for steering operations in the pilot experiment. 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 
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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 participants 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. 5.3. The experiment consisted of six runs. 

The three levels of the parameters used for each condition are shown in Table 5.1 (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. 5.3, each run consists of practice and task phases. In the practice 

phase, participants practiced driving tasks and subjective evaluation using the visual 

analog 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 as VAS7). Rest periods were 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 used in the 
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subsequent trials. 

In the subjective evaluation practice, participants practiced the subjective VAS7 

evaluation by rotating the steering wheel (described later). Table 5.2 shows all evaluation 

words we asked participants to use, seven of which were used in VAS7. Six evaluation 

words, “self-efficacy”, “unpleasantness”, “pleasantness”, “arousal”, “expectation”, and 

“excitement” were commonly used in the stiffness and viscosity conditions. The 

evaluation word “self-efficacy” was selected to ask participants to evaluate how well their 

steering control matched their intention; that is, how they felt that about being able to 

demonstrate their ability to accomplish the task. We also asked participants to evaluate 

their valence and arousal [47] 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 how well they expected to perform 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 viscosity 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 participant’s motivation to accurately 

perform the task. On the other hand, the evaluation word “anxiety” in the stiffness 

condition was selected because vehicle development engineers 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 feelings while performing each 
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trial in terms of four evaluation words: “self-efficacy”, “pleasantness”, “nimbleness”, and 

“smoothness” (Table 5.2). Two of the four evaluation words (“self-efficacy” and 

“pleasantness”) were commonly seen in the VAS7 evaluations. The remaining two words, 

“nimbleness” and “smoothness” are generally used by vehicle development engineers to 

evaluate steering performance. 

In VAS7, after the final rest period in each run, participants 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. 5.4) 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. 5.3), 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. 5.3). 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. 5.3) and disappeared 1 s after the countdown 
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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. 

 Steering reaction force characteristics 

Fig. 5.5 shows the steering reaction force characteristics presented 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 steering wheel, we 

measured the steering torque relative to the steering angle while performing one run of 
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the driving task. The upper row of Fig. 5.5 shows that the stiffness parameters changed 

the slopes of the regression lines but did not affect the hysteresis. The lower row of Fig. 

5.5 shows that the viscosity parameters changed the hysteresis but did not affect the slope 

of the regression line corresponding to stiffness. These observations confirmed that the 

parameters in equation (5.1) could independently determine the stiffness and viscosity of 

the steering wheel. The measured value was confirmed 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. 5.5. 

 fMRI data acquisition 

A 3.0 T MRI scanner (MAGNETOM Verio, Siemens AG, Munich, Germany) was used 

to obtain MRI data. The functional 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 parameters 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 movement 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. 
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 fMRI data analysis 

Data were analyzed using Statistical Parametric Mapping version 12 (SPM12) software 

(Wellcome Department of Cognitive Neurology, London, UK.) [27]. 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 normalized to 

the Montreal Neurological Institute (MNI) template. 

In this study, it was difficult to regress out the motion parameters based on SPM during 

measurement of brain activity 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 [48] could be 

applied to data preprocessed by the SPM software. The independent components were 

extracted by Multi-Run sICA (spatial 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 independent components, automatic labeling based on machine learning was 

not performed; instead we performed manual labeling based on a study by Griffanti et al. 

[49]. In the last noise component removal step, using the FIX cleanup procedures 

described by Griffanti et al. [48] described later, motion regression was performed using 
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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. [48]: (1) We regressed out the 

full space of the motion confounds from both the data and all the 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 “countdown”, “straight”, “gate,” “feedback,” 

and “VAS” periods were modeled as a boxcar function convolved with the canonical 

hemodynamic response function. Fig. 5.6 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 
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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 cutoff 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 

anatomical region was identified using SPM Anatomy toolbox 2.2b (Forschungszentrum 

Jülich GmbH, Jülich, Germany) [50], [51], [52] and Talairach Client 2.4.3 (Research 

Imaging Institute, San Antonio, TX 78229, USA) [53], [54]. 

 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. 
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  Fig. 5.1.  Experimental system for presenting steering reaction forces during simulated 

driving in a magnetic resonance imaging (MRI) scanner. 

(a) Experimental system consisting of a functional magnetic resonance imaging 

(fMRI)-compatible steering reaction force generation and transmission unit. 

(b) Configuration of the fMRI-compatible steering reaction force generation system. 
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Mirror position 

Fig. 5.2. Steering posture with the participant in a supine position inside the gantry. 
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Fig. 5.3. Schematic of the experimental protocol showing the timing and duration of each 

phase. VAS = visual analog scale. 
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Fig. 5.4.  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). 
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Fig. 5.5. 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. 
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Fig. 5.6. Design matrix showing each phase of one run (a), all runs each subject 

participated in (b), and group analysis.  
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Table 5.2 Words for subjective evaluation. 

Table 5.1 Experimental condition: Motor control for reaction force generation. 
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 Results 

5.3.1. Steering behaviors 

Fig. 5.7 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. 5.3 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. 

5.3.2. 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 “countdown”, “straight”, and “gate” periods. Fig. 5.8 shows the 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 

predefined contrast. The MNI coordinates of activation clusters are shown in Appendix 

Table S1 and Appendix Table S2. In both stiffness and viscosity conditions, we found 

significant activations in the visual cortex, somatosensory area, primary motor area, 

somatosensory association area, and cerebellum during the “countdown” period. During 

the “straight” period, we found significant activations in the visual cortex, somatosensory 
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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. 

5.3.3. Subjective ratings and performance scores 

Fig. 5.9 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. 5.10 shows the result of the subjective evaluations obtained from VAS4 (for each 

trial). Fig. 5.10 (a) shows the mean rating scores for each evaluation word under the 

stiffness condition, and Fig. 5.10 (b) shows those under the viscosity condition. Under the 

stiffness condition, a repeated measures ANOVA with levels of stiffness as a factor 

revealed a significant main effect for all evaluation words, including “self-efficacy” (F 

(2, 22) = 51.384, p < 0.01), “pleasantness” (F (2, 22) = 21.699, p < 0.01), ”nimbleness” 

(F (2, 22) = 38.777, p < 0.01), and “smoothness” (F (2, 22) = 28.601, p < 0.01). Under 

the viscosity condition, a repeated measures ANOVA revealed no significant 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), ”nimbleness” (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. 5.10 (c) shows the factor loadings of each PC for each evaluation word and the 
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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 positive for evaluation words related to a positive 

affective 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 smoothness. The fourth PC 

was related to maneuverability, with high nimbleness and low smoothness. 

The results of the analyses of VAS7 ratings (for each run) are shown in Fig. 5.11. Fig. 

5.11 (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), “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. 5.11 (a). 

Fig. 5.11 (c) shows the factor loadings of each PC for each evaluation word and the 
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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 PC was 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 objective 

variable and performance score as the explanatory variable. Under the stiffness condition, 

regression analyses 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), 

“pleasantness” (R2 = 0.043, β = 0.365, t = 5.794, F (1, 754) = 33.569, p < 0.01), 
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“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 activation related to subjective ratings. 

Therefore, we did not examine the relationship between the subjective ratings and brain 

activity. 

5.3.4. 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 during the “gate” period. 

We performed FWE corrections for each predefined contrast 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. 5.12 (a)). In the left primary motor cortex (M1), we found a cluster shown in the 

blue rectangles 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. [55]. The MNI 

coordinates of this cluster are shown in Appendix Table S3. Fig. 5.12 (b) shows the 

percent signal change of this left M1 cluster for each stiffness level. Fig. 5.12 (c) shows 
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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 FWE with a corrected p < 0.05 at the voxel level (Fig. 5.13 

(a)). One of the three significantly activated clusters included the left premotor cortex 

with a peak activation at MNI coordinates -26, -18, 58. The MNI coordinates of this 

cluster are shown in Appendix Table S4. In Fig. 5.13 (b), the percent signal change in the 

activation of a cluster at MNI coordinates -22, -30, 62 for each viscosity level is shown 

relative to the cluster shown in Fig. 5.13 (a). This area is involved in controlling 

movement of the shoulder, as reported by Colebatch et al. [56]. Fig. 5.13 (c) shows the 

spatial relationship between significant activation in the contrasts of V3 > V1 and S3 > 

S1 with the peak activation in the left premotor cluster with MNI coordinates of -22, -30, 

62. 
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Fig. 5.7. 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. 5.5.  CD = 

Countdown. 
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Fig. 5.8. 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 



98 

 

 

 
 
 
 
 
 
 
 
  

Fig. 5.9. Performance scores for each of the three stiffness (a) and viscosity (b) condition 

parameters. **: p < 0.01. Error bar: SEM.  
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Fig. 5.10. 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.      
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Fig. 5.11. 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.    
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Fig. 5.12. (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. 
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Fig. 5.13. (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. 
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 Discussion 

5.4.1. 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. 5.8). In the “countdown” period, we observed activations in the visual cortices, 

somatosensory areas, primary motor 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. Processing 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 association 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., [57]), 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 
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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 Schweizer et al. [13] 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. 5.12 and 5.13), a change in the stiffness condition had greater effects on 

brain activity than changes in the viscosity condition. This is supported by the fact that in 

the stiffness condition, many evaluation words had a significant main effect (p < 0.01), 

whereas in the viscosity condition, no evaluation words showed a significant main effect 

(see Figs. 5.10 and 5.11). Therefore, the range of affective changes in the participants was 

larger under the stiffness condition than under the viscosity condition. In future studies, 

we plan to examine the relationship between subjective evaluation and brain activity by 

dissociating participants’ mental state during steering and brain activation from other 

factors, such as the steering performance scores fed back after the end of the steering 

trials. 

5.4.2. 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 representation (inverted omega sign, Yousry et al. [58]) (Fig. 
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5.12). Functional neuroimaging studies revealed somatomotor body representation of the 

M1 region, including distal representation in the ventral portion of M1 and proximal 

representation in the dorsal portion of M1 (Colebatch et al. [56]; Grafton et al. [59]). The 

well-known morphological sign for the hand region (distal representation) is the inverted 

omega sign (Yousry et al. [58]). Recently, Germann et al. [55] 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. 5.13). 

According to Germann et al. [55], the precentral gyrus dorsal to the hand area with the 

inverted omega sign represents the proximal muscles. Studies involving lesions of the 

dorsal premotor 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 [60]). Thus, viscosity 

affects driving control mediated by the proximal 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 frequency increases in proportion to the 

square root of the stiffness (e.g., [61]). Therefore, a steering system has a quicker response 
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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 muscular systems. 

From the viewpoint of human physical characteristics, the forearms and hands are 

operated by distal muscles and are suitable for controlling fast movement because the 

corresponding inertia of the forearm and hand is rather small. On the other hand, proximal 

muscles have a large body inertia, which is suitable for controlling slow movements [62]. 

Therefore, our results show that these different muscular systems 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, when we exert an action, we predict sensory feedback 

and modify the motor signals based on the prediction error (e.g. [63], [64]).  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. Moreover, drivers might make predictions based on an internal model 

[64] acquired from their past experience driving vehicles. 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-
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quality product development (e.g. [65]), and for future model-based development, 

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 viscosity 

on driving behavior and brain activity. To extend our findings, in a future study, we will 

conduct an experiment using complex steering force characteristics (e.g. Takemura et al. 

[3]) that closely resemble real vehicles. Participants were instructed to steer as if they 

were actually 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. 

5.4.3. Subjective perceptions 

Regarding the results of VAS4 shown in Fig. 5.10, in the stiffness condition, S2 was rated 

significantly positive for all 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 moderate 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 
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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. 5.11 (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, there was no significant difference among the three levels as 

shown in Fig. 5.11 (b). In the PCA results shown in Fig. 5.11 (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 the measurement 

environment using MRI. 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. 

5.4.4. Limitations 

Our experimental settings markedly differed from real-life driving conditions; for 

instance, participants’ postures were supine and the driving task required no acceleration 
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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 operation (e.g. [3]) 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 [66], [67], [68]. Considering these issues will lead to a better 

understanding of the neural mechanisms related to driving pleasure. 

 Conclusion remarks 

This chapter described the first experiment to perform fMRI measurements of brain 

activity during steering operations in a simulated driving task with variable steering 
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reaction forces. By changing the viscoelastic characteristics of the steering reaction force, 

we found that the stiffness of the handle mainly affected the distal muscles, whereas the 

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. 
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Table S1 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 S2 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.  
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Table S2 (Continued.) Location and volume of active clusters in the viscosity condition 
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Table S3 Location and volume of active clusters   

Stiffness condition S3 > S1 at Cluster 1  

Table S4 Location and volume of active clusters   

Viscosity condition V3 > V1  
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Conclusions 

 

This dissertation described the elucidation of the effect of steering reaction force in human 

brain activity measured by fMRI, which can measure activity throughout the brain with 

high spatial resolution.   

The author newly developed an fMRI-compatible steering reaction force generation 

unit, verified its performance, and confirmed that it could measure brain activity through 

fMRI in the presence of a steering reaction force. In the analysis of brain activity while 

waiting for a simple steering task, it was shown that the steering reaction force and the 

hand used for steering operation may influence brain activity while waiting for the 

upcoming steering task. By changing the viscoelastic characteristics of the steering 

reaction force during steering operations in a simulated driving task, it was found that the 

stiffness of the handle mainly affected the distal muscles, whereas the viscosity affected 

driving control mediated by the proximal muscles. 

The following is a summary of this paper, an overview of each chapter, and conclusions. 

Chapter 2 described the expected performance, implementation and verification of 

steering reaction force generation performance of the fMRI-compatible steering reaction 

force generation unit. To avoid disturbance due to the electromagnetic field of the MRI, 

the unit was configured as follows: A motor installed outside a scan room generated a 

reaction force that was transmitted to a steering wheel placed in the hands of a subject 

using a nonmagnetic transmission unit. Although the reaction force generated on the 
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participant’s hand against the reaction force generation motor output deviated from the 

linear approximation of a straight line, the correlation coefficient showed a clear 

relationship between the reaction force generated on the participant’s hand and the output 

of the reaction force generation motor (0.974 under the Low condition and 0.992 under 

the High condition; ps < 0.001). This indicated that the output of the reaction force 

generation motor was transmitted accurately to the participant’s hand on average. 

Chapter 3 described the verification of fMRI acquisition performance. To verify 

whether the noise caused by motor operation affected the acquired functional images, the 

author performed a one-sample t-test on the contrast images between the rotation and no-

rotation conditions with a family-wise error (FWE) corrected for p < 0.05 as the activity 

peak threshold. This revealed that no voxel was significantly activated in the rotation 

condition compared with the no-rotation condition for 21 participants. Furthermore, 

regarding the verification of functional imaging during steering, the results of fMRI data 

under low reaction torque stiffness showed significant brain activity during the task in the 

right primary motor cortex for steering using the left arm (Low-L), in the left primary 

motor cortex for steering using the right arm (Low-R), and the bilateral motor cortices for 

steering using both arms (Low-B). Significant activity was also observed in the 

cerebellum for all three (Low-L, Low-R, and Low-B) conditions. Under the High-B 

condition, wherein reaction torque stiffness was high, significant activity was observed 

relative to the rest block in the bilateral primary motor cortices and the cerebellum, as 

observed under the Low-B condition. These activated regions were consistent with those 

reported in many previous studies reporting MRI measurements during hand or arm 

movements. Therefore, these results indicate that reasonable functional imaging was 
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performed. 

Chapter 4 described the results newly show that the steering reaction force and the hand 

used for steering operation may influence brain activity while waiting for the upcoming 

steering task. During the standby period, it was observed that the activations in the SN, 

including the ACC and insula, and when the steering reaction force was large, the BOLD 

signal change rate in the ACC increased. These results suggested that during the standby 

for steering where greater force exertion was required, the participants felt more anxiety.  

Furthermore, when the pure right-handed participants were waiting for steering operation 

using only their left arm, the amygdala and SMA were significantly activated, suggesting 

that the participants felt a negative emotion associated with the additional resource needed 

to prepare for the initiation of the movement of the left hand.  

Chapter 5 described that distinct parameters representing the physical characteristics 

of the steering wheel, namely stiffness and viscosity, can affect vehicular control during 

driving by engaging different muscular systems. Changes in stiffness covaried with 

changes in activation in the M1 region associated with the hand representation. Functional 

neuroimaging studies revealed somatomotor body representation of the M1 region, 

including distal representation in the ventral portion of M1 and proximal representation 

in the dorsal portion of M1. The well-known morphological sign for the hand region 

(distal representation) is the inverted omega sign. Recently, Germann et al. [55] 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 
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activation in the dorsal premotor cortex and the dorsal M1 region associated with hand 

representation. According to Germann et al. [55], the precentral gyrus dorsal to the hand 

area with the inverted omega sign represents the proximal muscles. Studies involving 

lesions of the dorsal premotor 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). Thus, 

viscosity affects driving control mediated by the proximal muscles. 

 

It is thought that based on the research results of brain activity measurement by MRI 

during steering, provide a neuroscientific method for optimizing steering characteristics  

based on brain activity, and a first step to model based development by brain science. 

 

The following three points can be considered as future issues. 

The first issue is originating from the fMRI experimental environment: (i) realizing the 

feeling of driving immersion, (ii) reducing awkward feelings from fMRI measurement, 

(iii) reducing the differences between the biomechanical conditions of actual driving 

environment and the fMRI experimental environment. 

The second issue is improving the driving task to enhance participants’ driving pleasure. 

It will achieve possibly by using steering reaction force characteristics such that 

participants may feel the steering reaction force changing linearly with their steering 

operation and by adopting a challenging driving course. In addition, the experimental 

design needs to be improved so that participants can perform a subjective evaluation 

purely reflecting their feelings while performing the driving task. 
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The third is the issue related to the diversity of experimental participants. It is necessary 

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. Considering these issues will lead to a better understanding of 

the neural mechanisms related to driving pleasure. 

By solving these problems, the author believes that it will be possible to provide driving 

pleasure that suits the sensibility mechanism of all automobile users, and that a bright 

future will open up in which people can live a lively life with automobile.  

 
 

Publications concerning this dissertation are listed in the bibliography [69], [70], and 

[71]. 
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