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Abstract. We have developed a virtual reality (VR) system that uses an automobile as its motion platform. To improve the user’s experience of this VR system,
we mounted transducers on the system to present vibration in accordance with
the swing of the motion platform. In this paper, we report the parameters of a
vibration waveform that is suitable for the vibrotactile feedback that is to be combined with the front-to-back swing. First, vibration parameters (including these
of rubber, wood, and aluminum) that are suitable for combination with the swing
were created by adjustments performed by expert users based on a previous
study. Next, a user study was conducted to validate the created parameters. As a
result of the user study, the vibration waveforms of rubber and aluminum were
found to be well matched with videos showing collisions with the same material,
whereas when the participants watched a video of collision with wood, both the
rubber and wood vibrations were evaluated as being natural.
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Introduction

Amusement facilities can provide virtual reality (VR) content using a motion platform.
Because commercial motion platforms are expensive and require a large-scale footprint, it is difficult to use this type of platform at home. To address this issue, we have
developed a VR system that uses an automobile as a motion platform [1] (Fig. 1). Automobiles are industrial products that are already commonly present in daily life, and
this VR system thus makes it possible to enjoy VR content while using a motion platform at home. However, because this VR system presents body motion via control of
the accelerator and brake of the automobile, the system is limited by the fact that the
presentable swing frequency is restricted to lower frequencies when compared with that
of commercial motion platforms. This limitation causes a problem in that high-quality
feedback cannot be provided for VR contents requiring feedback with a wider range of
frequency components, such as a collision. To solve this problem, we have devised a
method to expand the range of presentable frequency components by adding transducers to the VR system and presenting the vibrations at the same time as the swing presentation.
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Fig. 1. Overall view and system configuration of VR system using an automobile as its motion
platform (from [1].)

In this work, we have investigated vibration waveform parameters that are suitable
for combination with the swing when watching VR content. We studied collisions with
three different materials: rubber tires, wooden cubes, and aluminum cubes, which was
inspired by Okamura’s previous work that proposed a method to present the material
feeling of a tapped object using a decaying sinusoidal waveform and a desktop haptic
device [2, 3]. Because these situations are quite different (where one is the swing plus
vibration and the other is force plus vibration), vibration parameters that were suitable
for combination with the swing were created via adjustments performed by expert users
based on the previously proposed parameters, and a user study was then conducted to
verify the validity of the created parameters. The contributions of this paper is to make
it possible to express material feeling in VR contents using automobiles as MPs.
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Related Work

Okamura proposed parameters that could be used in a haptic device to present the material feelings of virtual objects that were based on actual measured waveforms [2, 3].
The parameters were proposed for rubber, wood and aluminum, and the measurements
were performed by actually tapping these material cubes with the haptic device. As a
result of these measurements, she reported that the vibration waveforms produced by
tapping these materials can be represented by a decaying sinusoidal waveform with
three specific parameters: amplitude, frequency, and decay rate. She also reported that
the frequency remained constant, regardless of moderate differences in tapping speed.
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Based on these findings, we selected a decaying sinusoidal waveform with the same
frequency as the vibration waveform to be combined with the swing.
Several studies have conducted the tactile stimulus to the whole of the user’s body.
The Emoti-Chair is one example that improves music and video experiences by presentation of vibrations and shaking [4]. Music experiences were improved by driving a
number of voice coil motors and linear actuators that had been mounted on the chair in
accordance with music being played. While the input signals in this case were essentially based on the sound, we do not use the same strategy of recording and replaying
the sound signals, because the purpose of this work is to improve the VR experience
using a tactile stimulus, which has a much lower frequency than sound.
Several studies have attempted to improve the entertainment experience by presenting vibrations to the user’s body [5], finger [6, 7], forearm [8], and foot [9]. In addition,
it is known that the presentation of vibrations is not strongly affected by the user’s
clothing [10].
Steinemann [11] suggested low-cost feedback using a combination of an air cushion
with pull mechanisms to improve the immersive experience of racing car simulators.
Haptic Turk is another example of an inexpensive motion platform that combines manual swing and acceleration presentation [12], but neither of these platforms combined
other signals with vibration. Ryu [13] proposed that vibrotactile feedback is an effective
means for presentation of information in a car following experiments using various
signal frequencies. Vibrotactile presentations via the driver’s seat [14] or backrest [15]
have been used to present directional or spatial information.
A motion platform with vibration presentation has also been developed [16]. However, to the best of the authors’ knowledge, no studies to date have evaluated the effects
of a combination of vibration and body swing.
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Hardware Configuration

To ensure that the experiment was conducted safely, we did not use actual cars; instead,
we developed a device that imitates a car and conducted experiments using this device.
Fig. 2 shows an overview of the experimental device. We used a hand trolley (DSK101, Nansin Inc. Tokyo, Japan) as a base vehicle to perform a front-to-back swing. We
set a wooden plate (lumber core, 155[W]×46[D]×2[H] cm) on top of the trolley to act
as the floor of the car. We then installed a gaming chair (playseat, Playseat Company)
on the wooden plate to act as the driver’s seat, along with a handle and a pedal, which
are accessories of the Playseat. We installed a linear actuator (F 1420-200, Yamaha) to
provide the for front-to-back motion, which is controlled using a personal computer via
a serial communication link.
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Fig. 2. Overview of the experimental device and the device configuration.

To present vibrations, we mounted vibrotactile transducers at the main contact points
between the human user’s body and the device. The selected installation locations were
the steering wheel, the accelerator pedal, the seat surface, and the backrest, but we used
only the transducers at the steering wheel and the seat surface in this work. One transducer (Vp 408, Acuve Laboratory, Inc.) was fixed to the upper part of the steering
wheel. On the seat, part of the urethane cushion used for the seating surface was cut out
and a transducer (Vt 708, Acuve Laboratory, Inc.) was embedded into the seat (Fig. 3).

Fig. 3. Transducer mounting locations.

The signal input to the transducer was performed using a microcontroller (mbed
NXP LPC 1768, ARM). An acceleration sensor (ADXL 345, Analog Devices) was
connected to the microcontroller and the vibration was output when it detected the
swing presentation. The swing that was used in this work was generated using a method
in which the linear actuator moves forward by 20 cm and then stops. Strong acceleration
can be presented at the moment of stopping, because of the characteristics of the linear
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actuator. The vibration output was prepared at the time when forward acceleration was
detected and the vibration was output at the time when the direction of acceleration
switched to backwards (Fig. 4).

Fig. 4. Example of swing presentation with the timing of the vibration output.
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Building of Vibrotactile Wave for Combination with Swing

Based on the parameters that were proposed by Okamura [2, 3], the vibration parameters that are suitable for combination with the swing were determined. The vibration
feedback model is a decaying sinusoidal waveform that can be expressed using the following equation.
V(t) = 𝐴𝑒 ()* sin(2𝜋𝑓𝑡)

(1)

Here, V is the command value of the voltage that is input from the microcontroller
to the transducer. The maximum value of V was set at 0.5, and the minimum value was
set at -0.5. 𝐴 is a term that expresses the initial amplitude and dependent on the speed
in contact. In our experimental environment, because the linear actuator is the position
controller and it was difficult to change its velocity, we fixed the actuator speed and the
initial vibration amplitude was fixed for each material. 𝐵 expresses the rate of decay of
the decaying sinusoidal waveform, while f expresses the frequency of this waveform.
The vibration amplitudes produced by the transducers in the steering wheel and the seat
were measured in advance and the vibration intensity presented by each transducer was
adjusted to ensure that the two intensities were equal. The vibration parameters were
determined to match the video and the swing through adjustments performed by expert
users. The swing was performed by a linear actuator. This swing was generated by
advancing forward about 20 cm and stopping. While performing these adjustment, we
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used a head-mounted display (HMD; Oculus Rift, Oculus) to show the video, in which
the user collides with the object, and presented the swing and the vibration simultaneously (Fig. 5).

Fig. 5. Screenshots of the experimental VR system.

Table 1 shows the vibration parameters that were perceived to be natural when
combined with the swing. There were several findings during the adjustment process.
When we presented the vibration and swing simultaneously, we found that the sensation
presented differed clearly from that which was presented by vibration alone. In particular, when the vibration decayed immediately, it could hardly be perceived by the user.
This is probably because the perception of the vibration presentation was masked by
the strong acceleration that was presented by the swing. The sensation was also perceived to be more natural when the vibration continued during the swing. Based on
these observations, the decay factors were greatly reduced from the original, values to
present the vibration for longer periods.
Furthermore, presentation of the vibration and swing at the same time, gave the sense
that the two stimuli were fused. In particular, when the amplitude 𝐴 was varied, the
shock or heaviness of the swing was also felt to change, and when the decay factor 𝐵
was changed, the reverberation of the object with which the system had collided was
also felt to change. Based on these observations, we designed the parameters of the
materials to be felt by the user as follows: rubber presented a heavy shock without resonance, wood presented a light shock with a small resonance, and aluminum presented
a heavy shock with a large resonance.
Table 1. Vibration parameters as determined by expert users for combination with the swing.

Material

𝐴

𝐵 (s -1)

𝑓 (Hz)

Rubber

0.325

6.5

30

Wood

0.021

6.0

100

Aluminum

0.295

4.0

300
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5

Experiment

Experiments were conducted to verify the effectiveness of the vibration waveform parameters that were determined by the expert users.
5.1

Procedure

Ten people (one female, nine males, ranging from 21 to 24 years old) participated in
the experiments. Each participant boarded the experimental device and used the HMD
to watch first-person view videos in which the car collided with the target objects. At
the moment of collision in the video, the swing and the vibration were presented to the
participant simultaneously. For each trial, participants were asked to answer a questionnaire about their experiences. The experimental conditions included three conditions
for the material of the object (rubber, wood, aluminum) with which the car collided in
the video and three vibration conditions (rubber, wood, aluminum) that we prepared,
giving nine combinations in total. The swing, the vibration waveforms and the videos
were the same as those that were used in the previous section.
To prevent the participants being surprised by the stimuli, they all experienced the
swing, the three vibrations, and the three videos once before the main trials began.
Sound cues were masked using white noise from earphones, with earmuffs above these
earphones. Each participant conducted one trial per condition, giving a total of nine
trials, in random order. Table 2 shows the questionnaire that was presented to the participants. All answers were made on the Likert scale of 1 to 7.
Table 2. Questions used in the experiment.

Question
1
Question
2
Question
3

How heavy did you imagine the collided object to be?
How strongly did you feel the reverberation of the object with which
you collided?
How natural did the experience feel?
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Fig. 6. Overview of the experiment.

5.2

Results

The results for the evaluations of the weight, the reverberation, and the naturalness of
the experience are shown in Fig. 7, Fig. 8, and Fig. 9, respectively. "Object" in each
figure represents the material of the object that was presented visually, while the material in each graph shows the material that was presented using vibrotactile sensation.
Significant differences observed using the Steel-Dwass test are indicated by *.

Fig. 7. Evaluations of perceived heaviness.
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Fig. 8. Evaluations of perceived reverberation.

Fig. 9. Evaluations of perceived naturalness.
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Discussion

From the results for naturalness for rubber and aluminum, we found that a natural experience can be realized when combining the material shown in the video with the same
material’s vibration, which means that our designed rubber and aluminum vibrations
were well matched with the participants’ subjective impressions. For the video of collision with the wood, however, the vibrations of wood and rubber produced similar
results. We believe that this similarity was caused by individual differences in the impression of the wood from the video. Some participants commented that it was difficult
to estimate the weight of the wood cube from the video when the collision occurred,
and this uncertainty may have led to the above results. In fact, participants who imagined heavy wood from the video preferred the vibration of the rubber.
Many participants commented that the vibration of the aluminum was characteristic
of the material, which might have resulted in low naturalness evaluation when the vibration of aluminum was presented with the visual scenes of the other two materials.
For the vibration waveform of the rubber, there was a comment that the naturalness
of the collision was high overall because the impacts were felt strongly. This comment
corresponds with the fact that the vibration waveform of the rubber was highly evaluated overall. In the comments after the experiment, one participant mentioned that the
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weight of the impact varied according to the strength of the vibration, while four participants stated that it varied according to the frequency, and four participants stated
that they judged based on the overall impression. Among these participants, two people
stated that the feeling of collision with the object was particularly strong in the case of
the vibration of the rubber.
With regard to the reverberation of the object that was received from the collision, it
can be seen that the score for the vibration of the wood was always extremely low. The
comments after the experiment indicated that the vibration of the wood had too weak
an amplitude and it was then difficult to perceive the differences based on the stimulus
of the swing alone. This is considered to be a natural consequence because the amplitude of the wood vibration was set to be small. Three of the participants judged the
reverberations from the frequency, while two judged based on the length of the vibration, and three judged based on both parameters.
Some of the participants commented that the impressions of the weight and the reverberations changed with the material in the video, but the scores for the weight and
the reverberations showed similar trends, regardless of the video shown, and this included the scores of the persons who made these comments.
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Conclusion

We have designed a vibration parameter that is suitable for expression of the feeling of
specific materials of objects with which the user collided in a VR system that presents
a combination of front-to-back swing and vibration. Videos in which the user’s vehicle
collided with rubber tires, wood cubes, and aluminum cubes were prepared; suitable
vibration presentation parameters were then created for each video by expert users, who
adjusted the initial parameters. We performed a user study to verify the validity of the
parameters that were created. In the user study, the participants saw videos of collisions
with rubber tires, wood cubes, and aluminum cubes, and were presented with the swing
and vibration at the moment of collision. The results indicated that the vibration waveforms of rubber and aluminum were well matched with the videos of the collisions with
rubber and aluminum, respectively. For the video of the wood, however, because of
individual differences in the estimated impact from the videos by individual users, the
waveforms of wood and rubber produces similar results.
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