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Tiny Feel: A New Miniature Tactile Module Using Elastic and
Electromagnetic Force for Mobile Devices

Tae-Heon YANG', Sang-Youn KIM'", Wayne J. BOOK "', Nonmembers, and Dong-Soo KWON'®, Member

SUMMARY  For tactile feedback in mobile devices, the size and the
power consumption of tactile modules are the dominant factors. Thus, vi-
bration motors have been widely used in mobile devices to provide tactile
sensation. However, the vibration motor cannot sufficiently generate a great
amount of tactile sensation because the magnitude and the frequency of the
vibration motor are coupled. For the generation of a wide variety of tac-
tile sensations, this paper presents a new tactile actuator that incorporates a
solenoid, a permanent magnet and an elastic spring. The feedback force in
this actuator is generated by elastic and electromagnetic force. This paper
also proposes a tiny tactile module with the proposed actuators. To con-
struct a tiny tactile module, the contactor gap of the module is minimized
without decreasing the contactor stroke, the output force, and the working
frequency. The elastic springs of the actuators are separated into several
layers to minimize the contactor gap without decreasing the performance
of the tactile module. Experiments were conducted to investigate each con-
tactor output force as well as the frequency response of the proposed tactile
module. Each contactor of the tactile module can generate enough output
force to stimulate human mechanoreceptors. As the contactors are actuated
in a wide range of frequency, the proposed tactile module can generate var-
ious tactile sensations. Moreover, the size of the proposed tactile module
is small enough to be embedded it into a mobile device, and its power con-
sumption is low. Therefore, the proposed tactile actuator and module have
good potential in many interactive mobile devices.

key words: tactile actuator, miniature actuator, solenoid, tactile display,
haptics

1. Introduction

Currently, to increase the size of a visual display unit, the
mechanical keypad has been replaced by a touch screen.
While visual information is the most dominant sensory input
for perceiving an object, haptic information coupled with vi-
sual information increases the sense of reality. Especially in
mobile devices, haptic feedback is regarded as one of the
dominant factors for increasing the degree of realism or im-
mersion because the size of the visual display unit in these
devices typically does not adequately provide users with re-
alistic and exciting sensations. A user can communicate
and/or interact with a mobile device efficiently by adding
haptic information to auditory and visual information.
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Many haptic actuators that directly provide force or
distributed pressure are too bulky to be inserted into a
mobile device. Therefore, for mobile devices, haptic re-
searchers have focused on stimulating the skin of users.
There are four major mechanoreceptors (the Meissner cor-
puscle, Merkel’s disk, the Ruffini ending, and the Pacinian
corpuscle) in human glabrous skin. Merkel’s disk responds
to quasi-static deformations of the skin such as force or
displacement in the frequency range of 0.4 Hz to 3Hz[1].
It plays an important role in detecting spatial structures in
a static contact, such as detecting an edge or a bar. The
Ruffini ending responds to buzz-like sensations in the fre-
quency range of 100Hz to 500Hz[1]. The Meissner cor-
puscle, which is activated in the frequency range of 2 Hz to
40 Hz, detects dynamic deformations of the skin such as the
sensation of a flutter [1]. The Pacinian corpuscle, which is
activated in the frequency range of 40 Hz to 500 Hz, detects
acceleration or vibration[1]. A vibrotactile signal is use-
ful for stimulating human skin in mobile devices, because
vibrotactile motors have already been applied in many com-
mercial mobile devices.

There have been many instances of fruitful research
works using vibration motors as a media for delivering hap-
tic information to users. A. Chang et al. developed a mo-
bile system (ComTouch) for providing vibrotactile feedback
coupled with auditory information [2]. The ComTouch sys-
tem allows rich communication among users by convert-
ing hand pressure into vibrational intensity. I. Oakley et
al. developed a hardware platform in which a user pro-
vides a command to a device with a motion sensor [3]. In
their system, a user senses vibrotactile feedback according
to scrolling and/or tilting motion. Immersion Corporation
developed the VibTonz® system that generates vibrotactile
sensation [4]. Although the VibTonz® system presents a fa-
vorable method to increase the quality of communication,
current commercial vibration motors cannot sufficiently ex-
press the robust haptic feedback offered by the VibTonz®
system. Commercial eccentric motors generate vibration us-
ing an electromagnetic and centrifugal force. As an unbal-
anced mass in the eccentric motor rotates while interacting
with a permanent magnet, the intensity of the vibration is
coupled with the frequency, and the respond rate to stim-
ulate the finger of the user is slow. Therefore, the use of
the eccentric motor limits the ability to discriminate diverse
vibrotactile sensation.

To generate a variety of tactile sensations, researchers
have focused on developing new haptic actuators. Sam-
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sung Electro-Mechanics developed a new linear vibration
motor to improve the response rate [5]. Y.Y. Mizukami and
H. Sawada proposed a muscle wire actuator using an SMA
(a shape-memory alloy) [6]. The muscle wire actuator was
well designed with consideration given to the size, the work-
ing frequency and the power consumption. However, since
the actuator generates only vibrotactile sensation for stimu-
lating Pacinian corpuscles, it can hardly create detailed tex-
ture in a small-scale shape. In order to overcome this lim-
itation, several research works have been made to develop
pin-array type tactile actuating systems that can selectively
stimulate human mechanoreceptors. 1. Poupyrev et al. em-
bedded piezo-actuators into mobile devices [7]. To increase
the stroke of piezo-actuator, M. Wagner et al. developed a
helically wound PZT ceramic actuator, helimorph [8]. Since
these actuators can actuate over a broad bandwidth, these
actuators can convey various tactile sensations such as the
clicking of a button, the surfing of menus, and exploration
of a rough surface.

Although the haptic sensation by vibrotactile actuators
improves usability and/or immersion in mobile devices, the
vibrotactile actuators scarcely generate a detailed texture
and/or a small scale shape. In order to overcome this limita-
tion, several attempts have been made to develop pin-array
type tactile actuating systems that can selectively stimulate
human mechanoreceptors. C.R. Wagner et al. developed a
tactile actuation system that used servo motors to operate
a mechanical pin-array device [9]. Q. Wang and V. Hay-
ward developed a pin-array type tactile transducer system
that generates a relatively large lateral skin deformation by
adjusting the cantilever mechanics [10]. S.Y. Kim et al. de-
veloped a compact pin-array type of a tactile display unit
using piezoelectric bimorphs and attached it to a PHAN-
ToMTM haptic device [11]. Moreover, they presented an
area-based haptic rendering method which provides kines-
thetic and the tactile sensation to human operators. K.U.
Kyung and J.S. Park developed a miniature pin-array tactile
module with ultrasonic linear actuators and a pen-like tac-
tile display (Ubi-pen) using a module [12]. In their system,
nine ultrasonic linear actuators are arranged to provide tex-
ture and vibration. R. Velazquez et al. presented a pin-array
tactile actuating system with an SMA (shape memory alloy)
coil and a permanent magnet [13].

Despite the fruitful research in the development of var-
ious pin-array tactile modules, it remains difficult to embed
them into mobile devices due to their size and large power
consumption. In the consideration of size and power con-
sumption, a haptic switch [14] using electroactive polymers
was developed for a small-size device. However, it is not
easy to generate a variety of tactile sensation with the hap-
tic switch because its maximum working frequency is not
fast enough to stimulate Pacinian corpuscles. For mobile
devices, a tactile module should be designed that takes into
account the small size, low power consumption, low weight,
and performance measures (pin stroke, output force, and
working frequency) of these devices. For haptic feedback in
mobile devices, this paper presents a new miniature tactile
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actuator that consumes a low amount of power. Moreover,
this paper suggests a tiny tactile module using the proposed
tactile actuators.

2. Design of a New Miniature Tactile Actuator

The objective of this work is to develop a tactile module
which can create a variety of tactile sensation. In order to
provide various tactile sensations, human’s mechanorecep-
tors need to be selectively stimulated. Every mechanore-
ceptor except Ruffini ending has own operating frequency
as mentioned in Introduction. For example, only Merkel’s
disk is activated in the range of low frequency (0~3 Hz)
stimulation. To stimulate mechanoreceptors selectively, a
tactile actuator should be designed in the consideration with
‘wide operating frequency range’. Among many types of
actuators, we decided to use a solenoid actuator. The rea-
son is that it creates enough force and stroke to stimulate
human skin and generates a wide enough frequency band-
width to convey abundant tactile sensation. Moreover, a
solenoid actuator can be easily redesigned for various struc-
tures and miniaturized. Therefore, many attempts have been
made to develop pin-array tactile displays with solenoid ac-
tuators [15]-[17]. However, it remains a challenge to re-
duce the size of a tactile display with an array of solenoids
without decreasing the magnitude of the stimulating force.
The reason is that the actuating force of a solenoid depends
considerably on its size. In this section, we present a new
solenoid type actuator which is small enough to construct a
miniature tactile module.

2.1 Design Process of a New Miniature Tactile Actuator

To ensure high performance with a miniature actuator, it is
desirable to combine more than two types of energy me-
chanically. For example, centrifugal force by an eccentric
mass and the repulsive force between a solenoid and a per-
manent magnet can be combined to construct a commercial
coin-type vibration motor that can generate strong vibration.
The piezoelectric force and the inertial force are combined
to develop the ultrasonic miniature linear motor known as
“TULA”, which can generate a large stroke [18].

For tactile feedback in mobile devices, a tactile actua-
tor should generate enough force to stimulate human skin,
should be actuated in a wide frequency range, should be
small enough to be inserted into mobile devices, and should
be designed to consume low power. To minimize the di-
ameter of the solenoid actuator, a small push/pull type of
solenoid actuator with a solenoid core and an external per-
manent magnet was chosen. However, a small solenoid does
not generate enough force to push out a permanent mag-
net. Therefore, an elastic spring was added to provide ad-
ditional elastic return feedback force. That is, the elastic
return force of the elastic spring and the electromagnetic
force between the solenoid and the permanent magnet were
combined. Figure 1 shows the proposed tactile actuator that
incorporates a push-pull type solenoid and an elastic spring.
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The proposed actuator consists of an elastic spring, a
contactor, a permanent magnet, and a solenoid. The con-
tactor is adhered to the center of the elastic spring and the
permanent magnet is attached to the end of the contactor.
The solenoid is placed with a tiny gap for the permanent
magnet.

2.2 Driving Principle of the Proposed Tactile Actuator

Figure 2 shows the driving principle of the proposed tactile
actuator. As the core of the solenoid is made of a steel al-
loy, the permanent magnet connected to the elastic spring
is attracted to the tip of the solenoid steel core, causing the
elastic spring to deform in the initial state. The deformation
of the elastic spring generates elastic return force. When
electric current flows into the solenoid, repulsive force be-
tween the solenoid and the permanent magnet is generated.
Due to the elastic return force and the electromagnetic repul-
sive force, the contactor rises up strongly and stimulates the
finger pad of the human operator. As the permanent mag-
net is weakly attached to the steel core due to the elastic
return force, the impulse current input only needs to gen-
erate strong and fast returning actuation. The electromag-
netic repulsive force between the permanent magnet and the
solenoid only plays a role in detaching the permanent mag-
net from the solenoid. Therefore, the proposed tactile ac-
tuator consumes considerably low power while producing a
high level of performance (output force, working frequency
and response rate).

The human’s absolute threshold (activation force) for
a fingertip is determined as a function of frequency, con-

Elastic Spring + Condacior + Magnet + Solenoid

Fig.1 Design of new tactile actuator.
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Fig.2  Driving principle of the proposed actuator.
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tactor’s area, and etc. In the case where we used a con-
tactor whose radius is about 0.35 mm, the human’s absolute
threshold becomes nearly 20 dB ym at low frequency (about
0~3Hz) [28],[36]. The contactor’s radius of our system
(0.25 mm) is similar as that of [28], [36]. Thus, we decided
to determine the maximum stroke of the proposed tactile ac-
tuator as 200 um, twice as the human’s absolute threshold,
to strongly stimulate the human’s finger tip. By consider-
ing the maximum stroke (200 um), the gaps between each
permanent magnet and solenoid part were determined.

3. Design of a Miniature Tactile Module

In Fig. 2, the stimulating force and the contactor stroke of
the proposed tactile actuator are shown to be proportional
to the width and the thickness of the elastic spring. As the
width and the thickness of the elastic spring increase, the
elastic return force and the contactor stroke become larger.
Therefore, it becomes necessary to increase the width and
the thickness of the elastic spring for better performance.
However, if the size of the elastic spring becomes larger, the
gap between a contactor and its neighbor, which should be
as close as possible for better tactile sensation, increases.
Hence, to increase the size of each elastic spring with-
out increasing the contactor gap, a multilayer structure was
adopted, as shown in Fig. 3.

Figure 3 shows the assembly method of the nine actu-
ators with the multilayered elastic springs. In Fig.3, con-
tactor 2, which is attached to elastic spring 2 of the second
elastic plate, moves up and down while passing through a
gap between elastic springs 1 and 3 in the first elastic plate
and also transiting through the third and fourth elastic plates.
Contactor 5 fixed to elastic spring 5 of the first elastic plate
and moves up and down while passing through the second,
third and fourth elastic plates. Likewise, each contactor
moves through the different elastic springs and the plates.
While this assembling method enlarges the size of the elas-
tic springs, the contactor gap is minimized.

Figure 4 shows the disassembled structure of the pro-

Fourth Elstic Plate
Third Elastic Plate

L Second Elastic Plate

First Elastic Plate

Fig.3  Structure of the multilayered elastic spring and assembling proce-
dure of tactile actuators.
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posed miniature tactile module. The tactile module consists
of a touch plate, four different elastic plates (plates with
elastic springs), five spacers, nine contactors with perma-
nent magnet separators and a solenoid part (the array of
solenoids and the solenoid holder). The touch plate is the
part where a human operator places a finger on it to feel the
tactile sensation. It is important to remove or to minimize
the maldistribution of the gaps between the permanent mag-
net and the solenoid, because the force generation of each
actuator is determined by the gap. In order to minimize the
gap and to remove interference with the other elastic springs
in different layers, the spacers were inserted among elastic
plates. Each contactor with a permanent magnet is grasped
by the center hole of the corresponding elastic spring in the
elastic plate. The separators enable the contactors to actuate
vertically, as this action eliminates the interaction among the
magnets. The solenoids are arranged by the solenoid holder
and generate electromagnetic repulsive force due to the in-
teraction with the permanent magnets [19].

The Pacinian corpuscle is a highly sensitive mechanore-
ceptor over 100Hz[20]. The length of the Pacinian cor-
puscle is 3~4 mm in an adult finger [21], [22]. The longest
vertical axis and the transverse axis of the diameter of
the Pacinian corpuscle are 3.5mm and 4.84 mm, respec-
tively [23]. The contactors’ gap of the proposed tactile mod-
ule is determined by considering the size of the Pacinian
corpuscle, because the Pacinian corpuscle is most sensitive
among the mechanoreceptors. The contactors’ gap should
be smaller than the distance between the Pacinian corpuscle
and its neighbor. In this paper, considering the size of the
Pacinian corpuscle, the contactor gap of the proposed tactile
module was set to 3 mm. The distance from the center of a
contactor to that of its neighbor was defined as the contac-
tors gap.

Touch Plate

Elastic Plate
( Platewith Elastic Springs)

/Solenoid Part
(Solenoid Array + Solenoid Holder)

Fig.4 Disassembled structure of new miniature tactile module.
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4. Fabrication of the Proposed Tactile Module
4.1 Design and Fabrication of Elastic Spring Parts

Figure 5 shows the simulation result and the displacement-
force graph of the elastic spring. From this result, the width
of the beam of the elastic spring was set to 0.5 mm, and
the thickness of the elastic spring was set to 0.15 mm. This
spring is elastically deformed up to 200 um under 5 mN
loads. The lager the gap between the permanent magnet and
the solenoid becomes, the larger elastic return force is gen-
erated as shown in displacement-force graph in Fig. 5.

As discussed in Sect. 2.2, elastic springs were included
to increase the repulsive force. A 3D analysis tool (COS-
MOSXpress) was used to simulate the elastic spring. The
material chosen was SUS 304 because it is light and it has
good elastic characteristic. The size of the elastic spring
was set to 4.5 X 4.5 mm considering the contactor gap and
the multi-array structure. The material for the contactor was
chosen as an SK stainless steel, because it is light, antirust,
and easy to manufacture.

Four different elastic plates were manufactured by a
commercial machine (wire-cutting), as shown in Fig. 6 (b).
The first elastic plate has four elastic springs, the fourth plate
has one elastic spring, and the others have two springs, as
shown in Fig.6(a). Each elastic spring grasps the corre-
sponding contactor. The permanent magnet is attached to
the end of the contactor, as shown in Fig. 6 (¢). The proposed
nine pin-array tactile module using multi-layered structure
can be expanded up to 37 pin-array module [24].

To assemble the elastic spring and the contactor, we
made a hole in the center of the spring as shown in Fig. 7.
The maximum tolerance of the hole is smaller than the min-
imum tolerance of the contactor. Hence, the interference fit

Deformation

tawawima)
| e

LTt nm

4.5mm

LS00 mm

[[015mm
bl Y

Displacement to Force

E
=
E
@
£
@
H
=
2
0 *
0206 1 14182226 3 34384246 5 54586266 7 74
Force (mN)

Fig.5 Simulation result and displacement-force graph of an elastic
spring.
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Fig.6 Disassembled structure of new miniature tactile module.

Contactor

Interference Fit

Elastic Spring + high-strength adhesive

Fig.7  Assembling process of the elastic spring and the contactor.

occurs between the hole and the contactor. After the inter-
ference fit, the contactor is fixed by an adhesive in the hole
of the spring.

4.2 Design and Fabrication of Solenoid Parts

Elastic return force is generated when each elastic spring
is stretched due to the attractive force between the magnet
connected to an elastic spring and the solenoid steel core.
If the sum of the elastic returning force and the electro-
magnetic repulsive force is larger than that of the attractive
force, the contactor with the magnet moves upwards to stim-
ulate a finger tip (See Fig. 2). The elastic return force is ap-
proximately 5 mN when the actuator is maximally stretched
(0.2 mm), and the attractive force was measured as nearly
7 mN. Therefore, the electromagnetic repulsive force should
be larger than approximately 2 mN to push out the perma-
nent magnet.

m = M ey
2 X po
B = A% 2
Nxl1
v="% 3)
L;
" Hi X A; @

'm = Magnetic Force

o = Magnetic Permeability of Air
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Solenoid

Fig.8  Array of nine-miniature solenoids.

A, = Cross Section Area generating Magnetic Force
B; = Magnetic Flux Destiny

¢ = Magnetic Flux

N = Wiring Number

I = Current in Coil

R, = Magnetic Reluctance

;i = Magnetic Permeability

A; = Cross Section Area

L;=Length of Material passing through Magnetic Flux

Generally, a solenoid can be expressed by Egs. (1), (2),
(3), and (4). The electromagnetic force (1) is derived from
Egs.(2), (3) and (4). A permanent magnet is attached to
the end of a corresponding contactor which is adhered to
an elastic spring. As this permanent magnet interacts with
the corresponding solenoid, the diameter of the solenoid has
to be smaller than the gap (3 mm) between a contactor and
the gap of its neighbor contactor. In the proposed system,
the diameter of each solenoid was fixed as 2.8 mm as shown
in Fig. 8. Consequently, through these four equations, the
height of the solenoid was determined to be 5mm. Based
on these parameters, the miniature solenoids were manufac-
tured with array of nine-solenoids.

4.3 Fabrication of the Proposed Tactile Module

Figure 9 shows a new miniature pin-array tactile module
with the proposed tactile actuators. The total size of the pro-
posed tactile module is 15mm X 15mm X 8.5 mm and its
weight is only 8 g. The contactor gap is 3.0 mm and its diam-
eter is 0.5 mm. Each actuator can be independently actuated
with a stroke of 0.2 mm and with a wide working frequency
range. We found other commercial braille pin array-type
display and summarized in Table 1[25]-[27]. The volume
of the proposed display per one pin is considerably smaller
than that of others per one pin.

The proposed tactile module consisting of nine tactile
actuators consumes considerably low power. For a case in
which 5V of input is applied to the module, when only one
actuator moves at 1 Hz, its power consumption is 0.16 W.
When actuating at 340 Hz, the power consumption is 0.39 W
(5 'V input). In addition, the response time of the proposed
actuator is on the order of milliseconds.
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Fig.9 Developed pin-array tactile module.

Table 1 The comparison among the proposed tactile module and other
braille displays.
PAC Mate
) Refreshable
Parameter | Tiny Sync ) Portable
Braille
/Device Feel Braille . Braille
Displays .
Display
32 Cells 40Cells 40Cells
Number
9Pins (32X8= (40X8= (40X8=
of Pins .
256Pins) 320Pins) 320Pins)
I5Smm X | 260mm X | 13.2"w X | 4.8"X
Size  of
. I5Smm X | 8mm X | 13.5"d X | 12.5"X
Devices
8.5mm 20mm 1"h 1.53"
1912 4.4x10° 2.9x10° 1.5x10°
Volume N N N s
mm mm mm mm
Volume of , | 13750 , | 37500
) 382 mm 72500 mm
One Pin mm’ mm’

5. Performance of the Proposed Miniature Tactile
Module

A hardware control system was constructed to evaluate the
performance of the proposed tactile module. The proposed
tactile module is controlled by an AVR microprocessor. A
control signal generated by the microprocessor (AVR128)
is transferred to each actuator through a current amplifier
(ULN2803). Figure 10 shows the control circuit that is used
to operate the proposed tactile module. To convey a wide
variety of tactile sensations, a tactile module should provide
enough force to stimulate human mechanoreceptors and has
to be operated over a wide range of frequency (0~300 Hz).
The performance of the developed tactile module was evalu-
ated by measuring two characteristics: 1) the exerting force
via a load cell, 2) the frequency response through a vibrom-
eter.

5.1 Exerting Force Measurement

As the proposed tactile module is a miniature and low-
power system, it may produce too small an output force to
stimulate human skin[1]. Therefore, the output force was
measured to determine whether it is larger than the activa-
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Tactile

Module

Fig.10  Controller for the developed pin-array tactile module.

Indicator NT-501 A4

ile ’Mod ule

Load Cell (BCL-3L)

Fig.11  Measurement of tactile module’s exerting force.

tion. The human vibrotactile threshold has the highest value,
nearly 40 um, for a static stimulus[28]. The mechanical
impedance of the skin to normal displacement at the finger
pad is 0.09 mN/um [29]. Therefore, the activation thresh-
old (3.6 mN) to stimulate the mechanoreceptor can be com-
puted by multiplying the vibrotactile threshold (40 um) and
the mechanical impedance (0.09 mN/ um).

Figure 11 shows the measurement system as used here
to investigate the contactor output force. A load cell (BCL-
3L) was placed on the proposed tactile module through its
extended contactor. The indicator (NT-501A) displays the
force when the contactor of the tactile module hits the ex-
tended contactor. The force was measured six times and
the average of these measurements was used. The measured
output force of the contactor was 5 mN, which is larger than
the activation threshold (3.6 mN). This result shows that
each contactor provides enough force to stimulate a human
mechanoreceptor.

5.2 Frequency Response

There are four major mechanoreceptors (the Meissner
corpuscle, Merkel’s disk, the Ruffini ending, and the
Pacinian corpuscle) in human glabrous skin, as described
in Sect. 1 [1]. As each mechanoreceptor has its own work-
ing frequency in the range of 0 Hz to 300 Hz, the frequency
bandwidth is the dominant factor in the stimulation of skin.
Therefore, the amplitude of the proposed tactile actuator
was measured as a function of the vibration frequency.
Figure 12 shows a schematic diagram of the measure-
ment system used for the frequency response. The ampli-
tude of the proposed tactile actuator was measured by a
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Fig.12  Schematic measurement system for frequency response.
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Fig.13  Frequency response of the proposed tactile actuator.

Laser Doppler Vibrometer (LDV). In this experiment, the
amplitude was measured when a square wave input was pro-
vided to the developed tactile actuator.

Figure 13 shows the result of the measured amplitude
of the proposed tactile actuator according to the frequency.
The stroke (200 um) of the proposed actuator is enough to
stimulate the human’s mechanoreceptors. So, we limited the
stroke up to 200 um. For this reason, when the proposed ac-
tuator vibrates in the resonance frequency, the stroke of the
actuator does not have any overshot. Therefore, the reso-
nance has no critical affects on the proposed actuator under
the frequency range of O to 340 Hz. The sensitivity of hu-
man’s mechanoreceptors reaches the peak around 250 Hz,
and then it starts to decrease after the frequency [1]. Thus,
the working range of the tactile actuator (0 Hz~340Hz) is
enough to stimulate all mechanoreceptors without the reso-
nance effect.

6. Experimental Result and Evaluation

Two different experiments were performed. Six subjects
participated in this experiment; five were male and one was
female. All were between 24 and 30 years old. All subjects
were right-handed and they did not have any tactile abnor-
malities. Subjects were asked to place their index finger on
a surface where tactile contactors were protruding. These
experiments were conducted under the condition of passive
touch. There was no pilot test with the tactile module. Exter-
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Fig.14  Four experimental samples containing the different presentations
of stimuli.
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Fig.15  Mean percentage of correct answers in identifying the number
of stimuli presented for each sample.

nal noise was blocked by earplugs during the experiments.
6.1 Experiment I: Perceiving One Pin Stimulation

An experiment was performed to investigate whether the
proposed tactile module generates enough force to stimu-
late human skin. Only one contactor located in the center
was actuated during the experiment. In each test, the sub-
jects were asked to gently place their index finger on the
tactile module. We performed each test for 5 seconds be-
cause mechanoreceptors start to paralyze after around 7 sec
tactile stimuli [30]. Four samples were prepared for this test,
as illustrated in Fig. 14. There was no pulse in sample 1,
and one pulse in sample 2. Samples 3 and 4 had two and
three pulses, respectively. Each pulse input was presented
to the subjects during the same interval (five seconds). Four
samples were randomly displayed six times; hence, the sub-
jects were required to answer 24 times. First, the subjects
experienced a randomly selected sample for five seconds.
Afterward, the subjects rested for three seconds to recover
their tactile sense and checked their answers [31], [32]. They
then continued the experiment. A four-alternative forced-
choice (4AFC) method was adopted, and the subjects were
instructed to select how many pulses were provided for each
sample.

Figure 15 shows the mean percentage of correct an-
swers when subjects attempted to identified the number of
stimuli presentations as each sample was presented to them.
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The results are summarized in Table 2. The average per-
centage of correct answer was 91.7 % when sample 2 was
provided to the subject, 77.8 % for sample 3, and 72.2 %
for sample 4. The lowest percentage of correct answer
was 72.2 % in the four-alternative forced-choice (4AFC)
method. Let us consider the case where subjects marked
the answer sheet randomly. In this case, the probability for
72 % of correct answer is about 5 %. So, we can conclude
that subjects were able to identify the number of presented
stimuli reliably. This result shows that the subjects were able
to identify the number of presented stimuli presentations re-
liably. This shows that subjects can perceive each stimulus
by a contactor. Therefore, each contactor provides enough
force to stimulate the human finger pad.

6.2 Experiment II: Nine-Contactor Actuating for Provid-
ing Tactile Sensation

An experiment was performed to investigate whether the
proposed tactile module can convey a variety of tactile sen-
sation to users. All nine contactors were actuated dur-
ing the experiment. The subjects experienced five differ-
ent frequencies (2 Hz, 5 Hz, 25 Hz, 100 Hz, and 250 Hz) six
times with same displacement. A seven-alternative forced-
choice (7AFC) method was adopted [30], [33]. In the 7AFC
method, it was rated 7 score if the perceived stimuli is
strongest and 1 score if it is weakest. The period of each
stimulus was about 7 seconds and the subjects responded

Table 2  Mean percentage of answers in identifying the number of pre-
sented stimuli.

Answer Sample | | Sample 2 | Sample 3 | Sample 4
Stimulus (0 times) | (1 times) | (2 times) | (3 times)
0 times 100.0 8.3 0.0 0.0
1 times 0.0 91.7 16.7 8.3
2 times 0.0 0.0 77.8 19.4
3 times 0.0 0.0 5.6 72.2
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Fig.16  Perceived intensity as a function of frequency of vibration using

the proposed tactile module.
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within 10 seconds.

Generally, as the frequency of vibration increases, vi-
brotactile threshold become lower in a palm and a fin-
ger [28],[35]. That is, as the frequency of vibration with
same displacement rises, perceived intensity goes up. Fig-
ure 16 shows the experimental result. In the proposed tactile
module, as the frequency of vibration increases, perceived
intensity is intensified. Therefore, the proposed module can
be used to stimulate tactile sensation.

7. Conclusion

Although a pin-array module is a powerful structure for gen-
erating tactile sensation, it is not easy to embed this type
of module into a mobile device due to its size and its high
level of power consumption. This study proposed a minia-
ture and low-power tactile actuator that provides enough
working frequency, output force and amplitude to stimu-
late mechanoreceptors. The proposed actuator consists of
an elastic spring, a contactor, a permanent magnet, and a
solenoid. The contactor is attached to the center of an elastic
spring which generates elastic return force. The permanent
magnet is attached to the end of the contactor, and it in-
teracts with the corresponding solenoid. The proposed tac-
tile actuators were arranged and modularized to construct
a miniature tactile module. The contactor gap, the domi-
nant factor for providing tactile sensation, was minimized by
adopting a multilayered structure that did not decrease the
performance level. The developed tactile module is small
and consumes a low amount of power. Therefore, the pro-
posed tactile module can be embedded into mobile devices.
If the proposed tactile actuator and the tactile module are
incorporated into a mobile device, users will be provided
with immersive and realistic sensations while interacting
with their mobile devices.
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