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A tactile sensation device using micro-electro-
mechanical system (MEMS) has been developed.
This device is integrated with a haptic sensation
robot for use as fingers. The tactile device must be
miniaturized to enable attachment of the actuator
mechanism to the fingers. Therefore, we used MEMS
technology for this device. The device is composed of
an interface part fabricated by 3D printing, pins, and
MEMS cantilever-type actuators. It has the ability to
stimulate the mechanoreceptors of the fingertips. The
device and robot can display not only high-resolution
images of the fingertips but also the repulsion force
during finger operations such as tool holding and
rotation. We have not yet achieved the final device
because of fabrication problems. In this paper, we
explain the details, progress of development, and
results of trials on the prototype device.

Keywords: MEMS device, tactile sensation, haptic sen-
sation robot

1. Introduction

Virtual reality (VR) technology has become popular for
conducting visiting experiments, surgery, and games. For
example, one of the main technologies of VR involve dis-
plays that can engage a user in a world of computer graph-
ics and provide an immersive experience through the use
of stereo 3D display. Humans have five senses, among
which tactile and haptic sensations are very important for
manipulation and recognition of the shapes and textures of
objects. The tactile sensation and force feedback are im-
portant for surgical systems [1] and teleoperated tasks [2].
In our previous work, we succeeded in presenting a force
profile similar to that of real cutting [3]. There are sev-
eral products for Braille displays [a], and tactile devices
have been researched [4] for such purposes. A tactile dis-
play requires high density and good response to realize
teleoperation tasks and virtual reality that the Braille code
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embodies.

One of these tactile displays was realized using a mag-
netic microactuator based on a PDMS (polydimethyl-
siloxane) elastomer [5]. Although it could realize high
density and high speed, its force was very less. lon-
conducting polymer gel film actuators can realize high-
density and high-speed display under wet conditions [6].
Watanabe developed a hydraulic displacement amplifica-
tion mechanism that could achieve a large displacement
using a micro-electromechanical system (MEMS) actua-
tor and flexible microchamber filled with an incompress-
ible liquid [7]. The resolution was not sufficient, but be-
cause of the large displacement, a high Braille code dis-
play capability could be achieved. A shape memory al-
loy actuator is one possible solution [8,9], but it does
not have sufficient response speed for use in a tactile de-
vice. Paschew developed a high-resolution display using
a smart hydrogel [10]. They used the smart hydrogel as an
actuator with temperature as the drive source, but the re-
sponse was not fast enough for the application. A similar
polymer actuator was developed by Choi using a dielec-
tric elastomer [11]. This actuator was soft, flexible, and
thin. Ultrasound vibrators and vibrotactile devices can
also generate artificial tactile sensation [12—15]. A quasi-
tactile device was developed using an electro-tactile dis-
play. It is an interesting phenomenon that the tactile sen-
sation changes with polarity [16]. In one device, material
stiffness was represented using a smart fluid [17]. An air
jet [18], suction force [19], and air pressure control have
been used in some tactile displays [20, 21]. However, it is
difficult to use these devices as wearable devices.

Kawasaki conducted research on a haptic device [22]
that can generate haptic sensation for each finger.
CyberGlove system can represent the forces on all fingers,
and can be used over a wide area by a supported robotic
system to improve reality. However, these systems can-
not change the contact location on the fingers. Cutkovsky
researched methods to change the contact point on the fin-
gers to represent the forces accurately [23], but this was
applied to only one finger. Yokokohji also developed a
haptic system that can change the contact location on the
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Fig. 1. Concept of our system [31].

fingers [24]. FingGAR [25] can represent skin deforma-
tion, vibration, and pressure stimulation. However, it is
not possible to change the contact location.

We aimed at developing a fusion system with tac-
tile and haptic display that can represent actual touch-
ing shape information and force sensation of the fingers.
Therefore, we selected MEMS [26-28] and 3D print-
ing technologies for developing the tactile device. For
haptic sensation display, we developed a haptic display
that allows changing the contact location for multiple fin-
gers (thumb, index, and middle fingers). This haptic
display can move around a wide area, and is based on
SPIDAR [29] haptic display technology [30]. In this pa-
per, we explain the configuration of the haptic and tactile
display as well as the development process and results of
trials on the tactile display.

2. Concept of Tactile and Haptic Display

The system concept of tactile and haptic display was
explained in a paper published in VRCAI2018 [31]. Fig. 1
shows this concept. Haptic display represents the force of
each manipulation and collision. The size of the tactile
device is a little larger than that of each finger; this device
is placed on the hook of the haptic display. Hence, we
can represent the tactile and haptic sensations at the same
time. Fig. 2 shows the configuration of the haptic display.
We used SPIDAR as the support mechanism for the force
representing part. SPIDAR is a six degree-of-freedom
haptic device, whose working area can be changed eas-
ily by altering the position of the motors. As it is driven
by eight strings, it does not require a rigid frame from the
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force ground to the force representation point. It can mea-
sure the position and orientation of the force representing
part and the support unit, because SPIDAR’s motors ap-
ply a small force during standby (non-force representing)
mode. We configure the haptic mechanism for the fin-
gers and the force such that it can represent the thumb,
index, and middle fingers. Fig. 3 shows the haptic sen-
sation mechanism for each finger. This mechanism has
three motors. One is for force sensation, the second is for
changing the contact location, and the third is for chang-
ing the direction of the force. Fig. 4 shows the multi-
finger force representation mechanism. There are three
force sensation mechanisms. The multi-finger force rep-
resentation mechanism can rotate with wrist rotation. Fur-
ther, we used SPIDAR as the support mechanism for the
force representing part. It can measure the position and
rotation of the wrist part, and can also represent the force
and torque applied to the wrist. Fig. 5 shows the sys-
tem configuration. We used Unity and SpringHead for
the software development kit (SDK), a SPIDAR amplifier
(SH-4 amplifier, MPS Co., Ltd.) for haptic motor control,
and an FPGA motor controller (original development) for
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contact location control of haptic sensation. Ten brushless
servomotors are used in this system. We have not devel-
oped a tactile sensation control system. We will develop
a tactile sensation control system in which the texture and
shape feature recognition functions will be incorporated
in the Unity application, and tactile signals will be sent to
the selector and amplified by the piezoelectric amplifier to
actuate the actuators of the tactile device. Fig. 6 shows the
arrangement used for the haptic experiment. Haptic sen-
sation is generated when a finger collides with a virtual
sphere or square object. The haptic force reflects the stiff-
ness of the target object and collision speed. The posture
of the wrist is reflected by outside the SPIDAR system
motor encoder information and the calculated quaternion
matrix.
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Fig. 6. Haptic experiment.
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Fig. 7. Scheme of tactile device [31].

3. Development of Tactile Display

We explain below the development method and the re-
sult of trials on the tactile display.

3.1. Design of Tactile Display

Figure 7 shows the scheme of our tactile device. A fin-
ger contacts the interface parts, and tactile sensation is
generated via pins. The pins must be placed with high
density; carbon fiber reinforced plastic (CFRP) pins are
used here, as in the work by Smithmaitrie [32]. The
interface parts are fabricated by 3D printing (we used
ABS resin). The stimulation targets were paciniform end-
organs and Merkel cell neurite complexes. In this case,
we needed to stimulate these mechanoreceptors by press-
ing to a 400 um depth at the fingertips. Therefore, we
designed cantilever type actuators to perform actuation to
this depth. The deformation of a piezoelectric microac-
tuator is small [33]; thus, we considered a method for
obtaining a larger deformation. We selected the follow-
ing arrangement. A cantilever composed of many tiles,
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Fig. 8. Analysis model of cantilever, pin, and human skin [31].

aligned in a perpendicular direction, was used to increase
the length. A multilayer piezoelectric structure was used
as a high-power drive. The distortion in the width direc-
tion of the cantilever was used to obtain a large defor-
mation. The cantilevers were placed closely to establish
high-density stimulation points. The piezoelectric mate-
rial Pb(Zr,Ti)O3 (PZT: lead zirconate titanate) was used
for high-power actuation. The thickness of each layer
was 3 um.

Figure 8 shows the analysis model. The actuators com-
prise four connected tiles, and each tile has a PZT multi-
layer and Si base layer. Each PZT layer has Pt electrodes,
and the drive and ground electrodes are placed alternately.
The end of each actuator is connected to a CFRP pin, and
the top of each pin is in contact with human skin. The
top of each pin is a 0.5-mm square, which stimulates the
fingertip.

Figure 9 shows the cantilever layout. We designed four
types of cantilevers, as shown in the figure. To fabricate
the compact device, we used a 20-mm square Si plate,
which was the overall device dimension; this is similar to
the width and length of a fingertip. One side of a can-
tilever actuator was fixed, and the other side was the ac-
tuation part, which is connected to a stimulus pin. The
stimulus pins were aligned within 2.5 mm. We confirmed
the stimulation performance using FEM analysis [34].

3.2. Fabrication of Tactile Display

Figure 10 shows the tactile display fabrication process.
1) A base electrode of a Pt/Ti (GND) layer is formed by
sputtering and patterning. 2) GND and source electrodes
are separated by a TiO» insulator layer formed by sputter-
ing. 3) A 3 um PZT layer is formed by the sol-gel method,
75 repetitions of spin coating with baking (180°C, 350°C)
and 15 repetitions of rapid thermal annealing (680°C,
heating rate is 30°C/s, oxygen atmosphere). We used the
same conditions, material, facility, and sputtering con-
ditions of the electrode as in Moriyama’s research [35].
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We observed that our PZT layer has the same crystal ori-
entation, P-E hysteresis loop, and displacement-voltage
characteristics as in the results presented in this paper.
A 12% PZT-E1 solution (Mitsubishi Materials) is used.
4) A PUTi layer electrode is formed by sputtering and
patterning. Processes 3) and 4) are repeated as required.
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5) The outer side of the PZT layers of the cantilever is
etched by buffered hydrofluoric acid (BHF) and nitric
acid. 6) The base Si plate is etched by deep RIE (reactive
ion etching) to form the outline of the cantilever shape.
7) The thickness of the cantilever is adjusted to 50 um
by deep RIE from the back side. 8) Alternate electrode
holes are filled with Au by electroplating. Each elec-
trode is connected to each power source by wire bonding.
This development process was explained in a previous pa-
per [36,37].

Figure 11 shows the fabricated device.
shows the actuation part of the cantilever.

Fig. 11(a)
Fig. 11(b)
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Fig. 12. Wet etching of PZT and wire bonding result.

shows the electrode part of the cantilever (before Au elec-
troplating). Fig. 11(c) shows a wide-field view of the can-
tilevers. After releasing the cantilever from the base plate,
slight deformation was observed. In this result, the sur-
face on the electrode was not smooth, and several cracks
were observed. Fig. 12(a) shows the residual PZT after
etching. Fig. 12(b) shows the Au electrode layer peeled
by wire bonding. The adhesion force between the lower
layer of the Pt electrode and the Au layer was insuffi-
cient because of the residual PZT, and the perforated Au
electrode was peeled by wire bonding; hence, the electric
wiring failed. We infer that the wet etching of the PZT
layer must be improved.

3.3. Performance of Tactile Display

We built a tactile device with four layers of PZT. Fig. 13
shows the actuation measurement setup of the cantilevers
before wire bonding. Electric power was supplied through
the contact probes, and deformation was measured with a
laser displacement sensor (Keyence LK-030). We used a
digital multimeter to digitize the measurement results of
the laser displacement sensor. If 80 V is applied to the ac-
tuator, the output voltage of the sensor changes by 28 mV.
This would mean a 28 pum deformation, because the sen-
sor output sensitivity is 1 um/V (Fig. 14). This device has
four layers of PZT. Piezoelectric simulation result shows
that the deformation of the five layers of PZT cantilever
was 400 um at 100 V [34]. This deformation is smaller
than the expected value. This variation is caused by the
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Fig. 13. Actuation measurement setting.

30

25

20

15

10

Deformation (pm)

0 20 40 60 80 100
Applied Voltage (V)

Fig. 14. Actuation measurement result.

rough surface of the PZT layer and the presence of several
cracks in the Pt electrode layer. Therefore, it is necessary
to improve the fabrication method of the PZT layers.

4. Conclusions

We considered a tactile device integrated with a hap-
tic device. Our main aim was to use MEMS technology
in the tactile device. We designed the device structure
based on the result of FEM analysis of the deformation.
We attempted to build a prototype device. The fabrication
of five layers of PZT with 3 um thickness was difficult,
because the large number of processes leads to a greater
probability of processing errors, which is reflected in the
film quality. We attempted the sputtering deposition of
PZT films, but it also requires accurate process control
to form the high-quality film. Wet etching fabrication of
thick PZT without residual PZT is also needed. We also
found the Si plate to be weak for the high-density actu-
ator layout, necessitating the bonding of a reinforcement
plate to the device plate. Based on these trial results, we
will investigate more suitable processes and improve the
device structure.
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