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Abstract

This thesis addresses the techniques and the development of haptic displays that produce
intuitive tactile lines. Our consistent concept is to present tactile edges, areas and shapes
(as a combination of them) with highly localized vibrotactile lines that overcomes the
barrier against haptic spatial recognition.

We developed novel vibrotactile stimulation methods and tactile displays using the
vibrotactile method. The developed edge stimulation method presents sharp and dis-
tinct tactile edge sensations using considerably small amplitude of vibrations (several
microns). This technology achieves low power and strong intensity vibrotactile stimula-
tion and is able to be fabricated in flat surfaces, and these characteristics are suitable
for actual applications. To establish the edge stimulation technology, we investigated
the 1. fundamental characteristics of edge stimulation method and the 2. mechanism of
enhancement on tactile intensity. For the former, we conducted psychophysical experi-
ments to investigate the performance on tactile intensity and tactile spatial sharpness for
several mechanical parameters. The experimental results indicated that edge stimulation
method is efficient when the vibrations are in close proximity, the vibration frequencies
are low and the gap distance of the vibrators are close to be zero. Also it is demonstrated
that edge stimulation method produces more localized vibrotactile sensation compared to
a single pin vibrator, pin-array vibrator and flat vibrator. For the latter, the mechanism
for these characteristics was investigated by observing spatio-temporal deformation of
skin using deformation analysis on finite element finger model. It was revealed that not
only strain peak due to strain concentration, but also strain frequency were increased.
It is known that the increase in frequency has much larger effect on human vibrotactile
sensitivity at lower frequencies than increase in amplitude and the generation of higher
frequency in localized spot is a key effect of edge stimulation method. The measurement
of the high frequency strain with finger model sensor was also conducted (section 4).
Our idea for applications of edge stimulation method was to utilize the characteristics

of sharp and localized vibrotactile sensations for tactile line presentation. We developed



1.5 emx 1.5 cm size 3x3 vibrator-array edge stimulation device with piezo-vibrators to
present several tactile line patterns. Although we succeeded in rendering 8 tactile shape
patterns with the combination of the tactile lines, the further variations of the patterns
were limited due to the generation of unexpected lines. To solve this, we have developed
selective tactile line control method by phase shift of vibrations. We demonstrated the

combinations of tactile patterns of alphabets theoretically.
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Chapter 1

Introduction

1.1 Background

Through our research, we aim to open up new possibilities for haptic communication by
transmitting haptic shape information. Human communication is an essential element
for people to understand and empathize with each other, and is done in every sensory
modality. Communication is clarified into typically of two types: verbal communication
(VC) and non-verbal communication (NVC).

NVC involves sending and receiving linguistic information consciously /unconsciously
without any exchange of words. Instead, information is exchanged using the senses: facial
expressions, complexion, eye motions, gestures, appearance, and distance (proxemics) for
vision; breathing, voice tone/color, and music for audioception; smell; taste; and touch
[1, 2, 3]. Studies have extensively focused on non-verbal information transmission using
haptics with several modalities such as thermal sense and sense of touch. For example,
[57] developed TECHTILE Toolkit that presents vibrotactile feelings encountered in daily
life. A microphone can obtain vibrations produced by certain events, i.e., moving balls
in a cup, and a voice coil speaker attached to an empty cup can then apply the obtained
vibrations to the user grasping the empty cup. A thermal drawing by [94] contains
an array of Peltier element that obtain the spatial distribution of temperature which
mechanical concept is smiler to the work by [10]. Teh developed unique pressure display,
Haggy Pajama and a pressure sensor equipped stuffed bear[4]. A user wears a pajama
with embedded air pads that expand when another user hugs the stuffed bear to provide
the sensation of an embrace on the entire body.

VC involves conveying information through the exchange of ideas, feelings, intentions,
attitudes, expectations, perceptions, or commands by speech and writing. It mainly uses

the visual and auditory senses[5]. The development of communication device elements



Major Sensory Organs in Communication

Non-verbal Communication Verbal Communication

G| | 5

Our Intention

Fig. 1.1: Schematic of our research concept. Major organs used in non-verbal and verbal
communication. Utilization of haptics for verbal communication is our research focus.

such as speaker/display and microphone/camera enable us to interact with distant and
mobile devices, thus making communication more ubiquitous. In daily life, we mainly
obtain considerable verbal information via visual and auditory senses, but little infor-
mation is obtained through haptic senses. In some settings, Braille displays and related
devices (described in detail in chapter 2) may be available for presenting haptic sensa-
tions; however, these devices take a few years to master and currently find limited use.
Fig. 1.1 shows our research concept that explores the possibility of using haptics for
verbal communication, especially as a channel for ”character information”. Our aim is
to realize display-level haptic communication (Fig. 1.2) and focus on new approaches for
presenting sensations of intuitive haptic characters (alphabets). In this thesis, we define
"verbal” as linguistic symbols including Braille and Morse signals but not for speech;
”character information” as the alphabet of a language because they are widely used; and
"haptic communication” as verbal information interactions between people using haptic

sensations.

1.2 Peculiarity of Haptics and Significance of Haptic
Communication

Haptic communication can be used in situations where visual and auditory communica-

tion is unsuitable. For example, we can communicate through a haptic device in a pocket
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Fig. 1.2: The schematic of haptic verbal communication. It includes three stages, sens-
ing system, transmission system, displaying system. Our research focuses on displaying
character information using haptics.

Fig. 1.3: Future applications of haptic verbal communications. User can input and read
texts in pocket and other visually /auditory unmanageable situations.

Pocket Handle
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Fig. 1.4: Charts of the clarifications of somatic sensation. Cutaneous and force sensations
are being on our focus.

regardless of the environment (Fig. 1.3). Similarly, in quiet environments such as in a
meeting, we can send mail or tweets through a haptic device without even glancing at it.
As another example, we can "read” a haptic display behind the handle of a car.

Haptics provides confidentiality, and this improves privacy because nobody can ”peep”
without touching the display. Outputs as well as inputs cannot be perceived through the
visual and auditory senses (hand movements may be seen but would be quite difficult to
recognize); in contrast, the gesture and voice inputs used with the visual and auditory
senses can both be intercepted easily.

Moreover, haptic can be used to add modalities to verbal information to create new
content such as a warm "hello” or soft "good night” in a manner similar to a bright
yellow "Hello” for the visual sense and a soft "Hello” in a velvety voice for the auditory

sense.



1.3 Physiological and Psychophysical Aspects of Tar-
get Mechanoreceptors

Haptic sensations have several modalities, each of which has corresponding receptors
inside the skin. Fig. 1.4 shows human sensations and the corresponding receptors. The
somatic sensation is derived from body tissues different from those for the other senses.
It includes haptic and visceral sensations. Haptic sensations can be classified as force
and tactile sensations. We specifically focus on force and cutaneous sensations obtained
by mechanoreceptors. Mechanoreceptors are a type of receptor that produce afferent

impulses in response to mechanical stimuli.

Cutaneous Mechanoreceptors

Cutaneous mechanoreceptors are embedded in the skin tissue as shown in Fig. 1.5.
They can be of four types depending on their characteristics in response to stimuli and
perceptive field areas. They are FA I (Fast Adapting type 1), FA 1 (Fast Adapting type
), SA I (Slowly Adapting type II) and SA 1 (Slowly Adapting type II) as shown in
Fig 1.6. The adaptation time indicates the time for which a neural activity pulse is not
generated upon inducing the static displacement of the skin surface. The receptive field
indicates the spatial area in which a neural activity pulse is generated upon inducing
the static displacement of the skin surface. The corresponding mechanoreceptors are
FA 1. Meissner’s corpuscle (0.7 mm from surface), SA I: Merkel’s disk (0.9 mm from
surface), FA II: Pacinian corpuscle (2.0 mm from surface), and SA TI: Ruffini ending
(2.0 mm from surface) in Fig. 1.5 [8]. The spatial density and resolutions of each
cutaneous mechanoreceptor are shown in Fig. 1.7. In particular, FA I is concentrated in
the fingertip and makes the spatial distributions of stimuli highly recognizable. This is
why Braille and other tactile displays are designed to be explored by the fingertip. Fig.
1.8 shows details about each mechanoreceptive fields. Most fields are circular or oval and
have a diameter of 2-8 mm [8]. SA I and FA I are suitable for sensing spatially distributed
information.

Fig. 1.9 shows the detection thresholds of each cutaneous mechanoreceptors for vi-
bratory stimuli under two prove conditions. Each cutaneous mechanoreceptor has certain
characteristic: for example, for vibratory stimuli, SA T is sensitive to a frequency of 5
Hz; FA I, 30 Hz; and FA II, 300 Hz. Accordingly, each cutaneous mechanoreceptor

can be selectively triggered using its most sensitive frequency and with certain detection



threshold level amplitudes; this approach is called selective stimulation (temporal) [12].
The selective stimulation of SA I, FA I, and FA 1II presents a sense of pressure [12, 11],
flutter, and vibration, respectively. Selectively innervating SA II does not cause subjec-
tive sensations. Furthermore, it should be noted that the Ruffini ending (SA II) has not
been observed in certain apes [13], and its existence is still debated.

Cutaneous mechanoreceptors can also be selectively stimulated by specially arranged
mechanical stimuli, as shown in Fig. 1.10. Air pressure stimulates the receptors in the
shallow layer (SA I and FA I), whereas the overall vibration stimulates receptors in both
shallow and deep layers. This is because of the skin’s spatial low-pass characteristics;
stimulation over a tiny area is attenuated as it goes through the skin tissue to the deeper

layer [15].

Deep Mechanoreceptors

To perceive proprioception, humans use the muscle spindle and Golgi * s tendon organ.
Fig. 1.11 shows the Ib afferent fiber responses of the Golgi’s tendon organ against muscle
conditions [89]. Ib fibers are innervated when the muscle is stretched or constricted [16].
The muscle and tendon consist of two types of stretch receptors that respond to the
muscle activity or status. The spindle has two types of afferent fibers: Ia and II group
fibers. Ia group fibers are innervated actively and statically. Fig. 1.12 shows their
response against the muscle length [89]. In particular, Ia fibers show strong responses
to the dynamic stretch of the muscle, including vibratory stimuli [17]. II group fibers

statically detect the muscle length.

1.4 Difficulties in Displaying Haptic Shape Informa-
tion

Our approach to present characters and shapes using haptic sensations, specifically, by
individually presenting tactile or force sensations, is challenging because both of these
sensations involve certain difficulties. Here, we describe previous methods for displaying

haptic shape information and the difficulties faced in them.

Presentation Using Tactile Sensations

Presentation using tactile sensations is commonly in 2-D, since tactile stimulation is

displayed on the skin surface. Braille, finger spelling (finger alphabet), and handwritten
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of their distinguishing properties. Lower trace shows the impulse discharge and upper
trace shows the perpendicular ramp indentation. [8] modified.
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Fig. 1.8: Characteristics of mechanoreceptive units for receptive field size and its struc-
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times the threshold force of the individual unit. B. Microstructure of receptive fields.
Sensitivity maps of single mechanoreceptive fields. [8] modified.
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characters are few of the methods used by visually impaired people for transmitting verbal
information. These methods are considered to integrate symbolic/verbal information
into haptic spatial information; furthermore, tactile Morse code delivers them with time
information.

The need for practice to recognize these forms of communication mean that sighted
people cannot utilize them casually. Braille involves two main difficulties. First, one
must recognize the dot combination precisely; this takes considerable practice. Second,
one must be able to convert the obtained dot combination into an alphabet using the
correspondence table; this chart can take a few years to memorize [91]. These difficulties
mean that, for example, of all visually impaired people in Japan [92], only 20 % can
read Braille, and few new users learn how to use this approach. Tactile Morse code and
finger spelling also involve difficulties in translating the tactile perceptions into alphabets.
Handwritten characters suffer from problems related to the transferring speed. One must
write all characters on the reader’s hand, and the spatial resolution of the palm compels
writers to write characters one-by-one, making it difficult to distinguish the end of the
word.

Moreover, the tactile characteristics of humans make it difficult to engineer effective
tactile devices. For the presentation of alphabets, if the shapes are shown by static
displacements, the actuators need large amplitudes (more than 100 ym) and force against
the indentation finger force. Consequently, the device size increases considerably. For
using vibratory stimuli at 200-300 Hz, according to Fig. 1.9, a low amplitude is required;
nonetheless, the tactile sensation is blurry because FA II has a large receptive field, as

shown in Fig. 1.8.

Presentation Using Force Sensations

Presentation using force sensations is displayed in both 2-D and 3-D. PHANToM (Sens-
able Technology [18]) and SPIDER [90] are the most widely used devices for presenting
force feedback. Studies using these devices mainly focus on the teaching/training system
for handwriting [19] and the medical techniques [20] and shape presentations for interac-
tion with a virtual object [18]. However, thus far, studies have not directly focused on

achieving the presentation of alphabets using force sensations.
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1.5 Our Approach

We especially focus on the tactile shape information delivery, since the tactile displays
demand smaller strokes compared to the force ones and displays become miniature. As
described above, the effective tactile shape presentation to achieve characters have not
been accomplished, not even presenting a single continuous line (previously dots com-
bination) which is a primitive of 2-D line drawing. Our approach is to establish a new
vibrotactile stimulation method to present high resolution tactile lines, and shapes as a
combination of the lines. The potential of high resolution tactile lines for application
are presenting virtual edges, areas, and shapes. Such high resolution information helps
the user with faster and more accurate handling, and enables transmission of additional

symbolic information.

1.6 Organization of the Thesis

This thesis is composed of five chapters. Chapter 1 is the introduction of this thesis.
Chapter 2 is the proposal of a new tactile stimulation method and the investigation on
it’s performance, including section 2.1, 2.2, and 2.3. Chapter 3 describes the advanced
version of the developed stimulation method dedicated for a tactile shape presentation,
including section 3.1, 3.2, and 3.3. Chapter 4 treats a tactile shape presentation using

developed tactile device, including section 4.1 and 4.2. Chapter 5 is the concluding part.
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Chapter 2

Sharp Line Sensation by Edge
Stimulation Method

2.1 Fine Tactile Stimulation Method

Haptic stimulation is classified into two parts according to the modality it focuses; force
stimulation and tactile stimulation. Force stimulation is mainly perceived by Golgi tendon
organ and muscle spindle causing a kinesthetic sensation (proprioceptive sensation). In
contrast, tactile stimulation fires cutaneous mechanoreceptors such as FAI, FAII, SAT and
SAII triggering a tactile sensation, sense of touch.

In this section, the explanation of a new tactile stimulation method for presenting

sharp and easy recognizable tactile image is described.

2.1.1 Tactile Stimulation Method and Reviews on Related Works

In order to stimulate the cutaneous mechanoreceptors described above, three types of
tactile stimulation methods have been developed so far. Here, the description about the

stimulation methods and the related works in the view of shape presentation are denoted.

Static tactile stimulation: Static tactile display is common for past few years that
shows static displacement of actuators arranged in matrix array. User explore the
surface of the display with their palms/fingers and obtain tactile information by
tracing the difference in dents and bumps. The shape information including figures,
symbols, characters, numbers and most popularly Braille dots are presented by
combination of the dents and bumps that are generated by the stroke difference of
the actuators. Tactile displays using static tactile stimulation method is called static
refreshable device and numerous numbers of them have been developed. Fernando

have classified those previous works [41] of static refreshment devices, Table. 2.1
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shows the characteristics of each devices concerning the parameters of refreshing
time, resolution, size and stroke. [45] equips an image sensor and the display
translate the obtained image into tactile shapes. [46] has large array to rub over
the display surface. A tactile image generated by these static tactile stimulation
tends to elusive and demands user to practice to a certain extent for accurate and

fast recognition of whole shapes.

Electro-tactile stimulation: Considering to the afferent nerve system, replacing nerve
impulses to electro stimuli injection from skin surface is a natural approach to
present tactile images. A pile of woks has been conducted in electro-tactile stimula-
tion method [58, 59, 60], Kajimoto’s recent work[54] for presenting spatio-temporal
electro-tactile patterns to represent the afferent nerve impulses reaching to brain
achieved the generation of a more realistic friction sensation. Superficial electrodes
generate the electro-tactile stimuli while measuring and adjusting the electrical
impedance between skin and the display surface. They have achieved that the
display be manufactured very small, thin, durable, energy efficient and free from
mechanical resonance. However, in the course of inducing electrical stimuli to skin,
there emerges a pain sensation since nociceptors are also stimulated. Because the
sense of pain is stronger than any other tactile modality, once it is triggered, human
cannot distinguish the shapes (spatial patterns) of the stimuli. It seems to be needed
a little more challenge to overcome the pain and be able to utilize electro-tactile

stimulation method in shape presentation.

Vibrotactile stimulation: A vibrotaction triggers the cutaneous mechanoreceptors by
inducing moving actuators to human skin. This method is widely used in mobile
phones for a tactile alert. The vibrotactile sensation produced by the vibration dif-
fers in accordance with the single vibration’s frequency and amplitude. In addition,
the vibrotactile sensation changes with multi-vibration’s spectral combinations.
Asamura reported that by stimulating each cutaneous mechanoreceptors individu-
ally, the tactile sensation transforms as the combination of stimulated receptors[14].
Kajimoto called each sensation bring about by each cutaneous mechanoreceptors

as 'tactile primary colors’[54].

In dairy life, the most frequent vibratory phenomena on skin are caused by contact
friction. For instance, when grasping an object, human perceive slippage between

target object and fingers unconsciously and adjust our grasping force. Konyo rep-
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resented the slipping area and vibratory parameters on fingers by ICPF actuators
and succeeded in inducing grasping force reflex[55]. Tsuchiya succeeded in present-
ing friction sensation with a single motor by representing vibration when rubbing
an object[56]. Minamizawa developed "TECHTILE Toolkit’ which produces vi-
brotactile sensation with voice coil motor; the wave patterns are recorded by a
microphone[57]. These works certificate how an intuitive and natural way it is to
present tactile sensation by the method of vibrotactile stimulation. Moreover, vi-
brotactile stimulation is suitable for both active and passive touch. Users realize
the changes in spatio-temporal patterns in passive ways while keeping still touching

the surface.

When it comes to shape presentation, the related works’ devices using vibrotactile
stimulation employ tactors in array similar to the conditions of the static refresh-
ment devices. Table. 2.2 [41] shows the characteristics of each devices. According
to the table, devices employing piezo actuators tends to use high frequency except
for VirTouch Mouse. Due to the characteristics of piezo electric device, the stroke
is small, less than 1 mm. SMA type is superior in high stroke though the tactile
device become large. Electromacnetic and suction type are very bulky, not suit-
able for portable/handy devices. Motor type has difficulty in its integration, and
as a consequence, the possible tactile spatial patterns decreases. Summarizing the
above, piezo vibrators are suitable for its capability of high-density integration and
presentation of wide variety of tactile patterns, while the sensational intensity is
relatively small since the stroke is small. In this study, vibrotactile stimulation
method using piezo electric device is in focus since static type has difficulty in its

vague sensation and electro type has difficulty in its pain.

15



ping restsojoar01)oofa: 14 ‘Aofe Aroweu-odeys: NS ‘1030w 1oddo)s uorsuowipe:NS-(1€

Egic| aN Spxe) G X G g anN k44
sfxe} 0T X 0T
VINS wug WGy X WGy WG S€°0 [1¢]
VIAS uruy | s[oxe} § X § g $99°0 o]
sI0j0U
INS-d€ wig-)  S[xXe) 91 X 91 ()| aN 67
sI0j0U
NS-dg  wwQl-0  S[PXe} 9 X §9 g SGT [87]
s[exe) 7¢
aN g, ) gl X 8% WUpG g aN [L7]
s[xe) )09¢ dAN 2 LSIN
aN AN U gl X UDg ] WupCg aN Eid
s[oxe} 967 INLLAV ‘INLL
ozatd wuwg () ‘Wof X woj WG g, Sizdal [sid
ozord wury, () s[ox®l 9¢GT Wy g, STSSoT [77]
s[oxey} gL0¢ VASVN % SOM
ozatd wuy, () WP X WIGT wug STSSO] [e7]
s[oxe} 00z DHLAN090T-AINA
Sploud[os  wWmr)’()  WDY'QT X WL  WWR)'E 0T k4d
SO}
I0jenioe wMO,Sm 9ZIS QOS&LO@@M wgﬁﬂwocﬁop QOTAI(]

payIpout [T§| Se01A9(] JuemIysoljoy 219elS :1°g "O[qR],

16



s1030T (] s[oxe) yxy ZFIGTSSO[ N¢E WGy, wuig (18]
SI0J0UI SSOTYSILIQ OIOTUI s[oxe) g X ¥ ZHT NL'T wue wui) g, [08]
SIOJOUWIOAIOS ()Y S[oxe) 9x9 ZHST aN wulg wuig, 6]
S[1000101TIL s[oxe) 8x8 ZH008 aN w01 F g [8.]
WOT X WD
AY[Nq O130USRWOI)IS]d S[xX®)} )G X 0T ZHOFSS[ ww/Ng()  Wugg WG () [22]
LOVILOVL
AY[Nq O130USRUWO1)IS]d S[oxe) X9 ZHOOT NG wuwg' | wWug [92]
JURISUOD OUITY
aanssaxd uorjons s[oxe} 61 SUI()G VN VN WG [61]
WuIg T X W |
orpewunaud S[oxe) GXG ZHGS NWOST wug- () WG g 7]
WG T X WG|
oryeurnoud s[oxe) I X ¥ ZHG N¢C wug WG e [e1]
VINS S[X®] (T ZHO NG'T g g, [cL]
VINS S[ex®} X ¢ OUIT) OSLI SWOOGT NC'T wwg wuig'g [12]
VINS S[oxXe} 9 OUIT} OSII SW(()G N.0 wug g wug g [0L]
VINS s[exe} ¢X¢ ouIT} IS SW()G N9°0 N wg g OVLdVH
VINS S[OXe} 9XG O} ST ST()) T NZ 0 aN g [69 ‘89
uorje[nUI)s [eroje] ozold  s[pxe} OTX(T ZHO00. anN aN | [L9]
W X WWgy 9SNOJN UONOT,IIA
ozard s[exe) §X9 ZHO0G NET'0 ), () WGy g [99)]
ae sAerdsipe x OSTIOJ\] UPNOT,IIA
ozard VX8 ZHOT NI0 () g | [S9)]
ozard S[oX®e} GX9 ZH00S-0 N90'0  wui.0-0 g [79)
oza1d s[xe} 0T X0T ZH007-G¢ aN /(g I [€9]
ozard S[oX®e} 0T X§ ZH0SG aN )G g, 9]
S[ox®) 9X g SUWN[0D WG, uooeyd()
ozatd W Gg X WY 7] ZHOCT, N9 w1 SMOI uI)g | [19]
103e1)OR VA [Iprmpueq $90.10] aoI)s UOIIN[0SAT 991A9(]

poyIpow [[§]seo1Ao(] STWRUA(] GG

OIqeL

17



2.1.1.1 Edge Stimulation (ES) Method for Fine Shape Presentation

Previous vibrotactile displays generally use high-frequency vibrations (100-500 Hz) due
to the vibrotactile sensitivity of humans to frequency. Since piezo actuators are inferior
in their amplitude, previous works employed high frequency. However, mechanoreceptors
that are sensitive to high frequencies (fast adopting type I unit: Pacinian corpuscle) have
large receptive fields and are essentially unsuitable for obtaining the spatial distribution
of vibrations. In contrast, low-frequency vibrations (5-30 Hz) are sensed by mechanore-
ceptors such as Merkel’s disks (slowly adopting type I unit) and Meissner’s corpuscles
(fast adopting type I unit), which have a high spatial resolution for tactile stimuli. Thus,
using low-frequency vibrations to present tactile shapes is a natural approach, although
large amplitudes are required for those low frequencies to be perceptible (about 30 pum);
thus, actuators are large.

We have proposed a vibrotactile stimulation method that uses a low-frequency and
small-amplitude vibration while reducing the detection threshold. The method selectively
stimulates high spatial resolution mechanoreceptors such as Merkel’s disks and Meissner’s
corpuscles in the shallow layer by locating two surfaces in close proximity and vibrate
one of them while suppressing the spread of vibration on the skin. The tactile image
emerges along the boundary edge of the surfaces, and the sensation is sharp localized,
and clear. This method is termed edge stimulation (ES) method and the mechanical
condition of ES method called ES condition. The use and the mechanism of ES method
are the main topic for this chapter. Fig. 2.1 shows a schematic of ES method. The
ES method allows the tactile display surface to be fabricated as a flat plane in contrast
to the previous pin-array displays discussed above; we can mount the ES tactile display
on the flat surface of any device and project images on the display surface. Moreover,
the low-frequency and small-amplitude vibration of the ES method allows for low-power
actuation. Main idea of this study is to utilize ES method for presenting sharp and
distinct shapes. Fig. 2.2 shows the schematic of shape presentation display using ES
method. Instead of dots sensation of previous pin-array display, by locating square shape
vibrator array, continuous lines emerge on the display surface. A concept of continuous
line shaped vibrotactile sensation is completely new idea that will lead to more intuitive

and recognizable shape presentation.
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Fig. 2.1: Schematic of vibrotactile stimulation methods. Left. ES method. Simultaneous
contact with a vibratory surface and a stationary surface enhances human vibrotactile
sensitivity; humans perceive strong tactile sensations at the boundary between the two
surfaces. Right. Non-ES method. Vibrations need to be of larger amplitudes to be
perceived by humans through a simple touch of the vibrating surface.

2.1.2 Related Works of ES Method

Enhancement of human vibrotactile sensitivity

The enhancement of human vibrotactile sensitivity is an effective approach to improve the
efficiency of vibrotactile stimulation to support the lack of amplitudes of piezo vibrators.
ES method also achieves in falling the detection threshold and enables users to perceive
with a few amplitudes. In this subsection, the previous works concerning an enhancement
of human vibrotactile sensitivity are explained.

When inducing vibrotactile stimuli to skin, human vibrotactile sensitivity alters under
the effect of the shapes of the contactor, the contacting area, the curvature of the contac-
tor, the boundary conditions between the skin and the contactor and so on[25, 83, 28, 27].
Further, the effect of an edge has one out of the most controlling affection on the de-
tection threshold. The work of Johansson revealed that not only in central nervous
system due to lateral inhibitory mechanisms in [87] but also at the level of the cutaneous
mechanoreceptors such as FA I and SA I, enhancement of spatial contrast occurs[7].

Several studies have been conducted to evaluate several active methods for enhancing
human sensitivity to vibrotactile stimulations. Liu et al. investigated the changes in
the vibrotactile sensitivity of older people, stroke patients, and patients with diabetic
neuropathy to 30 Hz vibrations containing mechanical noise[23].They reported that the

detection threshold of the fingertip for a vibratory stimulus of 30 Hz containing me-
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Fig. 2.2: Schematic of shape presentation. Left. Previous tactile display with pin-
vibrators. The shape is represented by a combination of dots. Right. ES array device.
The shape is represented by continuous line sensation.

chanical noise was significantly lower than that without mechanical noise. Jeong et al.
found that the addition of a tangential vibration stimulus to a vertical vibration enhances
vibrotactile sensitivity[22]. They investigated the changes in vibration sensitivity at fre-
quencies of 8, 10, and 25 Hz when tangential vibration was added to the stimulation
of the surface of human skin. They modified various mechanical parameters to enhance
human sensitivity to vibrotactile stimuli. Neel et al. reported that the superposition of
electrical noise enhances the detection threshold for an indentation force[24]. They applied
electrical noise to a human foot and investigated the correlation between the magnitude
of the electric noise and the human detection threshold for an indentation force. These
conventional methods, however, require space for another actuator and/or extra power.
These are critical factors for haptic devices, which have limited space for actuators and
are challenged by power conservation.

Simultaneous contacts with vibratory and stationary surfaces in close proximity, ES
method can reduce the detection threshold. This phenomenon was first reported by Ver-
rillo [25] as stationary surface enhanced sensitivity. His vibrotactile stimulation apparatus
included a rigid ring (stationary surface in our study) around a circular vibrating probe.
The original purpose of the rigid ring was the suppression of running waves over the
human skin around the contactor, and the restriction of the stimulation area[25]. Verrillo
investigated the effects of the rigid surrounding on human vibrotactile sensitivity when
the probe and the ring were simultaneously touched — a mechanical situation similar to
ES condition. He reported that the presence of the rigid surrounding enhanced human

vibrotactile sensitivity at low frequencies and that the gap between the probe and the
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surrounding was positively correlated to the human detection thresholds for vibratory
stimuli; the wider the gap, the greater was the detection threshold. He suggested that
this might be due to the pattern of the surface waves as they moved across the gap to the
perimeter of the hole. If the gap is equal to half of the wavelength, the displacement of
the tissue over the gap could be expected to be maximum. He plotted his data using the
ratio of the wavelength to the gap, but no systematic relationship could be determined,
and he concluded that there was no explanation for the results.

In [82, 83, 84, 85, 86|, the mechanical situation in the apparatus of Verrillo was
reproduced, and the psychophysical effects of the rigid surrounding on human temporal
and spatial perception of vibratory stimuli were investigated. All these studies concluded
that the presence of the rigid surrounding affected both sensitivity and the shape of the
temporal tuning curve for low frequencies. Lamore particularly concluded that the effects
of a rigid surrounding were tuned at low frequencies and the detection threshold was
significantly lower at 18 Hz under the conditions of his mechanical apparatus, in which
the contactor size was 1.5 cm? and the gap between the contactor and the circular aperture
in the table was always 1 mm. He determined and extensively discussed the effects of the
surroundings on human vibrotactile sensitivity under various structural conditions of the
mechanical apparatus and various human conditions such as age, application area, and
hairiness. He, however, did not clearly explain the mechanism of how the presence of a
stationary surface enhances human vibrotactile sensitivity. Our study, in the course of
the investigation on the mechanism of ES’s enhancement in the later section, will argue

about the stationary surface enhanced sensitivity in detail.

2.2 Performance of ES method

In this section, while changing several mechanical parameters, human vibrotactile detec-
tion thresholds are investigated under ES condition. The detection threshold indicates
the effectiveness for presenting vibrotactile stimulation. At an amplitude of detection
threshold level, for example Ap ;. mm, one feels just noticeable intensity of vibrotactile
sensation. If the detection threshold becomes low, one perceives stronger vibrotactile

sensation at the amplitude of Ap ;. mm.
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2.2.1 Determination of ES Characteristics as a Function of Sev-
eral Parameters

2.2.1.1 Psychophysical Experiments

Three psychophysical experiments were conducted to assess the performance of ES method.
Experiment 1 was designed to investigate the effects of the vibration frequency on the
detection threshold under ES condition. The detection thresholds for three frequencies
were examined here. For comparison and to evaluate the effectiveness of ES method, the
detection thresholds for the same frequencies under non-ES conditions (Fig. 2.1) were
also examined.

Experiment 2 was designed to investigate the effects of the gap distance between
the vibratory and stationary surfaces on the detection threshold. The gap distance was
gradually increased while other mechanical parameters were kept constant.

Experiment 3 was designed to investigate the effects of the height deviation between
the vibratory and stationary surfaces on the detection threshold. The height was grad-
ually increased while other mechanical parameters were kept constant. This experiment
was conducted for the requirement of ES device development, so the condition set was

smaller (only at 30 Hz) than experiments 1 and 2 (see the Experimental Procedure).

2.2.1.2 Apparatus

The experimental setup is shown in Fig. 2.3. A mechanical stage of a precision of 0.1
mm was placed on a base of sufficient area and weight. A piezoelectric actuator (Tokin,
AHB850C851FPOL-1F bimorph type) was also rigidly placed on the base. The actuator
could generate vibrations of amplitude greater than 85 pum and responses higher than
400 Hz. For a frequency 5 Hz, the amplitude of the generated vibration was not sufficient
to make it perceptible by some subjects. We therefore used another large-amplitude
vibrator (Emic Corporation, Vibration Generator 511-A), on which the same contactor
was placed. Rectangular aluminum contactors were placed on the edge of the mechanical
stage and on top of the piezoelectric vibrator to even the size, shape, and material of the
two contact areas. The area of each contactor was 20 mm, which made them sufficiently
larger than the finger tip. Pressure sensors (Flexi Force A-201) were embedded at the
center of the contactors to observe the indentation force applied by the finger of the
subject. The contactors on the stage and the vibrator respectively functioned as the
stationary and vibrating surfaces of an ES situation. The gap between the two surfaces

was measured by the mechanical stage, which could be easily adjusted by sliding along

22



Stationary
Contactor

\ FQ Pressure

7 Inger Sensor

X h_‘ . Vibratory
> C ontactor

Stage /

L >

/ N Piezo-Electric
3D Pressure Gap <—  Vibrator
Mechanical Sensor Distance
Stage

| |
VLSS S ST SIS ST S ST S

Base

Fig. 2.3: Apparatus schema for psychophysical experiment.
the x-axis using a jog dial.

2.2.1.3 Apparatus Originality

The ES condition of our study and our approach are different from those of previous
works mentioned above [25, 82, 83, 84, 85, 86]. The specific differences in apparatus are
as follows: In previous works, it was difficult to change the gap between the vibrator and
the rigid surrounding, which made the experiments more cumbersome. The rigid ring had
to be continually changed to vary the diameter; otherwise, the vibrating contactor was
changed to another one of a different diameter. This inevitably changed the stimulation
area. We used a simpler method to vary the conditions of the boundary between the
vibrating and stationary surfaces. We simply located the stationary surface close to the
vibrating surface so that we could focus on the typical effects of the stationary surface.
The stimulation area was thus constant for different gaps. Moreover, the structure made

changing the gap easy.
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2.2.1.4 Methods

Vibratory Stimuli

The vibratory stimuli that were used in this study were generated by the following equa-

tion:
y(t) = A(sin(27 ft) + 1) (2.1)

where y(t) is the displacement of the vibrator [um]|, A is the amplitude [pm], and fis the
frequency [Hz].

The sinusoidal stimuli were generated with LEPRACAUN-CPU (general robotics SH4
board, real time art-linux os) and were amped by amplifier (Syou-Ei systems, SPD-410).

Vibratory Frequency Choice

5, 30, and 300 Hz are mainly used in our study and the reason for this choice is as follows.

Tactile receptors of mechanical stimuli differ in their temporal frequency character-
istics. The SA T receptor (known as Merkel’s disk) is most sensitive to vibrations at
approximately 5 Hz; the FA T receptor (Meissner’s corpuscle) is most sensitive at about
30 Hz; and the FA I receptor (Pacinian corpuscle) is most sensitive at approximately
300 Hz [28, 87]. Each type of tactile receptor can therefore be selectively stimulated
by the application of a vibratory stimulus that has a detection threshold amplitude and
frequency that the receptor is most sensitive to [12]; this is known as selective stimu-
lation. Hence, when threshold amplitudes are applied, only the tactile receptors with
corresponding detection threshold frequencies are triggered. Therefore, we can discuss

the mechanism of the ES enhancement regarding to the tactile receptors’ characteristics.

Experimental Procedures

Experiment 1: Detection Threshold as a Function of the Frequency

Firstly, the detection thresholds under non-ES conditions were determined as a reference.
The stationary contactor was removed from the mechanical stage so that the subjects
only touched the vibrating surface. To standardize the relative locations of the finger
and the contactor surface, each subject was required to position the root of his/her nail
on the edge of the contactor.

This experiment examined the conditions of three frequencies, namely, 5, 30, and 300
Hz. As previously described, these frequencies were selected to stimulate the different

types of tactile receptors: SA I, FA I, and FA II, respectively. While each subject was
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touching the vibrating contactor with his/her index finger and adjusting the indentation
force to 1 N, the input voltage of the piezoelectric actuator was progressively increased by
1 V to vary the vibration amplitude between 0 ym and 85 pum. After each increase, the
subject was asked whether he/she could perceive any vibratory stimulus. The threshold
amplitude at which the subject first perceived vibration was recorded. The input voltage
was then decreased in steps of 1 V from a well-defined source, and the threshold amplitude
at which the subject could no longer perceive the vibratory stimulus was recorded. The
detection threshold was thereafter calculated by the method of limits, which was generally
used in previous studies [87]. The process was repeated 3 times for each frequency; i.e., a
total of 9 times for each subject. Each step was repeated as many times as was necessary
for the subject to satisfactorily judge his/her perception of the vibratory stimulus.
Secondly, the detection thresholds under ES conditions were determined. Each subject
simultaneously touched the vibrating and stationary contactors, using one index finger
to apply an indentation force of 1 N. The positioning of the finger was the same as in
the first experiment, and the gap was set to 0.1 mm. Nine tests were performed for each
subject as described above, and the detection threshold was similarly calculated for each

frequency by the method of limits.

Experiment 2: Detection Threshold as a Function of the Gap Distance

In this experiment, the gap between the vibrating and stationary surfaces was increased
in steps of 0.5 mm. Precisely, the gap was sequentially set to 0.1, 0.5, 1.0, 1.5, 2.0, 2.5,
and 3.0 mm. The applied vibration frequencies were 5 Hz and 30 Hz. 300 Hz was left
out because ES method has no significant effect on vibrotactile sensitivity to a vibratory
stimulus of the frequency, as noted in the experimental results below. Each subject
simultaneously touched the vibrating and stationary contactors, using one index finger
to apply an indentation force of 1 N. For each frequency, each subject underwent three
trials for each value of the gap; that is, each subject underwent a total of 21 trials. The

method of limits was once again used to calculate the detection thresholds.

Experiment 3: Detection Threshold as a Function of the Height Deviation

The height of the stationary surface was increased in steps of 0.1 mm from -1.0 mm to
1.0 mm (21 conditions) and the process above was repeated 21 times per subject. The
gap distance was kept to be 0.5 mm. The applied vibration frequencies was 30 Hz. This

experimental result is utilized in the ES device development in the later chapter.
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Fig. 2.4: Results of psychophysical experiments 1. Average detection thresholds of
all subjects for each frequency under ES and non-ES conditions. Error bars indicate
standard deviation.

In experiments 1, 2, and 3, the subjects wore headphones that delivered white noise
to mask environmental changes. In experiments 1 and 2, the seven subjects were right-
handed males aged between 21 and 25 years. In experiment 3, the five subjects were
right-handed males aged between 21 and 25 years. None suffered from a medical disorder

that affected his tactile sense.

2.2.1.5 Results

Experiment 1

Fig. 2.4 compares the average detection thresholds of the subjects under ES and non-ES
conditions. The average detection thresholds under non-ES conditions were 105.65, 29.43,
and 1.02 pm for frequencies of 5, 30, and 300 Hz, respectively. When the vibratory and
stationary contactors were simultaneously touched (ES conditions), the average detection
thresholds were 40.47, 9.17, and 3.58 pm for 5, 30, and 300 Hz, respectively.

When the subjects simultaneously touched the vibratory and stationary contactors,
the detection thresholds for frequencies of 5 and 30 Hz were about one-third of those
when only the vibrating contactor was touched. However, the detection threshold for a

frequency of 300 Hz had the opposite tendency; it increased when the subjects simulta-
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Fig. 2.5: Results of psychophysical experiment 2. 5 Hz and 30 Hz average detection
thresholds of the subjects for different gaps under ES conditions. Detection thresholds
under non-ES conditions (black lines) are added for comparison. Error bars indicate
standard deviation.

neously touched the vibrating and stationary contactors (p < 0.02). This showed that
ES method was not effective and unsuited for vibrotactile stimulation for a vibration

frequency of 300 Hz.

Experiment 2

Fig. 2.5 shows the average detection thresholds of the subjects for 5 and 30 Hz as the gap
was gradually increased. The values are compared with those for the non-ES conditions
in experiment 1. As can be seen, the detection threshold increased with the gap for both

frequencies. This shows that ES method is more effective when the gap is small.

Experiment 3

Fig. 2.6 shows the relation between the height gap and the detection threshold. The
detection threshold and the absolute value of the height were positively correlated and
the curve was almost linear. There was no significant change between a higher stationary

surface and a lower stationary surface.
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Fig. 2.6: Results of psychophysical experiment 3. Average detection thresholds of all
subjects for each height gap under ES conditions. Error bars indicate standard deviation.

2.2.1.6 Discussion

In the studies of Verrillo and others [25, 82, 83, 84, 85, 86] who investigated the detection
threshold as a function of a rigid surrounding (the stationary surface in this study), an
adjustment ring was placed around the circular contactor to set the gap to 0.5 mm. This
created a mechanical setting similar to that of this study. In experiment 1 of our study,
when the gap was set to 0.1 mm and the boundary condition was linear shape (circular
in previous works), the detection threshold under the ES condition was almost the same
as that reported by Verrillo. We found that the ES enhancement was effective at lower
frequencies and that the variation of the detection threshold with the vibration frequency
was the same as in previous reports. The ES condition can thus be considered as part of
the mechanical factors that affect stationary surface enhancement.

In contrast to the behavior of the ES method at lower frequencies, the detection
thresholds for high-frequency vibratory stimuli under the ES condition are higher than
those under the non-ES condition. The reason why the ES method is not effective for
a vibration frequency of 300 Hz could be the same as that reported by Goble [86], who
attributed the effect of the surroundings on high-frequency vibratory stimuli to spatial
summation in the Pacinian system. To investigate and further understand the reason
why ES method is less effective for high-frequency stimuli, we carried out a deformation
analysis of the finger model under ES condition using vibratory stimuli at higher fre-

quency in later chapter 3 section 2. This analysis involved an examination of the deeper

28



skin layer in which the Pacinian corpuscle is located.
Based on the graph of the effect of the gap between the vibrating and stationary
surfaces (Fig. 2.5), the approximate equation of the detection threshold for 5 Hz is

A = 8.67d/100 + 42.33 (2.2)

where A is the detection threshold amplitude [pm] and d is the gap [mm|. The approx-
imate curve of the relationship between the gap and the detection threshold is almost
linear. The curve crosses the detection threshold for a single contactor at a gap greater
than 7.30 mm. Thus, the ES effect almost disappears when the gap is greater than 7.30
mm for a frequency of 5 Hz.

Similarly, the approximate equation for a frequency of 30 Hz is
A =5.93d/100 + 8.13 (2.3)

It can be seen from the approximate curve that the ES effect almost disappears when
the gap is greater than 3.4 mm. Comparing the approximate curves for 5 and 30 Hz, it
can be observed that the gradient of the former is greater than that of the latter, which
indicates that ES method is stronger at 5 Hz.

For the experiment 3, the gradient of the curve was small, that is, the detection
threshold is still low compared to the one in which the vibratory surface was simply

touched and the ES method is sufficiently effective with the height gap of 1.0 mm.

2.3 Analysis on ES method

To investigate the mechanism of the ES enhancement, we conducted a series of finite
element (FE) analyses of the deformation of the finger using a simple model comprising
four skin layers, and simulated vibrotactile stimulation under the ES conditions. This
chapter contains static and dynamic analyses to observe the strain energy density (SED)
behavior inside the finger model.

Note that section 2.2 and 2.3 are preliminary steps for further and detail analyses
on ES method with multiple vibration in chapter 3 section 2, the following deformation
analysis and psychophysical experiments are elementary estimation of a phenomenon

occurring under the ES.
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2.3.1 Analysis of Skin Deformation under the ES Conditions
2.3.1.1 Strain Energy Density for an Index of Vibrotacitle Perception

The stress and strain energies are positively correlated and previous studies have also
reported a correlation between the SED and vibrotactile sensation. For example, Srini-
vasan [32] analyzed the mechanism of human perception of a cylindrical model containing
rectangular indentations. In his study, the maximum compressive strain and SED at typ-
ical receptor locations emerged as two strain measures that were directly related to the
electrophysiologically recorded response rate of SA I mechanoreceptors. He concluded
that the SED was a better candidate for the relevant stimulus of SA I receptors because
it is a scalar quantity and invariant to the orientation of the receptor, and also a direct
measure of the distortion of the receptor caused by the loads imposed on the skin. In
addition, Maeno et al. constructed an FE model of the human finger by determining its
geometry and the material properties of its tissue [33]. They concluded that there was a
linear relationship between the SED of the tactile receptors and the firing frequency of
the nerve impulse. Makino also investigated the spatial distribution of the SED inside an
FE model of a finger [75]. They suggested that similar SED distributions inside the finger
produced the same tactile sensation. For example, the static suction sensation generated
by a small cylindrical hole was the same as the sensation produced when a pin of the
same size as the hole is pressed against the skin. Considering the foregoing, we used the
SED as an index of the effect of vibration on the deformation of the skin model in this
subsection. The better index for FA T and FA 1 are still controversial, considering the
Fig. 1.6 in section 1.3, FA I and FA 1I respectively respond to the velocity and accelera-
tion of the stimulation that translated into a skin strain, and the skin strain is correlated
with SED. Thus, we particularly focused on the spatial distributions of the SED peaks
and the SED frequencies inside the model. The SED peak is related to the amplitude
of the deformation caused by the vibration, whereas the SED frequency is correlated to
the frequency of the deformation. Hence, by observing the spatio-temporal behaviors
of SED, we can estimate why human perceive strong vibrotactile sensation with small

amplitudes under the ES conditions.

2.3.1.2 Method: FE Analysis

Fig. 2.7 shows the finger model used for the simulation of this study. In this sub-
subsection, the Marc and Marc Mentat was used for the analysis solver and the model

builder. Because our focus was to determine the tendency of the spatial distribution
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of the SED, the developed FE model of this study had a simple 2-D rectangular shape
(More realistic model was analyzed in Part Ill). The absolute value of the SED that was
obtained was therefore not precisely that of an actual finger. The largest mesh size was
2.0 mm?, which was used around the top of the finger model. The smallest was 10.0 pm?
and was used around the bottom of the model. The height of the model (the average
distance from the surface of the human skin to the peripheral bone) was 8.0 mm, and
the width was 51.2 mm. These dimensions were large enough to make the sides free
from the boundary effects. The first layer of the model (0.0-0.05 mm deep) represented
the horny layer; the second layer (0.05-0.3 mm) represented the epidermis; the third
layer (0.3-0.6 mm) represented the dermis; and the last layer (0.6-8.0 mm) represented
the subcutis. Table 1 lists the parameters of the finger model, namely, the Young—s
modulus, Poisson—s ratio, and density of each layer, which were obtained from the work
of Maeno et al.[33].

There were two rigid surfaces at the bottom of the contacting finger model, as shown
in Fig. 2.7. The left side was the stationary surface and the right side was the vibrating
surface. Both surfaces were in frictional contact with the finger model and the skin was
able to peel off from them. The top of the finger model, which represented the bone

inside the finger, was fixed by zero displacement.

Static Analysis

Static analyses were carried out to determine the spatial distributions of the SED under
the ES and non-ES conditions. The gap was varied to observe the variation of the SED
with it. If ES phenomenon is a linear phenomenon, the input vibration frequency will not
change inside the skin of the finger, and the skin will move with the same frequency (as-
suming the skin behavior is linear for sufficiently low frequencies and small amplitudes).
Hence, the detection threshold tendencies during the psychophysical experiment can be
explained by comparing the SED peaks. During the static analyses, we expected stress
concentrations at the edges under the ES conditions to result in a significant increase in
the SED peak. In other words, the SED peak was not expected to decrease when the gap
was increased, as was observed during the psychophysical experiment.

The vibratory surface was moved by a fixed displacement of 10.0 pm, was determined
from the experimental results to correspond to the average detection threshold for a vi-
bratory stimulus of 30 Hz. The top of the finger model also moved down by a fixed

displacement of 2 mm which represents an indentation force. First, under the ES con-
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Table. 2.3: Parameters of finger model

Depth from Surface Young’s Modulus Poisson’s Ratio  Density

[mm] [MPa] - [kg/mm 3]
0.0-0.05 0.680 0.48 1.1e-6
0.05-0.3 0.136 0.48 1.1e-6
0.3-0.6 0.085 0.48 1.1e-6
0.6-8.0 0.034 0.48 9.6e-7

ditions, one surface was raised by 10.0 um, and the spatial distribution of the SED was
investigated. Additionally, under the non-ES conditions, the bottom of the finger model
was used to touch and raise one flat vibrating surface of width 60 mm by 10.0 um, and
the SED distribution was investigated.

Secondly, the gap was sequentially set to 0.1, 1.0, and 3.0 mm under the ES condition,
and the SED distributions and SED peaks were similarly analyzed.

Dynamic Analysis

Dynamic analysis was conducted to observe skin deformations that could not be observed
by the static analysis, such as the impact effects of the skin on the surfaces and skin
resonance and so on. We considered not only the SED peak, but also the SED frequency.
If ES phenomenon is a nonlinear, the deformation frequency of the skin could be changed
compared to the input frequency. In this analysis, we expected the frequency of the skin
deformation to rise under the ES conditions, and/or the absolute value of the SED to
alternately rise and fall as the gap was increased. This would make the variation the
same as that of the psychophysical experiment.

The vibrating surface was vibrated at a frequency of 30 Hz and amplitude of 10.0 pum.
The top of the finger model also moved down by a fixed displacement of 2 mm which
represents an indentation force. The gap was then sequentially set to 0.1, 1.0, and 3.0
mm, and the variations of the SED were observed. Increments of 500 were used and the

total analysis time was 0.5 s.

2.3.1.3 Results

Static Analysis

Fig. 2.8 shows the spatial distribution of the SED inside the finger model. It should be

noted that the initial SEDs (after application of the initial pressure) were different for
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Fig. 2.7: Finger model for deformation analyses.

the different conditions (i.e. gap 3.0 mm had the maximum initial SED due to stress
concentration at edge), and each initial SED was subtracted from those in the graphs.
Therefore, the SEDs in the graph indicate the differences due to the displacement of
the vibrating surface. There was an increase in the SED above the raised edge of the
vibrating surface, and the significant differences between the SED peaks under the ES
and non-ES conditions were observed. The sample points in the finger model layer were
between 0 and 1.0 mm, where the FA T and SA I receptors were located. The SED peaks
under all ES conditions were greater than those under the non-ES conditions, which did
not contradict the results of the psychophysical experiment of section 2.2. The SED
increased as the gap was increased, and a maximum value was observed for a gap of 3.0
mm. This observation contradicted the results of the psychophysical experiment against
the gap parameters of section 2.2. Although we expected an increase of the gap to reduce
the SED, the opposite was observed.

We have observed the generation of large SEDs at the gap’s edge under the ES condi-
tion for the gaps of 0.1, 1.0, and 3.0mm which are larger than those of under the non-ES
condition as we expected, however the effects of the gap under the ES conditions could

not be explained by this static analysis.
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ES conditions (continuous lines). Data for non-ES conditions are added for comparison
(dashed lines).

Dynamic Analysis

Fig. 2.9 shows the spatial SED distribution at some representative nodes inside the
finger model under the ES conditions for gaps of 0.1 and 3.0 mm, and under the non-ES
conditions in the time domain. It should be noted that each initial SED was subtracted
from the SEDs in the graphs, as in the static analysis. The figures on the left respectively
show the SED (solid lines) at points A, B, C, D, and E for a gap of 0.1 mm. The vibrator
displacement (dashed lines) has been added for frequency reference. The figures on the
right show the SED at points A, B, and C for a gap of 3.0 mm. The figure at the bottom
right shows the SED at the center of the finger model under the non-ES conditions. Point
A is at the edge of the stationary surface; point B is at the middle of the gap; point C is
at the edge of the vibrating surface; point D is 10 mm to the left of point A; and point
E is 10 mm to the right of point C. Give in Table. 2.4 are the SED peak values, the
values of the maximum SED minus the minimum SED (SED amplitude), and the SED
frequencies at the different points. For both gaps of 0.1 and 3.0 mm, the maximum SED
peak and maximum SED amplitude occurred at the edge of the vibrating surface. This
was due to the stress concentration inside the finger model at the edge of the vibrating
surface. The maximum SED peaks and SED amplitudes under the ES conditions were
greater than those under the non-ES conditions. This observation was the same as that
of the static analysis.

Under both ES (gap 3.0 mm) and non-ES conditions, the SED curves for every sample

point followed the vibrator displacement for a frequency of 30 Hz. In contrast, for a gap
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Table. 2.4: Results of dynamic analysis

Position ‘ A B C D E
SED peak
Gap 0.1mm 3.42e-4 3.34e-4 3.6Te-4 2.85e-4 3.03e-4
SED peak
Gap 3.0mm 1.17e-2  1.26e-3  1.20e-2 - -
SED peak

non-ES - 3.13e-4 - - -

SED amplitude
(SED Max-Min) | 7.90e-5 6.37e-5 2.08e-4 9.46e-6 4.04e-5
Gap 0.1mm
SED amplitude
(SED Max-Min) | 3.30e-4 7.24e-5 1.04e-3 - -

Gap 3.0mm
SED amplitude
(SED Max-Min) - 6.21e-5 - - -
non-ES
SED frequency | non- non- non-
Gap 0.1mm Linear  Linear Linear  Linear Linear
SED frequency
Gap 3.0mm Linear  Linear Linear - -
SED frequency
non-ES Linear  Linear Linear  Linear Linear

of 0.1 mm, the SED curves for points A, B, and C included nonlinear components when
compared with the input frequency components. At A particularly, the SED phase change
was opposite to the movement of the vibrating surface. Hence, the SED frequency at
point B increased to almost 60 Hz.

Under conditions of 3.0 mm gap ES and non-ES, the SED curves moved along the
vibrator displacement at 30 Hz in every sample point. In contrast, under condition of
0.1 mm at position A, B and C, SED curves included non-linear components compared
to the input frequency component. Especially in position A, the SED was changing in
opposite phase against the vibratory surface movement. Hence in position B, the SED

frequency was increased (almost 60 Hz).
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2.3.2 Discussion

2.3.2.1 Nonlinear Filtering Effect of the ES Structure

The static analysis showed that the ES conditions increased the SED peak and made it
higher than that under the non-ES conditions. However, the variation of the vibrotactile
sensitivity with the gap under the ES conditions cannot be used as an index of the SED
peak. During the dynamic deformation analyses, the variation of the gap could not be
explained by the behavior of the SED peak. Hence, we focused on the frequencies of the
SED curves. Fig. 2.9 and table. 2.4 indicate a nonlinear variation of the SED at points
A, B, and C under the ES conditions for a gap of 0.1 mm.

At skin, the contacted object’s information transmitted before reaching to the cu-
taneous mechanoreceptors through several non-linear translations such as non-linearity
of material, geometrical non-linearity and non-linearity of contact [95]. The behavior of
nonlinear variation of the SED is mainly due to the non-linearity of the contact conditions
between the skin and the stationary and vibrating surfaces. For example, Fig.2.10 shows
the schismatic of non-linearity of time variant contact condition between the skin and an
object. If the contacted surface vibrated in sinusoidal waves, the skin responds to the
indented (pushing) direction while not for pulling. Then, the resultant skin deformation
becomes half-wave, non-linear response due to this non-linearity of contact. This phe-
nomenon is also reported in [34], they observed the mismatch between probe sinusoidal
motion and skin motion.

Fig. 2.11 (a) is a schematic of the skin deformation and the contact conditions. On
the left of Fig. 2.11 (a), the SED increased at the edge of the vibrating surface when it
was raised, and at the contact boundary between the skin and the edge of the vibrating
surface, as was observed during the static analysis. The same occurred on the right of Fig.
2.11 (a) when the vibrator was lowered; the contact of the skin with the stationary edge
increased the SED. Owing to the coupling effect, the skin surface peeled off the vibrating
surface when the gap was small. The forced sinusoidal displacement input of the vibrating
surface was transformed into nonlinear strain of the skin owing to the variation of the
contact in Fig. 2.11 (a) with time. The conditions of the mechanical structure of the ES
can be considered as having a filtering effect that rectifies the half-wave at the edge of the
stationary surface when the gap is sufficiently small. For such a small gap, the inputted

sinusoidal stimulation is transformed into a half-wave at point A (see Fig. 2.11 (a)). The
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outputted skin strain at point A is therefore described by the following equation:

input : x(t) = Asin(2r ft) + B (2.4)

Asin2rft+n)+B y> B

output : o4(t)/E = { B y< B (2.5)

where A is the amplitude [pm], fis the frequency [Hz|, B is the initial forced displacement
(offset) [um], o(t) is the skin strain [N/m?], and F is the Young’s modulus [N/m?|.
Similarly, the skin strain at point C is described by the following equation:

Asin(2nft)+ B y>B

ou(t)/E ={ 4 =y (2.6)

Based on the results of the dynamic analyses, the behavior of the SED at point B can be
explained by the linear combination of the half-waves at points A and C. When the gap
is large, the nonlinear effect of the ES structure disappears. Fig. 2.11 (b) shows the flow
chart of the nonlinear relationship between the displacement of the vibrating surface and
the skin strain described above.

It should be noted that the SED is the square root of the strain that would double
the frequency component. However, the spectral power density of the SED obtained by
this mathematical procedure is small. For example, assuming a simple uniform elastic

body, the strain energy (SE) is given by the following equation:

SE = %Eé (2.7)
= £ B(Asin(vr) + BY (2.8)
= %E(ZAB sin(wt) — w + A; + B?) (2.9)
~ %E(QAB sin(wt) + B (" B> A) (2.10)

where E is the Young’s modulus [N/m?], and € is the strain [um]. The offset B is
much greater than the amplitude A, and the doubled frequency component 2w can be
assumed to be zero. For example in our analysis, amplitude A was 10 pgm and initial

offset B was 2 mm.

2.3.2.2 Frequency-rising Hypothesis

We assume that human may perceive higher frequencies under the ES Conditions. We
focused on the frequency of the SED and assumed that the generation of a high-frequency

SED at the gap increases the perceived frequency of a vibratory stimulus under the ES
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conditions. We termed this as frequency-rising hypothesis. In general, with a combination
of SA I, FA I, and FA II sensitivity, the resultant human sensitivity to vibratory stimuli
increases with increasing amplitude and/or frequency of the vibration [28, 87]. If the
perceived frequency is higher under the ES conditions, it might explain the reduction
of the detection threshold. A comparison of the SED frequency at point B in Fig. 2.9
under the ES conditions for a gap of 0.1 mm with that at the same point under the
non-ES conditions for a gap of 3.0 mm shows that the former is about twice the latter.
If the frequency doubles from 30 Hz to 60 Hz, the detection thresholds fall to about one-
third the original values as shown in Fig. 1.9 in chapter 1. This effect could reverse the
SED peak tendency toward the gap distance which contradicted to the psychophysical

experiments result.

2.3.3 Verification Tests

Two psychophysical experiments were conducted to verify the frequency-rising hypothe-

sis.

2.3.3.1 Experiment 1: Verifying whether perceived frequency is actually
higher under the ES conditions

This experiment was designed to verify the hypothesis that humans perceive higher vibra-
tion frequency under the ES conditions than under the non-ES conditions. We examined
whether the increase in the SED frequency contributed to the perception of a higher
frequency. In doing this, the subjects compared the frequencies perceived under the ES
conditions with those under the non-ES conditions. We expected the subjects to report

higher frequencies under the ES conditions.

Method

Fig. 2.12 shows the contactor conditions. Condition 1 corresponds to non-ES, and
Condition 2 corresponds to ES. Each subject simultaneously assessed both conditions
using the right index finger and the left index finger, and vice versa. Both vibrators
were vibrating at 30 Hz and amplitudes were set to double of a previously determined
detection threshold amplitude. The subjects were allowed to adjust the frequency of the
non-ES vibrator so that they could perceive the same sensations under the ES and non-ES
conditions. To accomplish the adjustment, the subjects first touched both contactors for
3's. They then adjusted the frequency of Condition 1 (non-ES) by a jog dial of a function
generator (NF Corporation, WF1973), which enabled a 0.01 Hz change. This process was
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Fig. 2.12: Psychophysical experiment to investigate the perceived change in frequency
under the ES conditions. The subjects compared the vibrotactile frequency sensations
under the ES conditions (left) with those under the non-ES conditions (right).

repeated as many times as was necessary for the subject to satisfactorily complete the
frequency adjustment. Fach subject executed three trials and the mean frequency was
calculated. It should be noted that humans can clearly perceive a frequency difference of

2 Hz in vibrations of about 30 Hz [35, 36, 37, 38].

Result

Fig. 2.13 shows the results of the perceived frequencies under the ES conditions for the
seven subjects. As can be seen, all the subjects felt higher frequencies (average of 51.7
Hz) under the ES conditions. This showed that the high-frequency SED generated at the
gap contributed to the perceived higher frequency of the vibration.

2.3.3.2 Experiment 2: Verifying whether threshold under the ES conditions
is the same as that for doubled frequency under the non-ES condi-
tions

Based on the results of Experiment 1, humans perceive almost twice the actual frequency
under the ES conditions. In this experiment, we investigated and compared the detection
threshold for a vibration of 60 Hz under the non-ES conditions and that for a vibration
of 30 Hz under the ES conditions. We were interested in determining whether ES per-
formance for a given frequency was the same or more effective than that of non-ES for

twice as high frequency.
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Fig. 2.13: Results of psychophysical experiment. Higher frequencies (average of 51.7 Hz)
were perceived when a vibration of frequency 30 Hz was applied under the ES conditions.

Method

The experimental setup is shown in Fig.2.3. The mechanical setup was the same as

previous experiment. The vibratory stimuli were generated using the following equation:
y(t) = A(sin(2nft) + 1) (2.11)

where y(t) is the displacement of vibrators [um]|, A is the amplitude [um]|, and fis the
frequency [Hz]. Detection thresholds were investigated with the same method in section
2.2. We used 60 Hz vibratory stimuli under the non-ES conditions and 30 Hz vibratory

stimuli under the ES conditions. The six subjects were all right-handed males.

Results

Fig. 2.14 shows the detection threshold for each condition. The detection threshold for
30 Hz vibration under the ES conditions was lower than that for 60 Hz vibration under
the non-ES conditions. As can be seen, the ES effect on the detection threshold was

greater than that of simply doubling the frequency under the non-ES conditions.

2.3.3.3 Discussion

In experiment 1, under the ES conditions, the subjects perceived almost twice the actual
frequency, which supported the frequency-rising hypothesis. In experiment 2, we doubled
the frequency under the non-ES conditions to determine whether the effect would be the
same as that of ES enhancement. The detection threshold was, however, still lower

under the ES conditions. This suggests that ES enhancement has the combined effect of
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Fig. 2.14: Results of psychophysical experiment. ES enhancement was more effective
than simply doubling the vibration frequency under the non-ES conditions.

increasing the perceived frequency and intensity of the stimulus by increasing both the
SED frequency and the SED peak.
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Chapter 3

Advanced Techniques of Edge
Stimulation Method: Edge

Stimulation Method Using
Multi-vibrations

3.1 Performance of the ES method with multiple vi-
brations

When applying the ES method to the shape presentation on a vibrator-array type tactile
device, it is essential for presenting supposed tactile sensations to consider the situa-
tion such like vibrators in close proximity vibrates simultaneously in different phases,
amplitudes and frequencies. The phenomenon occurring behind the ES method with
stationary surface described in chapter 2 will also happen in ES method with multiple
vibrations; several analyses and psychophysical experiments verified this in the following
sections. Especially in this section, we conduct several psychophysical tests to investigate
the sharpness of tactile image by ES method with a view of applying ES device in chapter
5.

3.1.1 Determination of ES Characteristics as a Function of Sev-
eral Parameters

3.1.1.1 Psychophysical Experiments

Three experiments were conducted in this section to examine the effects on detection
thresholds for ’frequency’; 'gap distance’ and 'phase deviation’ under the ES condition

with two vibratory surfaces.
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Fig. 3.1: Experimental setup. Two vibrators vibrate in opposite phases, and the gap
between them can easily be changed by tuning the jog of the mechanical stage.

3.1.1.2 Apparatus

Fig. 3.1 shows the experimental setup. A mechanical stage with a precision of 0.1 mm
and a rigid stage were located on a base with sufficient area and weight. Two sets of
piezoelectric actuators, same ones as previous apparatus, were placed on these stages.
Contactors with pressure sensors were located on the vibrators to regulate the size and
shape of the contact area. By tuning the jog of the mechanical stage, the gap distance

can be easily changed.

3.1.1.3 Methods

Vibratory Stimuli
Each vibrations are generated according to the following equation:

A Ya(t) = Asin(27 ft) (3.1)
B :Yg(t) = Asin(2r ft + ¢) (3.2)

Here Y4 (t),Yp(t) are the displacement [pm], A is the amplitude [um], fis the frequency
[Hz] and ¢ is the phase deviation.
The digital signals were generated by Arduino Mega 2560, passed through 1st order
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analog low-pass filter (RC parallel circuit, cut off 800 Hz), and were amped by amplifier

same as previous experiment.

Experimental Procedures

Experiment 1: Detection Threshold as a Function of the Frequency

Firstly, the detection thresholds under the non-ES conditions were determined as a ref-
erence. One contactor was removed from the mechanical stage so that the subjects only
touched the vibrating surface. To standardize the relative locations of the finger and the
contactor surface, each subject was required to position the root of his/her nail on the
edge of the contactor.

This experiment examined the conditions of frequencies, namely, 5, 10, 20, 30, 40,
50, 60, 70, 80, 90, 100, 150, and 200 Hz. While each subject was touching the vibrat-
ing contactor with his/her index finger and adjusting the indentation force to 1 N, the
input voltage of the piezoelectric actuator was progressively increased by 1 V to vary
the vibration amplitude between 0 um and 85 pum. After each increase, the subject was
asked whether he/she could perceive any vibratory stimulus. The threshold amplitude
at which the subject first perceived vibration was recorded. The input voltage was then
decreased in steps of 1 V from a well-defined source, and the threshold amplitude at
which the subject could no longer perceive the vibratory stimulus was recorded. The
detection threshold was thereafter calculated by the method of limits, which was used in
previous studies[87]. The process was repeated 3 times for each frequency; i.e., a total
of 36 times for each subject. Each step was repeated as many times as was necessary for
the subject to satisfactorily judge his/her perception of the vibratory stimulus.

Secondly, the detection thresholds under the ES conditions were determined. Each
subject simultaneously touched the vibratory contactors covering the gap between them,
using one index finger to apply an indentation force of 1 N. The positioning of the finger
was the same as in the first experiment, and the gap was set to 0.1 mm. 36 tests were
performed for each subject as described above, and the detection threshold was similarly

calculated for each frequency by the method of limits.

Experiment 2: Detection Threshold as a Function of the Phase Deviation of
two vibrations

The detection thresholds for overlapped vibrations at each phase deviation were inves-
tigated by the method of limits. The subjects touch both vibratory contactors with an

indentation force of 1 N. The phase deviation between the two vibrators is changed from
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0 to m at 15° intervals divided into 12 trials and presented randomly. Note that the stim-
uli were presented as many times as the subject satisfactorily estimated the vibration
presence. Each trial was repeated thrice and the detection thresholds were averaged for
a total of 36 times for each individual. The eight subjects were all right-handed males of
ages 21-25.

Experiment 3: Detection Threshold as a Function of the Gap Distance

Subjects touched both vibratory contactors with their first finger to cover the gap with
an indentation force of 1 N. The detection threshold was then calculated by the method
of limits. Under these conditions, the gap between the surfaces was increased by 0.5 mm
for each trial. The gap distances used in this study were 0.01, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0,
3.5, 4.0, 4.5, and 5.0 mm at 30 Hz. At 5 Hz, they were 0.01, 0.5, 1.0, 1.5, 2.0, and 2.5
mm, because vibrators were not able to provide sufficient amplitude for some subjects for
the gap more than 2.5 mm. The vibration stimuli followed egs. 1 and 2. The frequencies
were set to 5 and 30 Hz. Note that the stimuli were presented as the number of times the
subject satisfactorily judged the presence of vibrations. Each trial was repeated twice,
and the detection thresholds for five individuals were averaged. The five subjects were
all right-handed males aged 21-28 years.

For all experiments, subjects wore headphones that played white noise and also wore
an eye mask so that they would not perceive any environmental changes. None of the

subjects had any known medical condition or disorders affecting their tactile sense.

3.1.1.4 Results

Experiment 1

Fig. 3.2 shows the average detection thresholds for each frequencies. Black line is non-ES
condition and gray line is ES condition. As frequency got higher, detection thresholds
became lower for each conditions. For frequency lower than 50 Hz, the detection threshold
of ES condition was lower than that of non-ES condition. Detection thresholds for 60-200
Hz, there were no significant difference between two conditions. Therefore the ES method

is effective for frequencies lower than 50 Hz.

Experiment 2

Figs. 3.3, 3.4 show the experimental results. When both the vibrators were vibrating at

the same phase at 30 Hz, the detection threshold was almost the same as the detection
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Fig. 3.2: Detection thresholds as a function of frequency. Black and gray line indicates
the average detection thresholds for non-ES and ES condition respectively. Error bars
indicate standard deviation.

threshold in Fig. 3.2 under the non-ES condition. At 5 Hz, the vibrators were not able
to provide sufficient amplitudes for all subjects when both vibrators were in the same
phase. Negative correlation was observed between the detection thresholds and phase

deviation.

Experiment 3

Figs. 3.5, 3.6 show the experimental result. Smaller the gap distances decreases, the
lower the detection threshold became. ES method was therefore effective when the gap
distance was small for both frequencies. The feedback from the subjects indicated that
the tactile sensation also differed at gaps of more than 3 mm at 30 Hz and 1 mm at 5

Hz: a sharp cutaneous sensation turned into a blunt shaking sensation.

3.1.2 Two Lines Discrimination

Two lines discrimination for ES line was examined in this experiment. This experiment
is conducted to figure out how close the tactile lines by ES method can be placed without

confusing them as a single line.

3.1.2.1 Method

Fig. 3.7 shows the experimental conditions of ES two lines and real two lines. Under

condition of ES two lines, the central vibrator vibrates in opposite phase against the
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Fig. 3.7: Conditions of ES two lines (left) and real two lines (right). Contactor was
large enough to cover a fingertip (Side View).

vibrator besides and two tactile line sensation were presented. Vibrotactile stimuli were
the same as previous tests. The frequency was 30 Hz and the amplitude was set to 3 dB
larger (5.8 pm) than detection threshold in Fig. 3.6 that is sufficiently perceivable. Eight
subjects (all right-handed males age 21-24) wore eye mask and touch the ES lines with
indentation force of 1 N. Experimenter guided to make sure that the index finger covers
both ES lines. Then the subjects were asked to answer the perceived tactile lines were
one or two. After this procedure, we changed the central vibrator’s contactor size and
repeated this procedure. At each trial, the gap distances were set to 0.5 mm by adjusting
the mechanical stage jog. The contactor size in Fig. 3.7 "d” were 1, 2, 3, 4, and 5 mm
and exchanged in random order. The real two lines discrimination was also conducted

for the reference.

3.1.2.2 Result

Fig. 3.8 shows the average answer ratings and fitted curves (cumulative distribution
function, right ©=3.78, 0=0.68. left u=1.91, 0=0.87.). The 75 % discrimination distance
for ES method was about 4.2 mm and for real lines it was about 2.5 mm. Participants
reported that the ES lines were felt to be bold single line when the distance was small.

The phantom sensation was not reported in this experiment.

3.1.3 Investigation on Width of Vibration Spread

This experiment is designed to verify how sharp the tactile sensation by ES method is
by comparing tactile image widths under three conditions; a single pin vibrator, pin-
array vibrator and flat vibrator. The tactile image width means the perceived spreading

vibration area along the skin.
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Fig. 3.8: Correct ratio of ES two line and real two line discrimination test. Error bars
indicate standard deviation.

Table. 3.1: Conditions of vibrations

1.ES 2.Pin  3.Pin-array 4.Non-ES
Equation eq.1 & eq.2 eq.1 eq.1 eq.1l
Frequency 30Hz 30Hz 30Hz 30Hz
Detection Threshold 4.1pm 23pum 18.7pum 25.7pum
Amplitude 5.8 pum 32.5um 26.4pm 36.3pum

(3 dB from detection threshold)

3.1.3.1 Apparatus Conditions

The experimental setup is identical to the previous experiment (Fig. 3.1). In particular,
in this experiment, contactors were attached on the vibrators in order to change the
vibration conditions, as shown in Fig. 3.9. Condition 1 is the ES method with 0.5 mm
gap. Under condition 2, a pin-shaped contactor with a width of 0.5 mm were attached to
one vibrator of the apparatus. Under condition 3, pin-shaped guides were placed besides
the pin-shaped contactor of condition 2. Each pins’ size were 0.5 mm and the gaps were
set to 2 mm. This condition represented the general pin-array type tactile devices with a
pins located in two point discrimination at finger tip (2 mm). Under condition 4, subjects
touched the flat area of a single vibrator of condition 1. Contactors had a length of 10

mm (Fig. 3.9 side view).

3.1.3.2 Procedures and Tasks

Subjects touched the contactors under each condition with an indentation force of 1 N.

The indentation force of this experiment was observed by electronic balance below the
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Fig. 3.9: Conditions of vibration presentation methods. Subjects answer the perceived
tactile image width x. 1. ES method: Two vibratory surfaces vibrate in opposite phases
with a gap of 0.5 mm. 2. Pin: A single 0.5 mm pin vibrator. 3. Pin-array: A single 0.5
mm pin vibrator with two static pins besides in 2 mm gap. 4. Non-ES: Flat vibrator
with sufficient size to cover a finger.

apparatus. The forearm was fixed by using an armrest and subjects were only able to
move the wrist and fingers. The stimuli conditions are shown in Table. 3.1. Amplitude
was set to 3 dB larger than the detection thresholds of each condition. For conditions
1 and 4, the detection thresholds were taken from previous tests. For conditions 2 and
3, the detection thresholds were determined as an average of five subjects in preliminary
experiment. After presenting the stimuli for 1 s, subjects were asked to answer the width
of tactile images (Fig. 3.9 width: x mm) comparing to a length gage. The stimuli
presentation was repeated as many times as the subjects were able to respond. The

eleven subjects were all right-handed males of ages 21-28.

3.1.3.3 Result

The result is shown in Fig. 3.10. All subjects responded with significantly wider tactile
images under condition 1 than under other conditions. There was no significant difference
between conditions 2 and 3 (p=0.14). This result indicated that the ES methods produced
significantly sharper tactile images than the other methods, though the tactile image
(approximately 1-2 mm) was still wider than actual gap distance (0.5 mm); this may

affect the two-line discrimination, which was larger than the real two lines condition.
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Fig. 3.10: Perceived tactile image width for each vibrotactile stimulation method.

3.2 Analysis on ES method with Multiple Vibrations

This section includes two topics to be investigated. Firstly, the mechanism why one feels
sharper tactile sensation under ES condition than that produced by a single vibrator
is investigated. Several analysis were conducted to observe the spatial distribution of
the strain under ES condition inside a skin model. 1.the spread in width direction af-
fects the tactile image extension and 2.the spread in height direction affects the types of
mechanoreceptors. The spread in width direction contributes to the lateral extension of
tactile image that results in blurriness of sensation. As for the latter, if the skin defor-
mation reaches to the deep layer where the FA 1I exist, the tactile image gets blurred due
to the wide receptive field.

Secondly, the parameters that change the effects of ES non-linear filtering effect is
investigated. In section 2.3, we demonstrated under ES condition, not only the growth of
SED absolute value by stress concentration at the edge but also increase in SED frequency
by ES non-linear filtering effect. The existence of non-linearity of contact has already
been implied, though positive application for a tactile stimulation have not been invented
and the effects of arising high frequency deformation on tactile sensation has also not
been clearly explained. For further understanding of this phenomenon, we conduct a
serious of parameter studies with FE finger model viscosity of the skin and frequency of

multiple vibrations.
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Fig. 3.11: Finger model and other mechanical conditions. (a) Left: Vibration overlap
method (0.5 mm gap). (b)Right: Pin-shaped vibrator (0.5 mm diameter).

3.2.1 Investigation on the Spatial Distributions of Deformation
Inside Finger Model

Investigation was conducted separately in two subsections, 1. Spread in width direction

and 2. Spread in Height Direction.

1. Spread in Width Direction

In this subsection, we discuss the deformation analysis that we conducted on a finger
model to observe the spatial distribution of the SED. By analyzing the spatial distribution
of the SED and the spatial distribution of the frequencies of the SED, we investigated
the effects of the mechanical structure and stimuli conditions on the tactile image width.

The analysis solver was Marc Mentat.

3.2.1.1 Model and Method

Fig. 3.11 shows the finger model and vibrator conditions simulated in our study. The
mechanical properties (layered structure, Young’s modulus, Poisson’s ratio and Density)
and the sizes were identical to the previous analysis in section 2.3. In this study, we
used vibratory stimuli of about 30 Hz, to which Meissner’s disk is most sensitive. Since
Meissner’s disk exists in the boundary between the epidermis and the dermis, we observed
the SED at a depth of 0.05 mm below the surface of the skin. There were two rigid surfaces
of 30mm each under the contacting finger model as shown in Fig. 3.11 (a), both of which

were vibratory surfaces with forced displacement. Both surfaces were in friction contact
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Table. 3.2: Conditions of vibrations

Condition 1 Condition 2 Condition 3
ES method pin vibrator ES method
Equation eq. 3.1 & eq. 3.2 eq. 3.1 eq. 3.1 & eq. 3.2
Frequency 30 Hz 60 Hz 30 Hz
Amplitude 10 pm 10 pm 5p
— same as condition 2 ‘ detection threshold level

with the finger model and the former was able to peel off from the latter. The gap
between the two surfaces was set to 0.5 mm, which was the same as in previous works
that investigated the tactile image width. The pin vibrator, shown in Fig. 3.11 (b), had
rigid rectangular surfaces and the narrow side was set to 0.5 mm. There was also a rigid
surface on the top of the model, glued to the finger by a zero fixed displacement and
representing the rigid bone of the finger. In the dynamic analysis, the vibratory surfaces
moved according to the same sinusoidal equations in section 2.3.

Table. 3.2 shows the vibratory conditions used in this analysis. Condition 1 corre-
sponds to the ES condition with the vibratory surfaces in opposite phase at 30 Hz. The
amplitude was the same as that of the pin vibrator. Condition 2 corresponds to the pin
vibrator with a frequency of 60 Hz. The amplitude was set to the detection threshold
level of 10 pm. Condition 3 also corresponds to the ES condition but with the amplitude
set to the detection threshold level of 5 ym. The analysis time was 0.5 s, with 10000
increments. The rigid bone moved down by 0.8 mm, which is equivalent to a 1 N pressure
force. The rigid bone moved during the initial 0.1 s and the vibration started at 0.15 s.

The analysis time was long enough for the stability of the dynamic analysis.

3.2.1.2 Result: Spatial Distributions of SED in Width Direction

Fig. 3.12 shows the spatial distributions of the SED at 7 /2 and 37 /2. Under condition
1, the SED peaked in both cases at the edge of the vibratory surfaces. Under condition 2,
the SED peaked at the edge of the pin corner at 7 /2; this was the highest absolute value
of the SED and was due to the stress concentration at the edge. Compared SED peak
to Condition 1, though amplitude is the same, the peak is three times larger. Although
the absolute value of the SED under condition 3 was lower than that under condition 1,

other spatial tendencies were almost the same in both cases.
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Fig. 3.12: Analysis results of spatial distributions of SED. (a). Condition 1. ES method
(0.5 mm gap,10 pum). (b). Condition 2. Pin-shaped vibrator (0.5 mm diameter, 10 pm).
(c). Condition 3. ES method (5 pm).

3.2.1.3 Estimation on Perceptual Area

According to the deformation analysis results, the absolute value of SED was highest
under condition 2. However, the important information is the amplitude of the change
in SED (difference between the maximum and minimum) rather than the absolute value
of SED, because the deformation is caused by the vibration stimuli. Therefore, the SED
amplitude was a better candidate for comparing the deformations caused by vibratory
stimuli. Thus, we used the SED amplitude as an index to compare deformations. We
calculated the SED amplitude by subtracting the maximum SED from the minimum
SED selected from the direction of the time axis at every horizontal sample point. The
results are shown in Figs. 3.13(al), (b1) and (c1). Comparison of the curves of the SED
amplitudes revealed that the pin condition had the widest base width, which means that
the deformation of the vibratory stimuli spread. Under condition 1, the SED amplitude
spread was still smaller than that in condition 2, which means that even the amplitude
of the vibration was the same; the SED amplitude spatial distribution was localized
significantly with the ES method. Under condition 3, the SED amplitude is more localized
than any other conditions.

We also conducted the spectral analysis in order to investigate the frequency of de-

formation. We observed the frequency component of the change in SED at each sample
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Fig. 3.13: Analysis results. (al). Condition 1: Spatial distributions of SED amplitude.
(a2). Condition 1: Spectral analysis result. (bl). Condition 2: Spatial distributions of
SED amplitude. (b2). Condition 2: Spectral analysis result. (c1). Condition 3: Spatial
distributions of SED amplitude. (c¢2). Condition 3: Spectral analysis result.
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Fig. 3.14: SED Amplitude thresholds for a flat contactor at 30 Hz and 60 Hz. The
threshold was 6.21x107° J/m? for 30 Hz and 2.81x107° J/m? for 60 Hz.

point. We categorized the frequency component into two parts: frequencies around lin-
ear components (30 Hz) of the stimuli and those at doubled frequency (60 Hz). Figs.
3.13 (a2), (b2) and (c2) show the spectral analysis results. Under condition 1, in almost
every position, the linear component was dominant. At the very center of the gap, the
amplitude of the doubled frequency component was almost the same as that of the linear
component. This was due to the vibration overlap of the two opposite-phased vibrations,
and evidence for the possibility of generating high frequencies using multiple vibrations in
different phases. Under condition 2, the doubled frequency component was dominant at
all positions since pin vibrator vibrates in 60 Hz and the shape of the curve is M-shape.
Under condition 3, the amplitude of the doubled frequency component was typically
more dominant than that of the linear component at the gap. Comparing the amplitudes
of doubled frequency component of condition 2 and 3 in Figs. 3.13 (b2) and (c2), the
shapes of spatial distribution of doubled frequency components are significantly localized
under condition 3 which means, by overlapping small vibrations, the shape of the spa-
tial distribution of doubled frequency can be typically shaped as a unimodal-shape and
this distribution pattern cannot be achieved by a single pin-type vibrator. Pin vibrator
with even detection threshold level vibration generates wider spatial distribution of the
doubled frequency components than ES method.

Here, we discuss how we estimated the perceptual area and determined the tactile
image width considering the analysis results. We determined the threshold of the SED
amplitude for perception and compared it with the deformation analysis results.

In order to determine the SED amplitude threshold, we analyzed the basic mechanical
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condition for presenting vibration stimuli: applying vibratory stimuli with a flat surface
vibrator. In this analysis, an 80 mm rigid surface was brought in contact with the FE
finger model and vibrated at 30 and 60 Hz. The rigid surface was large enough to cover
the entire area of the bottom of the finger model for the entire analysis time. Vibratory
stimuli were generated according to eq. 1. The amplitude was set to each detection
threshold level: 30 pum for 30 Hz and 10 um for 60 Hz. The other analysis conditions
were the same as those of the previous analysis in this study. Fig. 3.14 shows the SED
behavior average of each sample point for 30 and 60 Hz when the vibration of SED
became stable. The SED amplitude threshold was 6.21e™® J/m? for the 30 Hz vibration
and 2.81e™® J/m? for the 60 Hz vibration. These thresholds are drawn as dashed lines
in Figs. 3.13(al), (bl) and (cl). We then adopted amplitude thresholds (30 or 60 Hz)
corresponding to which frequency component was dominant at each position in the model.
The SED amplitude thresholds and SED amplitude for each condition were compared to
estimate the tactile image width. Under condition 1, the SED amplitude was beyond the
30 Hz threshold, and the linear component was dominant in the spectral analysis result;
thus, the tactile image width was 0.9 mm. Humans may perceive a 30 Hz vibration when
the ES method is used with a large amplitude. Under condition 2, the SED amplitude
was beyond the 60 Hz threshold, so the tactile image width was 1.4 mm, which is larger
than that for the ES method with the same amplitude (10 gm). Under condition 3, the
SED amplitude was smaller than the 30 Hz threshold; SED amplitudes beyond the 60 Hz
threshold can be perceived. According to the spectral analysis, the doubled frequency
component emerged at the gap, so the tactile image width was 0.5 mm. The tactile image
was much smaller than that obtained using the pin vibrator. Human may perceive only
the local doubled frequency vibration when using the ES method with an amplitude at
the detection threshold level. The comparison of the 60 Hz component strain spatial
distribution for each condition is shown in Fig. 3.15. Even 10 pym ES stimuli generates
more localized strain spatial distribution.

Deformation analysis on a FE finger model to observe the SED spatial distribution
revealed that the SED spread is more localized with the vibration overlap method than
with the thin pole (0.5 mm diameter) pin vibrator even if the amplitudes are the same.
When using ES method with the amplitude of the detection threshold level, the peak
and width of the SED curve became significantly smaller than those obtained from pin-
vibrator. Spectral analysis indicated that the high-frequency vibration is generated above

the very center of the gap between vibrations in opposite phases. The spatial distribution
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Fig. 3.15: The comparison of 60 Hz component strain spatial distribution between ES
and pin-vibrator conditions.

of the high-frequency component was localized significantly using the ES method, and
that localized unimodal-shape distribution pattern cannot be obtained by a single pin
vibrator. The results of tactile image estimation suggested that with the ES method,
human perceive tactile sensation only in a localized area that high-frequency component

exists and the area is much smaller than one produced by a single pin-vibrator.

2. Spread in Height Direction

The SED spatial distributions especially for the height direction were analyzed. By
comparing the SED of shallow layer and deep layer between ES and non-ES conditions,
we investigate whether the ES method has the characteristic of selective stimulation for
mechanoreceptors in shallow layer as described in Fig. 1.10 [14] in chapter 1. From this
section, we have changed the FE analysis solver from Marc Mentat to Ansys Mechanical
Workbench, and the FE models to be more realistic. Hence, we do not compare the

absolute value of SED to previous FE analyze; we mention about qualitative tendencies.

3.2.1.4 Model and Method

Fig. 3.16 shows the finger model and vibrator conditions renewed in this study. The
mechanical properties (layered structure, Young’s modulus, Poisson’s ratio and Density)
and the sizes were identical to the previous analysis in section 2.3. In this study, we used

vibratory stimuli of about 5 Hz. We observed shallow (1 mm from surface) and deep
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Fig. 3.16: Renewed FE models on ANSYS and their observation points of shallow (1
mm from surface) and deep (5 mm from surface) layer. Left. Non-ES condition. Right.
ES condition.

(5 mm from surface) layer at the center of the models. Both surfaces were in friction
contact with the finger model and the former was able to peel off from the latter. The
vibratory surfaces moved according to the same sinusoidal equations in section 2.3. Other

conditions were the same as previous analysis above.

3.2.1.5 Result: Spatial Distributions of SED in Height Direction

Fig. 3.17 shows the SED change for each non-ES and ES conditions. The SED peak
emerges at the edge of the vibratory surfaces of the ES condition. Though the peak SED
remains at the shallow layer in contrast to the SED distribution of the non-ES condition.

Fig. 3.18 shows the spectral of shallow layer and deep layer at observation points in
Fig. 3.16.

At the very center of the model, doubled frequency 10 Hz was observed in ES condi-
tions that did not contradict to the analysis above. The SED values in shallow layer were
almost the same, while SED of ES condition for deep layer was much smaller, almost

1/4. Then, the stimuli of ES condition is effective for mechanoreceptors in shallow layer.

3.2.2 Effects on Several Mechanical Parameters for the Gener-
ation of Doubled Frequency

In this subsection, the effects of 1. viscosity of the model and 2. frequency on the

generation of doubled frequency were investigated under ES condition.
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Fig. 3.17: The analysis results for SED distribution for height directions in time chart.
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Fig. 3.18: The analysis results for SED distribution for height directions. Dashed lines
show the deep layer results. Solid lines show the shallow layer results. Gray lines are ES
condition and black lines are non-ES condition.

3.2.2.1 Model and Method

The FE model and analysis conditions are the same as previous analysis. § attenuation
coefficient and frequency were varied while either of them were fixed. We changed j3
attenuation coefficient from 0.01, 0.02 and 0.04 (0.02 is referred from [33]) and frequency
was b Hz. Frequency was varied for 5, 30 and 300 Hz and S attenuation coefficient was

0.02.

3.2.2.2 Result

Fig. 3.19 shows the spectral amplitude of SED for three viscosity conditions. When the
viscosity increased, the doubled frequency component became small. Fig. 3.20 shows the
spectral amplitude of SED for three indention conditions. When the frequency increased,

the doubled frequency component became small.

3.2.2.3 Discussion

We have found out that the increase of either viscosity or frequency decreases the power
of doubled frequency. These parameters may affect the non-linear filtering effect of ES
method which suggested in section 2.3. Fig. 3.21 shows the schematic of the parameter
effect on doubled frequency. Even if the input frequency is doubled at the center of the
gap, the viscoelasticity of the skin low-passed it and the skin’s doubled frequency com-
ponent becomes small. When the vibrator rises, the skin follows the input displacement.

When the vibrator goes down, the skin starts free fall. If the skin’s time constant is
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Fig. 3.19: The analysis results. SED spectral of three viscosity conditions.

0.1 0.1 0.1 /\

§ 0.08 0.08 0.08 / \
%_o,os 0.06 0.06 \/
E 0.04 0.04 0.04
0.02 /\J \ /oo, \_ °%
° 0 5 15 20 ° 0 2 20 80 ° o 10 200 30 40 500 700
Frequency [Hz] Frequency [Hz] Frequency [Hz]

Fig. 3.20: The analysis results. SED spectral of three frequency conditions.

small, the skin follows the vibrator going down, while the skin peels off from the vibrator
if the time constant is large; this is the main effect for viscosity. If the input frequency
increases, the skin has less time to free fall and the doubled frequency amplitude becomes
small which is the same phenomenon as contact envelope detection; this is the main effect

for frequency.

65



Free Fall by Viscoelastic Body’s

4

3

Time Constant
[ ——

—Skin's Displacement

— |Nnput Displacement
High Freqlency

Fig.
displacement is low-passed through the contact non-linearity under ES method.

> Time[s]
Free Fall by Viscoelastic Body’s
Time Constant
Low Frequenc > Timels]

3.21: The schematic of the parameter effect on doubled frequency. The input

66



Chapter 4

Verification on Doubled Frequency

4.1 Measurement on ES method Using Finger Sen-
sor

In this chapter, to verify the generation of the high frequency strain, we develop two
sensors embedding strain gages spatially distributed. The first sensor was a prototype
skin model sensor which has a simple rectangular layer structure. The purpose for the
first skin model sensor was to examine whether we could observe doubled frequency with
the urethane resin and strain sensors. This skin model sensor has horizontally distributed
strain gages. The second sensor has a finger model structure and has vertically distributed
strain gages. We modified the development method for this finger model sensor; we
customized the urethane resin mold and sensor embedding method, which made the
sensor fabricated more precise.

A measuring system was developed representing ES condition using two independent
vibratory surfaces. We measure the spatio-temporal strain behavior inside the skin under
ES condition using these skin sensors. Also 3D finite element deformation analysis is con-
ducted to observe the detail skin deformation and the changes of skin-surface boundary

conditions around the gap.

4.1.1 Skin Model Sensor

A skin sensor needs to have soft tissue layer structure and capable for measuring the
spatio-temporal distribution of skin strain. Our skin sensor consists of three layers; the
first layer represents epidermis/dermis (0.0-1.0 mm deep), the second layer represents
subcutis (1.0-8.0 mm), and the last layer (8.0-12.0 mm) represented the bone. The first
layer was created by urethane resin (Exseal Hitohada gel) which was elastic modulus of
2

5.2 kgf/cm 2 and the second layer was 1.2 kgf/cm 2. The last layer was rigid acrylic
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Fig. 4.1: Skin sensor. (a). Horizontal location of strain gages. (b). Cross section sketch
of the skin sensor.

plate representing a bone. The structure, the material properties and the method of the
construction of the sensor were referenced from Maeno’s study that analyzed the spatial
distribution inside a finger sliding on a plate [33]. Fig. 4.1 (a), (b) shows the horizontal
and vertical location of the strain gages. Five strain gages were embedded between the
first and the second layers where the FA T and SA T receptors exist. The gages were
attached on the membrane of the first layer and measured the spatial distribution of skin
strain in 1.0 mm resolution. The output signals of the sensor were amped by an amplifier

(San.ei STRAIN AMPLIFIER 6M8&2).

4.1.2 Measurement

The objective of this measurement is to observe the spatio-temporal behavior of strain
inside the skin. We expect high frequency component of strain, the non-linear frequency

component, is observed at the gap.

4.1.2.1 Experimental Setup

Fig. 4.2 (a), (b)shows the experimental setup. A mechanical stage with a precision of
0.1 mm and a rigid stage were located on a base with sufficient area and weight. Two
piezoelectric actuators (TOKIN, AHB850C851FPOL-1F) were placed on these stages.
These vibrators can provide amplitudes of more than 85 u m, and the response frequency
is greater than 400 Hz. By tuning a jog of the mechanical stage, the gap distance and the
height can be easily changed. Then skin sensor was placed on the center of two vibrators’

contactors with 100 g weight representing 1 N indentation force.
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Fig. 4.3: System of the measurement.

4.1.2.2 Method
The vibrators were actuated by the following equation:
VibratorA: f(t) = Asin(27ft) (4.1)

VibratorB : g(t) = Asin(2nft+ ) (4.2)

where f(t) and ¢(t) are the displacement [pm], A is the amplitude [pm] and fis the
frequency [Hz|. Frequency was set to 10 Hz and amplitudes to 20 pm and the gap

distance was set to 0.5 mm. The system of measurement is shown in Fig. 4.3.

4.1.2.3 Result

Fig. 4.4 shows the sensor output signals and the result of their spectral analysis. Accord-

ing to Fig. 4.4 (a), skin sensor’s outputs followed the vibrator displacement at position A
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Fig. 4.4: Experimental results. (a). Skin sensor output at each strain gage position.
(b). Spectral amplitude of each signal.

and C in Fig. 4.1 (b) while the strain behavior at position B did not. At position B, the
amplitude of main frequency 10 Hz was weaken and the high frequency 20 Hz accounted
for a large percentage compared to position A and C. However an obvious increase in
high frequency that we expected to occur was not observed on this skin sensor. Position
A and C, the signals had only linear frequency component and the spectral amplitude
peak at 50 Hz were hum noise.

We have succeeded in observing the major behavior of the strain using the strain
gages embedded into the urethane resin. However the strain gages position were slightly
moved from the supposed position when molding, thus the outputs could be different

from the ideal data. We modified this for the next sensor.

4.1.3 Finger Model Sensor

Fig. 4.5 shows the sensor size and its finite element model. Fig. 4.6 shows the developed
sensor. Basic components were the same as the skin model sensor. This finger sensor

consists of two layers and bone; the first layer represents epidermis/dermis (0.0-2.0 mm
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Fig. 4.5: Finger model sensor FE model. Left. Cross-section view. A and B indicate
the positions of the strain gages. Right. Whole sensor shape.
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Fig. 4.6: Overview of developed finger model sensor. (a). Side view. (b). Back view.

deep), the second layer represents subcutis (2.0- mm), and the bone (22.0-27.0 mm). The
first layer was created by urethane resin (Exseal Hitohada gel) which was elastic modulus

2. The bone was rigid ABS resin

of 5.2 kgf/ecm 2 and the second layer was 1.2 kgf/cm
of 3-D printer (Cube-X Cubify). Two strain gages were embedded between the first and
the second layers (Fig. 4.5 position A) and at the center (Fig. 4.5 position B) where the

FA 1T exist.

4.1.4 Measurement

The strain behaviors of shallow layer are observed for three frequencies conditions in

this measurement. The effect of the frequency toward the high frequency generation is
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Fig. 4.7: Experimental setup. The way of fixing the sensor was changed to sand with
fixed plate.

investigated.

4.1.4.1 Experimental Setup

Fig. 4.7 shows the experimental setup. The measurement system was mainly the same as
the previous experiment, though the way of fixing the sensor was changed. The previous
setup has problem; the weight was shaking when the vibrators vibrated that is not happen
during actual touch. We placed fixed plane on the top and the sensor was sand 1 mm by
the fixed plate and vibratory surfaces. Then skin sensor was placed on the center of two

vibrators’ contactors.

4.1.4.2 Method

The vibration and other method was the same as the previous experiment of the skin
sensor. We used three frequency conditions; 5 Hz with 40 pum, 30 Hz with 9 pm, and
200 Hz with 5 pm. The amplitude was the detection threshold for ES condition which
estimated and taken from section 3.1. The background noise was shown in Fig. 4.8; 50

Hz peak was hum noise.
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Fig. 4.8: Background noise of the sensor.

4.1.4.3 Result

Fig. 4.9 shows the sensor output signals for shallow layer at position A in Fig. 4.5.
According to Fig. 4.9, 5 Hz and 30 Hz had doubled high frequency while 200 Hz did
not. The occupied ratio of doubled frequency was the largest at 5 Hz. Hence, the non-
linear filtering effect of ES method are significant when the frequency was low. Eijkman
reported that the skin would not respond to the vibratory stimuli by a piston over a
frequency of 15 Hz due to the viscoelasticity of the skin[88]. The skin under ES condition

also might not respond completely to the vibratory surface when the frequency was 30

Hz and 200 Hz.
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Fig. 4.9: Spectral results for each frequency and amplitude condition at the shallow
layer of the finger model sensor.
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Chapter 5

Development of Edge Stimulation
Device for Fine Vibrotactile Line
Presentation

5.1 Concept of Shape Presentation with ES method

From this section and next section, the possible arrangements of ES method for tactile

shape presentation and the tactile devices are described.

5.1.1 Shape Presentation Using Continuous Line Sensation

As mentioned in section 2.1 Fig. 2.2, we consider to utilize ES method on the vibrator
array and vibrate them individually to make shape. Fig. 5.1 shows the concept of the
line presentation using ES method. We use 1. vertical line and 2. horizontal line for
the tactile line primitives. These lines are done by ES method using opposite phased
vibrations. By combining the tactile line primitives of the vertical and/or horizontal line,

a tactile shape sensation is created as a continuous line.

5.1.2 Freedom Line Control: Problems

Chapter 3 demonstrated that there emerges line sensation not only between vibrations in
opposite phases but also between stationary and vibratory surfaces, and this disturb from
presenting freedom lines. For example, in Fig. 5.2 indicates that a single line element

cannot be achieved by existing ES methods.
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Fig. 5.1: Schematic of a tactile line presentation. Red lines show the perceived tactile
line. Symbols on the vibrators indicate the phases of the vibrations. Upper: An image of
the tactile line primitives of a vertical line and a horizontal line. Line primitives emerge
between the vibrators in opposite phases. Lower: An image of large array using ES
method.
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Fig. 5.2: Schematic of the problem with making a single line. Red lines show the
perceived tactile line. Symbols on the vibrators indicate the phases of the vibrations.
Left: Our goal of single line element. Right: Failed examples with ES methods.
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Fig. 5.3: Interrupted line can be presented by changing four vibrators phases step by
step. Human cannot perceive any vibration between the boundaries when the phase
deviations are small. Vibration can be perceived only where the phase deviation is large.

5.1.3 Freedom Line Control: Stimulus Intensity Controlling by
Phase Shift

In section 3.1, Fig. 3.4 shows that the detection threshold can be coordinated by changing
the phase deviation of two vibrators. Therefore, the stimulus intensity can be controlled
as an inverse function of this approximate line of detection thresholds. According to this
result, by using 10 pum vibrations, any vibration when the phase deviation is 7/3 can
be perceived; on the other hand, when the phase deviation is 7, vibrations above the
boundary can be perceived. Therefore, it is possible to interrupt the line sensation using
the method shown in Fig.5.3. Here we show the examples of presenting alphabets by
the combination of selective tactile lines by phase shift. The phases are denoted on the

vibrator and one is able to feel tactile lines on the gap that has phase deviation over 7/3.

5.1.4 Selective Line Control Using Phase Shift

To verify the validity of selective line control method, a tactile device equipped four

vibrators is developed and psychophysical experiment is conducted with the device.
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Fig. 5.30: The overview of the tactile line presentation device system. The overview of
the developed device system

5.1.4.1 Tactile Line Presentation System

Fig. 5.30 left shows the whole device system. Four channel waves are generated by PC
audio and transferred to a USB audio interface (Roland UA-101). The parallel output
signals are amped with audio amps and actuate the four voice coils (VISATON FRWS 5
SC) individually. Fig. 5.30 right shows the tactile display. Acrylic plates are mounted on
voice coil cones and we can vibrate them individually controlling their phases, amplitudes,
and frequencies. One can feel a sharp tactile line sensation along the gaps of the vibrators
in different phases. The cones are of low rigidity and they drop for about 0.5 mm against
the 1 N indentation force of touch. We can then present sufficient vibrotactile sensation

by using amplitudes of more than 9 pm according to the previous experiment result.

5.1.4.2 Evaluation of the Tactile Line Presentation Display

We evaluate whether the voice coil actuated surfaces are able to achieve the ES methods.
Here, we conduct a psychophysical experiment to investigate the detection threshold with
the use of the developed tactile device. If the developed device reflects the ES effects,
the detection threshold should be much lower than that obtained by simply touching a
vibratory surface. Also, the detection threshold behavior toward the phase deviation of

two vibrations should reflect the tendency of the ES method.

Method

Subjects touched the vibratory surfaces 3 and 4 in Fig. 5.30 right with an indentation

force of 1 N. While subjects touching to the surfaces, the vibratory surfaces were vibrated
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Fig. 5.31: Results of psychophysical experiments. Detection thresholds under each phase
deviation.

according to the following equation:

f(t) = Asin(2nft) (5.1)
g(t) = Asin(2nft+ ¢) (5.2)

where f(t), ¢(t) are the input displacement [um], A is the amplitude [pum], fis the fre-
quency [Hz] and ¢ is the phase deviation between two surfaces. We used three conditions
of phase deviation 0, /2, m. We determined the detection thresholds using the method
of limits for each condition. The gap distance between surfaces 3 and 4 was 0.1 mm.
Subjects wore headphones that played pink noise so that they would not perceive any
environmental changes. The three subjects were all right-handed males and a female, all
of ages 21-32. All subjects had no known medical condition or disorders affecting their

tactile sense.

Result

Fig. 5.31 shows the detection thresholds under each of the phase conditions. When both
surfaces were vibrated in the same phase, there were no ES effects and the detection
threshold was the same as simply touching a single vibratory surface. The detection
threshold fell as the phase deviation became large. This tendency and threshold values
did not contradict previous information on ES effects in section 3.1. The ES effects were

sufficiently obtained by using vibratory surfaces with low rigidity voice coil motors.
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Fig. 5.32: Conditions of four tactile images and answer sheet. Subjects will perceive
vibration only above boundary of contactors with large phase deviation.

5.1.5 Evaluation of Selective Line Control Method

In this experiment, psychophysical experiments were conducted to verify the validity of

the selective line control method with the developed tactile line presentation display.

5.1.5.1 Procedures and Tasks

Four patterns of tactile images were presented in random order. Fig. 3.4 shows the four
patterns-Up, Right, Down, and Left. Each vibrator vibrated at 10 um, and the phase
deviation was set to w/3. The stimuli had been presented previously, and the subjects
touched the contactors for 2 s before removing their fingers. The subjects touched four
contactors with their thumb with an indentation force of 1 N. This process was repeated
as many times as the subjects satisfactorily recognized the tactile image. The subjects
were then asked to sketch the perceived tactile image on the answer sheet shown in Fig.
5.32; they were not told the four correct patterns of tactile images and to simply write
the perceived lines along the dashed line on the answer sheet. T'wo finger positions were
drawn on the contactors (Fig. 3.1, vertical and horizontal positions) in order to consider
the effects of the finger contact area because the finger position could affect the rate of
correct judgments. Each condition of the tactile images was presented thrice randomly
and repeated twice for finger positions for a total of 4x3x2=24 times for each individual.
In order to ensure that they would not perceive any environmental changes, the subjects
wore headphones that played white noise to them and also wore an eye mask. The seven

subjects were all right-handed males of ages 19-25.

5.1.5.2 Experimental Results

Table. 5.1 lists the correct rates for each subject under each condition. Almost all
the subjects answered correctly in more than 80% trials while subject G’s score was

67%. Fig. 5.33 shows the representative wrong patterns observed in all the subjects and
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Table. 5.1: Correct rate of each subject

Subject Up Right Down Left Total

A 4/6  5/6  6/6 5/6 20/24
B 5/6 5/6  5/6 5/6 20/24
C 5/6 5/6  5/6 6/6 21/24
D 6/6 5/6 5/6  6/6 22/24
E 6/6 6/6 4/6  5/6 21/24
F 5/6 4/6  5/6  6/6 20/24
G 3/6 5/6 3/6 5/6 16/24
Perceived
Answer
Correct
Pattern | ;
-------------- I | | | S |
Wrong Answer Wrong Answer Wrong Answer Wrong Answer
Pattern A PatternB PatternC Pattern D

Fig. 5.33: Wrong patterns observed in the answer sheet and clarified them into four
patterns.

divided them into four patterns A, B, C, and D. The wrong pattern A includes correct
and wrong lines in the same direction; the wrong pattern B includes correct and wrong
lines in different directions; wrong pattern C does not have correct line but the wrong
line is in the same direction as the correct line; and wrong pattern D has the wrong line
as totally different from the correct line. There were a total of 30 wrong answers in all
the trials, and the rate for each pattern was A = 12/30, B = 10/30, C = 3/30, and D
= 5/30. According to this result, more than 70% of wrong answers included the correct

line.

5.2 Line Presentation with ES Device

We have developed ES line presentation device that has nine vibrators in a 3x3 array.
Fig. 5.34 shows the entire system of the device. A PC controls each phase of the vibra-
tors. An Arduino MEGA 2560 generates nine-channel pulse width modulated signals; an
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Fig. 5.34: Overview of tactile line presentation device system.

Fig. 5.35: Overview of developed haptic display: (a) square-shaped vibrators in array
vibrate in different phases; (b) entire display is smaller than fingertip of index finger.

analog low-pass filter turns them into sinusoidal waves. Piezo drivers (Texas Instruments
DRV8662) amplify the signals at a maximum of 40 dB to 200 V. We used piezo-stack type
actuators (NEC TOKIN AE0203D16DF; 2x3x20 mm) owing to their rigidity against the
indentation normal force. They show a 17.4 pym displacement at a maximum voltage of
150 V and normal force of 200 N; these are sufficient for human touch (several newtons).
The 5 mm square acrylic plates are attached on the top of the vibrators to make the
display surface a 15-mm-square flat plane (see Fig. 5.35(a)). The entire display is less
than the area of a human index finger, as shown in Fig. 5.35(b). The length of the gap
between two surfaces were fabricated to be less than 0.1 mm. Vibratory surfaces vibrate

in a normal direction, and they do not interfere with each other.
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5.2.1 ES Device Evaluation Experiment

We evaluated the developed ES device through a psychophysical experiment to validate
the feasibility of ES method for 3x3 arrays. Detection thresholds were investigated under
several different conditions where nine vibrators were vibrated in the same and opposite
phases. If the device achieves ES method properly, the detection threshold of the former
will be larger than that of the latter.

5.2.1.1 Method

Fig. 5.36 shows the experimental overview. Participants touched the display shown in
Fig. 5.35 with the tip of their index fingers and with an indentation force of 1 N. As the
participants were touching the surfaces, the vibratory surfaces were vibrated according

to the following equation:

A:f(t) = Asin(2nft) (5.3)
B:g(t) = Asin(2nft+ ¢) (5.4)

where f(t) and ¢(t) are the displacement [pm], A is the amplitude [um], fis the frequency
[Hz] and ¢ is the phase deviation between two surfaces A and B. We used two phase
deviation conditions: 0, m and the frequency was set to 30 Hz. Three conditions were
presented, (a)left, (b)up and (c)all were in the same phases, which were set as shown in
Fig. 5.37.

As the participants were touching the vibrator contactor, we repeatedly changed the
vibrators’” input voltage by 2 V. After each increase, the participants were asked whether
they perceived a vibratory stimulus. The input was increased from 0 V to 150 V, and
the threshold amplitude was recorded. Next, the input was decreased in steps of 2 V
from a well-defined input, and the threshold amplitude at which the participant could
not perceive the vibratory stimulus was recorded. The method of limits was then used
to calculate the detection threshold for vibration. For condition(c), 17.4 pm amplitude
that is the maximal amplitude of the device, when the participants were not able to
perceive a 17.4 pum amplitude, we instead used large displacement type piezoelectric
actuator (TOKIN, AHB850C851FPOL-1F) with a 15 mm square acrylic plate on top
and repeated the same task. This process was repeated three times at each condition
for a total of nine times for each individual. Participants wore headphones playing white

noise so that they would not perceive any environmental changes. The seven participants
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Fig. 5.36: Experimental setup.
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Fig. 5.37: Pattern conditions: (a) left line, (b) up line, (c) vibrate all in same phase (no
lines).

were all right-handed males, aged 21-32. None of the participants had any known medical

conditions or disorders affecting their tactile senses.

5.2.1.2 Result

Fig. 5.38 shows the detection thresholds under each conditions. Under conditions (a)
and (b), the average detection thresholds were about 5 pm, which did not contradict
previous information on ES effects in section 3.1. When all vibrators were vibrated in
the same phase, only one participant reported that he felt no vibration under 17.4 pum
with the ES device. This may be due to the displacement difference of each vibrator to
the input voltage; the difference may be felt as a vibratory sensation. After the vibrators

were changed to large-displacement ones, the average detection threshold was 28 pm.
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Fig. 5.38: The result of the psychophysical experiment. Error bars indicate standard
deviation.

5.2.1.3 Discussion

In the detection threshold studies of Verrillo and others [25, 83, 84], it is about 10 um
for condition under touching both circular vibrator and rigid surroundings with hole and
about 30 pm for vibrator only that is similar to the results of under conditions (a) and
(b), condition (c), respectively. Based on the results, the developed ES device achieved
the ES effects, and a line sensation could be generated; for example, at 10 pym, the lines
between surfaces in the same phases could not be perceived, while those between surfaces
in opposite phases could be selectively perceived. The vibratory sensation was sufficiently
strong when the amplitude was 10 pum; the piezo-stack type vibrator can be made thinner

and replaced for a 10 mm height.

5.2.2 Line Recognition Experiment

This experiment was designed to examine the validity of the proposed line presentation by
the ES method. Here we presented several tactile line patterns and investigated whether
the subjects were able to distinguish the line orientation or the numbers of lines through

a psychophysical experiment.
5.2.2.1 Method

Fig. 5.39 shows the experimental overview. Eight patterns of tactile images, including two
conditions with no tactile sensations, were presented in random order. Fig. 5.40 shows six

line patterns—left, right, up, bottom, double vertical lines, and double horizontal lines—
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Table. 5.2: Correct recognition ratio

(@LEFT _ (b)RIGHT  ()UP _ (d)BOTTOM _ (e)Double (f)Double LINE TOTAL
Participant VERTICAL HORIZONTAL
A 10/10 10/10 10/10 10/10 9/10 10/10 59,60
B 10/10 10/10 10/10 10/10 10/10 10/10 60,60
C 10/10 6/10 8/10 10/10 8/10 9/10 51/60
D 10/10 10/10 10/10 10/10 7/10 10/10 57/60
E 10/10 9/10 9/10 10/10 9/10 9/10 57/60
F 10/10 10/10 10/10 8/10 10/10 10/10 58/60
RATE 1.0 0.92 0.95 0.97 0.92 0.97 0.95
(g)Vibrate  (h)Vibrate TOTAL
Participant ALL NONE
A 10/10 10/10 79/80
B 10/10 10/10 80/80
C 10/10 10/10 71/80
D 10/10 10/10 77/80
E 10/10 10/10 77/80
F 10/10 10/10 78/80
RATE 1.0 1.0 0.96

and two conditions with no line sensations—vibrate all and vibrate none. The stimuli were
presented previously, and the participants knew the stimuli sets described above. The
participants touched the display and ensured that their index finger covered the entire
display with an indentation force of 1 N. Participants practiced touching with a force
of 1 N by touching an electronic balance. The stimuli were presented for 2 s before the
participants removed their fingers. After each trial, the participants were asked to sketch
the perceived tactile image on the answer sheet by drawing lines. If the participants sensed
no lines, they did not provide an answer. Each condition of tactile lines was presented 10
times for a total of 10x8 = 80 trials by each individual. Participants wore headphones
that played white noise to ensure that they did not perceive any environmental changes.
The six participants were all right-handed males between 20-28 years of age. Vibratory
stimuli were generated according to eqs. 1 and 2 in the first test. We used two phase
conditions of 0 and 7, a frequency of 30 Hz and an amplitude of 10 gm which is sufficiently

perceptible at the gap for the ES method, while not perceptible on the vibrators surfaces.

5.2.2.2 Result

Table. 5.2 shows the results of the recognition test. The participants were able to discrim-
inate lines at a rate of 95%, and the total correct answer rate was 96%. When presented
with the (g) or (h) condition, all participants skipped the answer sheet correctly. Reports
from the participants after the tests showed that they were not able to discriminate the
(g) from (h) conditions. This indicates that the amplitude of 10 pm was sufficiently lower
than the detection threshold for all the subjects, and they certainly perceived vibratory
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Fig. 5.39: Experimental setup. Indentation force was adjusted by electronic balance for
each trail.
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Fig. 5.40: Eight tactile image patterns. Line sensations only arise above the edges
between surfaces in different phases.
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sensations at the gap for conditions (a)-(f). Most mistakes were made under condition
(e), where double vertical lines were mistaken for a vertical line in either the (a) or (b)

condition.
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Chapter 6

Conclusions and Future Perspectives

This chapter addresses the contribution and future perspectives of each topics.

section 2.1
The edge stimulation (ES) method was proposed in this chapter. Simultaneous
touch to a vibratory surface and a stationary surface or multiple vibratory surfaces
in different phases provides strong tactile sensation along the edge. ES method
provides sharp and localized tactile sensations that is suitable for designing tactile

shape presentation.

section 2.2
The performance of ES method for several mechanical parameters on vibrotactile
stimuli intensities were investigated. Psychophysical experiments revealed that ES
method is effective for lower frequencies (5, 30 Hz) and human vibratory detection
threshold become about 1/2 (110 pm to 40u) for 5 Hz and 1/4 (35 pm to 8u) for
30 Hz compared to simply touching to a vibrator. ES method was also affected by
the gap distance and height deviation between the surfaces; either gap distance or
height deviation became large, the vibrotactile stimulus intensities became small.
This means that if the gap distance is fabricated close to zero and surfaces are to
be flat, ES method exhibits the best performance that is ideal characteristic for the

vibrator array device.

section 2.3
Deformation analysis was conducted on finite element (FE) skin model under the
condition of ES method with a stationary and a vibratory surface. Static analysis
demonstrated the increase in strain energy density (SED) peak at the edge, al-
though the tendency for gap distance obtained in psychophysical experiment could
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not be explained only by the SED peak. Dynamic analysis revealed that the SED
frequency is also increased between the boundaries of the surfaces under ES condi-
tion and the tendencies did not contradict to the psychophysical result. Verification
psychophysical experiments indicated that the subjects feels about 50 Hz sensation
against 30 Hz vibration under ES condition. Both increase in peak and frequency

of SED could affects the human vibratory detection threshold.

The discovery of the generation of a non-linear frequency component due to the time
variant contact condition has impact on haptic science field, since general appara-
tus used for the investigation on vibratory detection threshold has the mechanical

structure to arise other frequency component and the result could be different.

section 3.1
The performance of ES method using multiple vibrations was investigated. Over-
lapping vibrations in different phases supposes the use of ES method in vibrator
array device. This is also affected by gap distance and additionally, by phase devia-
tion of two vibrations; the opposite phased vibrations presents the strongest tactile

stimuli intensities.

The sharpness of tactile images (vibratory sensation width in index finger) by ES
method is examined comparing to a tactile image by a single-pin vibrator, a pin
array vibrator, and a flat vibrator The result demonstrated the sharpness of tactile
image by ES method; a tactile image by ES method with 0.5 mm gap provides
approximately 1 mm tactile image while 0.5 mm width pin-vibrator provides ap-
proximately 3 mm tactile image. The two-line discrimination test was conducted,
and the discrimination distance was 4.2 mm for the ES method, while the real

two-line discrimination distance was 2.5 mm.

section 3.2
The FE deformation analyze were conducted to investigate the mechanism for sharp
and localize tactile sensation under ES condition. SED was both horizontally and
vertically concentrated under ES conditions compared to a pin-vibrator. Defor-
mation spread in horizontal affects the numbers of mechanoreceptors and that in
vertical affects the types of mechanoreceptors (wide receptive field FA 1T are at deep

layer).

section 4.1

Measurement of the strain behavior inside the skin was conducted. A finger model
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sensor was developed and the output signals were observed under stimulating with
ES method. Three frequencies were examined and the doubled frequency was ob-

served under the conditions of 5 Hz and 30 Hz while 200 Hz was not.

section 5.1
The concepts for applying ES method to shape presentation is proposed. For the
further variations of achieving tactile patterns, we developed a selective line control
method by changing the phases of vibrators. We developed 2x2 array ES device
with four voice coil vibrators for an verification experiment of the method and
psychophysical experiments demonstrated correct rate for 4 tactile line directions

was more than 80 % using selective line control method.

section 5.2
A 3x3 array ES device using piezo-electoric vibrators was developed and presen-
tation experiments of tactile patterns were conducted. The display size became
smaller compared to previous 2x2 array ES device, within the cover of an index
fingertip. Rigidity of actuates and precise phase control were also improved. The

discrimination experiments for 8 tactile patterns resulted in 96 % correct rate.

Overall Conclusions

We have developed a vibrotactile stimulation method called edge stimulation (ES)
method throughout this thesis. Considering from a view of vibrotactile stimulation
method, ES method is useful since it quires considerably small amplitude with low
frequency that cannot be accomplished in previous works. Using the ES method,
the piezo-electric vibrators that have high rigidity but can provide small amplitude,
can be applied to these tactile displays without using displacement magnification
mechanism such as levers. These characteristics contribute to a low power actuation
and miniaturization of the tactile displays. The ES method enables to fabricate the
tactile display surface to be flat, which enables to project images on the tactile

surfaces while previous tactile displays had bumps and dents.

Furthermore, the tactile image obtained by the ES method has different features
compared to that obtained by previous vibrotactile stimulation methods, since the
stimulation area is formed by the gap between two surfaces, and is applicable for

representing virtual lines, areas, and shapes as a combination of lines. Through-
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out the psychophysical experiments and deformation analysis, the ES method suc-
ceeded in suppressing the vibration spread and selectively stimulate high resolution
cutaneous mechanoreceptors in shallow layer that leads to a highly localized vi-
brotactile stimulation. We have found that not only strain peak but also strain
frequency was enhanced at the gap under ES condition and found its importance
of the frequency enhancement on tactile intensity since the increase in frequency
has much more improvement in human vibrotactile sensitivity. For the next step to
utilize ES method onto actual line presentation, we developed a 3x3 vibrator-array
ES tactile display that was considered two-lines discrimination when fabricating
the array size. The tactile line pattern recognition test was conducted; the recog-
nition ratio was 95%, which supports the validity of tactile line presentation using
the ES method. Though the tactile vibrator array display succeeded in presenting
several tactile patterns, the presentation of alphabets and other shapes have not
been accomplished. Then, we demonstrated a possibility for extensibility to larger
array solving the problems that the current ES method has limitation in present-
ing freedom combinations of line, by developing a selective line control method.
By slightly shifting each phase of the vibrator, we have succeeded in presenting
variant patterns; the possibility for applying ES lines into the shapes of alphabet
were theoretically demonstrated. The development of large array display and the

presentation of tactile alphabets are our future works.
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Appendix A

Possible Arrangements of ES Method

Purpose

Having demonstrated the effectiveness of ES enhancement, we now investigated other
possible arrangements of ES focusing on the ES produced line sensation for developing
practical devices. Based on the psychophysical results and FEM analyses, ES requires
skin impact against the stationary surface edge. To get a larger contact area with the
edges, we suggest the circular stationary contactor shown in Fig. A.1. The inner vibrator
is covered with a finger. This shape has advantages in terms of the edge-contact ratio,
total device size, and structural strength. Thus, we suggested that ES produced line
sensation can be perceived along the gap of any forms between stationary surface and
vibratory surface with passive touch. In this experiment, we changed the forms of the
gap shown in Fig. A.1 and investigated how the ES produced line sensation changes,
hollow circle sensation along the gap or just a solid circle sensation above the contactor.

To investigate the possible arrangement suggested above, we conducted psychophys-
ical experiments to determine the detection threshold for the following four conditions,

as shown in Fig. A.2:

e Condition 1: Small circular vibrator (Diameter: 12 mm)

£~

Gap

Vibrator Vibrator

Previous Condition Outor-Stationary Circular Contactor

Fig. A.1: Arrangement of ES method.
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Fig. A.2: Contactor conditions: Condition 3,4 are our suggested arrangements that
contacting with the circle-shaped stationary surface in the gap distance of 0.5 mm

e Condition 2: Large vibrator (Diameter: 40 mm)

e Condition 3: Outer-stationary circular contactor (Diameter of the vibratory con-

tactor: 12 mm, Gap: 0.5 mm)

e Condition 4: Inner-stationary circular contactor (Diameter of the stationary con-

tactor: 12 mm, Gap: 0.5 mm)

Method

Subjects wore headphones playing pink noise so that they would not perceive any en-
vironmental changes. Under Conditions 1 and 2, subjects touched the center of the
vibrator contactor with an index finger. Under Conditions 3 and 4, subjects touched
both the vibrator and stationary contactors with an index finger using an indentation
force of 1 N. In this experiment, the frequency was set to 30 Hz. We made sure that
all subjects covered the entire 1.2 mm diameter contactor with the surface of the index
finger. The detection threshold for vibration under each condition was then calculated
by the method of limits for a total of 12 trials per subject. For Condition 3, after the
trial, we presented a vibration with an amplitude around each subject’s threshold and
asked two questions: "Where do you feel the vibration?”and ”Which contactor do you
feel vibrating?” We asked this question to investigate how the subjects perceive the ES
produced line sensation of circular gap form. The five subjects were all right-handed

males aged 21-25.
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Fig. A.3: detection threshold of all subjects in each conditions

Results

Fig. A.3 shows the detection threshold under each condition for each subject. The
detection threshold was lower under Condition 1 than under Condition 2 for all subjects.
Under Condition 1, when touching the circular contactor, subjects covered the entire
edge of contactor surface; in contrast, no edges existed for Condition 2. These results do
not contradict previous studies showing that edges at the contactor surface enhances the
vibrotactile sensitivity[25].

Conditions 3 and 4 are the suggested arrangements. Under both conditions, the
detection threshold is about one-fourth lower than that under Conditions 1 and 2. This
confirms the effectiveness of the suggested arrangements.

For the questions ”Where do you feel the vibration?” and ”Which contactor do you
feel vibrating?”, all subjects answered "I felt the vibration along above the gap” and "I
could not discriminate which is vibrating.” Hence the ES produced line sensation can be

applied to circular gap form.
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