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Abstract: Haptic displays have been developed to provide operators with rich tactile information
using simple structures. In this study, a three-axis tactile actuator capable of thermal display was
developed to deliver tactile senses more realistically and intuitively. The proposed haptic display
uses pneumatic pressure to provide shear and normal tactile pressure through an inflation of the
balloons inherent in the device. The device provides a lateral displacement of £1.5 mm for shear
haptic feedback and a vertical inflation of the balloon of up to 3.7 mm for normal haptic feedback.
It is designed to deliver thermal feedback to the operator through the attachment of a heater to the
finger stage of the device, in addition to mechanical haptic feedback. A custom-designed control
module is employed to generate appropriate haptic feedback by computing signals from sensors
or control computers. This control module has a manual gain control function to compensate for
the force exerted on the device by the user’s fingers. Experimental results showed that it could
improve the positional accuracy and linearity of the device and minimize hysteresis phenomena.
The temperature of the device could be controlled by a pulse-width modulation signal from room
temperature to 90 °C. Psychophysical experiments show that cognitive accuracy is affected by gain,
and temperature is not significantly affected.
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1. Introduction

A haptic sense is the human recognition of a real or virtual environment through touch
or tactile sensation [1]. Recent developments in haptic display technology have involved
the manipulation of machines in environments difficult for humans to access. Currently,
this technology is applied in various fields, such as medical robots, augmented reality (AR),
and virtual reality (VR) [2]. It has also been applied to surgery using medical robots to
improve precision and provide a realistic operational feeling to the operator [3,4]. With
the increase in the complexity of remote tactile transmission, the realism and intuition of
user interaction with master robots should be improved [5,6]. In addition, entertainment
systems, such as VR systems, have adopted haptic functions to recreate realistic haptic
feedback [7,8].

Touch is the sensation experienced when skin interacts mechanically or thermally
with an object [9]. In remote robots or VR environments, tactile information is transmitted
remotely to the operator, which is important for recognizing the touch sensation and con-
trolling objects accurately [10,11]. A haptic display is a device that transmits physical touch
sensations to the operator; it must provide rich information with a simple structure [12].
Various actuation technologies, such as electromagnetic, piezoelectric, electrostatic, fluidic
or pneumatic, and motorized transducers, have been reported for haptic display applica-
tions [13-18]. Among them, pneumatic actuators are used for various applications because
they can produce high displacements and output forces and are light and robust [19,20].
The force feedback on the finger consists of normal haptic feedback to represent the force
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applied perpendicular to the finger surface and shear haptic feedback to represent slip and
pull on the surface of the object. Recently, studies of the three-axis haptic feedback have
been reported for more intuitive haptic feedback during teleoperation [11,21,22]. Leroy et al.
published a device that can generate haptics in both vertical and lateral directions using
electrostatic forces [21]. Although hydrolytic forces were combined, it was a limitation of
the device that the maximum lateral force was only 5 mN and the displacement was less
than 1 mm. To generate a large force, Lim et al. reported a three-axis haptic device using
pneumatic pressure [22]. However, there was a problem that the size of the device was
large and control was complicated to include the closed-loop feedback control for shear
haptic generation. In addition, these studies have introduced single-mode haptic devices
providing only mechanical tactile feedback.

In addition to mechanical touch, the surface temperature of an object corresponding
to its unique thermal characteristics is sensed by fingertips in contact with it. Temperature
is an essential parameter that aids the identification of a target object by a human touching
it. For example, thermo-haptic feedback can be used to quickly recognize the temperature
of objects during remote operations using robots at disaster sites such as fire and radioac-
tive accidents, thereby recognizing the working environment and preventing damage to
working robots due to high temperatures. If there is thermo-haptic feedback, more realistic
touch can be delivered to users when manipulating hot water cups or objects in AR and
VR mimicking daily life. In addition, the temperature is used as a way to improve object
identification in virtual and remote operating environments, and it is also an important
sense when inferring properties [23-27]. Therefore, one can convey a realistic sense to the
user in a virtual environment by reproducing thermal sensations in a haptic device [28,29].
The difference in temperature between the skin and the object has been observed to be very
important in recognizing the material in contact with the skin [30]. Therefore, producing
thermal sensations in a haptic device will improve realism and intuition during its use.

There have been several reports about multimodal haptic displays that can provide
both mechanical and thermal feedback [5,31,32]. However, in most studies, the shear
force feedback was not embedded, but only the vertical force or vibrational force was
implemented with the thermal feedback. Gallo et al. presented a flexible multimodal haptic
display that can convey thermal and tactile cues while matching the skin curvature [5].
Only vertical force feedback could be generated using pneumatic-assisted electromagnetic
forces, and vertical force patterns could be generated using array cells. In addition, as
with most other multimodal devices, thermal feedback has been applied to enhance the
identification accuracy of the contact materials.

Therefore, in this study, we developed a pneumatically controlled three-axis haptic
display capable of transmitting vertical and lateral forces and expressing thermal sensation.
A haptic display capable of expressing thermal sensation can convey a sense of reality and
intuition better when touched with a fingertip. In our work, we conducted experiments on
the effect of thermal feedback on lateral force feedback, which has not been well examined
in previous studies. In addition, we adopted the simple open-loop control method to
actuate the device in the shear direction. In this way, we can reduce the size of the device
to be equipped with a robotic arm manipulator.

2. Design

Figure 1 shows a schematic diagram of the proposed device consisting of an outer
case, moving block, and finger stage. The moving block moves in the lateral directions
denoted as the x- and y-directions, and the user’s finger is placed on the finger stage. The
device is designed to generate a haptic feedback in both normal and shear directions. The
haptic feedback in the normal direction is applied to the finger when the balloon at the
center of the finger stage is inflated in the z-direction. In the shear direction, the haptic
feedback to the finger is applied when the moving block moves in the lateral direction. As
shown in Figure 1, the moving block is actuated in the lateral direction by the inflation of
four balloons placed on the side walls. The balloons are inflated by external pneumatic
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pressure. Each balloon is connected to a steel use stainless (SUS) hollow tube through a
channel inside the body, and the tubes are connected to a pneumatic regulator through
silicone tubes to transmit pneumatic pressure.

Out
, - Outer case

Moving block

zk}; -----------------------------
y Metal ball a-'-'%y .‘

(@)

Rest state Normal haptic Shear haptic Normal and shear haptic

Figure 1. Conceptual view of a three-axis pneumatic haptic display capable of expressing thermal
sensation (excluding rubber strap for finger fixation). (a) Proposed device. (b) Side and rear view
during operation. (c) Finger on the device and its operation for normal and shear haptics.

Figure 2 shows the dissembled figure and its dimensions. The size of the device is
48 x 35 x 18 mm?3. The radius of the four balloons for lateral actuation is 4.5 mm, and
the radius of the balloon on the finger stage for the normal haptic display is 4 mm. The
gap between the moving block and the side wall with balloon rubber is 1.5 mm when
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the moving block is at the center position. Therefore, the moving block can move up to
£1.5 mm in both x- and y-directions.

~ Y-axis rail
SUS cover - /
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Lateral balloons
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Figure 2. Disassembled view of the proposed device (a) and its dimension (b).

This displacement in the lateral direction is enough for shear haptic display because
it is known that the finger pads have a deformation limitation in the shear direction of
approximately 2 mm [33]. The finger stage is designed to have exterior and interior sizes of
15 x 15 mm? and 24 x 21 mm?, respectively, to properly position a fingertip. As shown
in Figure 2, a balloon is formed at the moving block, which can freely move in the lateral
direction. This generates shear haptic feedback and normal haptic feedback to the finger
positioned on top. The rails are designed for accurate motion in the desired direction and
for the minimization of the yaw motion of the moving block. The lateral position data of
the moving block and vertical inflation data are used to control the pneumatic regulator to
inflate the balloons. A lookup table was prepared through a preliminary experiment to
move the block to a desired position, and the appropriate channel pressure was designated
for each position. In addition, a SUS cover was attached to the rubber membrane balloon
to withstand a higher air pressure. A metal ball array was installed on the body in contact
with the finger stage to minimize the friction between the finger stage and the body. A
control box was designed to adjust the gain manually and compensate for the force caused
by the finger gripping.

The heater located on the finger stage directly transfers the thermal sensation to the
finger. The heater is made of a SUS film with a thickness of 0.2 mm and a total length of
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270 mm and has an initial resistance of 5.3 () at 27 °C. The heater located on the finger
stage directly transfers the thermal sensation to the finger. The heater is made of a SUS
film with a thickness of 0.2 mm and a total length of 270 mm and has an initial resistance
of 5.3 () at 27 °C. The heater was controlled via pulse-width modulation (PWM) to change
the surface temperature from room temperature to over 90 °C without contact with a
fingertip. When a finger is positioned on the finger stage and in contact with the heater, the
heater temperature is below 46 °C because of its additional thermal mass. This is a good
operational range because the thermal receptors of human skin respond between 5 and
45 °C [34].

3. Experiments

The proposed device is manufactured using a three-dimensional (3D) printer. Figure 3a
shows the device parts printed using the 3D printer. In this study, polylactic acid materials
with little cracking or shrinkage were used. After a manual assembly of the parts printed
using the 3D printer, a 0.5-mm-thick rubber film was attached to the device to form balloons.
As pneumatic connectors, SUS tubes with an inner diameter of 0.1 mm were inserted in the
body to transmit external air pressure. The copper-patterned polyimide film was attached
around the finger stage to form the heater. Figure 3b shows a photograph of the fabricated
device and the device holding a finger. As shown in this figure, a rubber belt with Velcro
was used to fix the finger tightly onto the finger stage.

Figure 3. Photos of the haptic display. (a) Parts printed by a 3D printer for the haptic display; (b) A
fully assembled haptic display and the device holding a finger.
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Figure 4 shows a custom-designed open-loop control module built to drive the pro-
posed device. It is composed of a master microcontroller unit (MCU), slave MCU, liquid
crystal display (LCD) monitor, and digital-to-analog converter (DAC). The master MCU
controls five DACs to send a signal to the pneumatic regulator after receiving position
data and calculating the required signal level for proper positioning. The slave MCU
controls five DACs by receiving the calculated signal from the master MCU. The lateral
axis connected to the master MCU, the lateral axis connected to the vertical axis slave MCU,
and the gain (k) were adjusted through four knobs added to the module. An LCD monitor
was added to check the gain (k) value.

Master

Knob (gain controller)

(b)

Figure 4. Photo of a custom-designed control module (a) and its inside view (b).

Figure 5 shows the operation of the open-loop controller, where two haptic displays
are managed by a single control module. The haptic data collected from the sensor and
delivered to the module generate output signals for the inflation of the balloons and the
thermal display through the heater. The sensory sensitivity differs from person to person
during practical usage by an operator. Therefore, we designed the control module to
control the gain (k) from 0 to 10, which varies the motion force and moving distance in
lateral motion. The temperature was controlled using a PWM control method, in which the
duty ratio of the current in the heater was controlled.
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Figure 5. Functional diagram of the custom-designed control module.

Figure 6 shows an experimental setup used to analyze the characteristics of the
proposed device. The data on the lateral positions (x and y positions) and vertical inflation
of the balloon are transferred to the control module through a computer to generate a proper
voltage level to manage the output pressure of a pneumatic regulator. This pneumatic
regulator provides pressurized air to each balloon of the devices. The control module
calculates the output voltages required for the target lateral position and vertical pressure
using the input haptic data and the gain value provided by the module’s knob. In addition
to position control, the heater temperature for thermal haptic sensation is controlled by the
PWM switching module embedded in the control module.

Pneumatic regulator

" DG stipgy -

S i . . Tactile'signal PC. -
.. .| Haptic display, e D R

"

Figure 6. Experimental setup for the three-axis haptic display.

The vertical force and displacement generated by the balloon on the finger stage were
measured using a force gauge and microscope, respectively. The lateral displacement in the
x- and y-directions was monitored using a camera and analyzed using graphic software.

4. Results and Discussions

Figure 7 shows the force and inflation height of a balloon in the normal direction
when various input voltages were applied to the pneumatic regulator. The force by balloon
inflation increased linearly with the input voltage, and a maximum force of 11 N was
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observed at the input voltage of 2 V. Accordingly, the inflation height was also linear, and
the maximum height was approximately 3.8 mm.

12

10

Force (N)
()]

0 ye M M 1 N M M M 1 N N M M 1 M N M M
0 0.5 1 1.5 2
Input voltage (V)

(a)

w

—

Inflation height (mm)
N

0.0 0.5 1.0 1.5 2.0
Input voltage (V)

(b)

Figure 7. Force (a) and inflation height (b) of a balloon in the normal direction at various input
voltages.

Figure 8a shows photographs of the actuation in the two-dimensional (2D) lateral
position control of the haptic display. To evaluate the lateral actuation, 14,400 coordinates
were set by dividing an area of 3 x 3 mm? into 120 x 120 grids in the x- and y- directions.
Figure 8b shows the results of 2D position control without load or finger contact. The
positional control was very accurate with an average error of less than 0.1 mm. For the
open-loop control, the pressure ratios and the resultant voltage values for each balloon
were prepared for each coordinate in the form of a lookup table.
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Figure 8. (a) Photo of the experimental procedure measuring the displacement in the lateral direction.

(b) Displacement accuracy in lateral position control without finger contact.

Although the lateral actuation was accurate, large hysteresis and positional errors
were observed when a finger was fixed onto the finger stage. To address this problem,
the gain control function was embedded in the control module, where the gain (k) could
be controlled from 0 to 10 to enhance or reduce the pneumatic pressure ratio. Figure 9
shows the hysteresis according to the change in the gain value when the balloon membrane
is driven in the lateral direction while pressing the finger stage with a force of 2 N. In
these graphs, the vertical axis represents the displacement in the lateral direction, and the
horizontal axis represents the command numbers in the lookup table required to arrive at
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the lateral positions. These experiments show that the larger the gain value, the smaller
was the hysteresis obtained because the moving stage was operated by a larger pressure
ratio between the two balloons on opposite sides. It can also be observed that the accuracy
of arriving at the target position was improved with a high gain value.
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Figure 9. Hysteresis showing positional accuracy in lateral motion according to the gain (k) value
while pressing the finger stage with a force of 2N. (a) k =7; (b) k =9; (¢) k = 10.

o

The moving velocity of the finger stage is affected by the gain value. Figure 10 shows
the time required to reach a target point 3 mm away for various gain values and vertical
forces. When there was no vertical force, the maximum speed could be obtained when the
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gain was 8. However, when the vertical force was greater than 1.5 N, the maximum speed
could be obtained for the gain value of 10. Therefore, the gain value must be adjusted
according to the finger force required to press the finger stage.

0.25

—=—-k=7 —tr—k=8
—8-k=9 ——k=10

0 1 1
0 1 1.5 2
Applied Load (N)

Figure 10. Time required to reach a target point at a distance of 3 mm for various gain values and
vertical forces.

The surface temperature of the heater was measured by using a resistance temperature
detector. Figure 11 shows the temperature of the heater for various duty ratios of the PWM
control signal. In this experiment, the temperature could be controlled by adjusting the
duty ratio from room temperature up to 90 °C without a finger on the device. When a
finger is positioned on the finger stage and in contact with the heater, the temperature
of the heater changes because of the additional thermal mass. The temperature of the
heater changes from 35 to 46 °C in accordance with the duty ratio when a finger is loaded
on. We also performed a thermal simulation to expect the temperature of the heater by
using commercial finite element software (COMSOL Multiphysics), as shown in Figure 12.
During the simulation, a water-filled polymer shell structure was used to realize the effect
of a finger, and the results are depicted with dot lines in Figure 11. As shown in the
figure, the tendency of temperature according to input signals can be found to be relatively
consistent in simulations and experiments. However, in the absence of a finger, the slope of
temperature response for input power differed in simulations and experiments, presumably
due to inaccurate model parameters for the material used.

120
----Exposed (simulation) --A--Covered with water (simulation) l
10 H = Exposed —a&— Cover with finger tip -
100
90 o
P
80 -

Temperature (°C)

Figure 11. Heater temperature according to the duty ratio of the PWM control signal.
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Figure 12. Thermal analysis using finite element software (COMSOL).

Finally, in this work, we performed simple psychophysical experiments to test the
ability of the proposed device to display both force and thermal stimuli on human fingers
and see the effect of thermal sensation on the force feedback. From previous studies,
it has been known that the degree of recognition of tactile stimuli varies depending on
the temperature of the skin [35,36]. However, little research has been identified on the
correlation between the surface temperature of an object and the recognition of shear
stimuli on its fingers. Therefore, in this experiment, we would like to check the accuracy of
recognizing the shear displacement while changing the temperature of the surface where
the fingers come into contact.

Six people aged 27-33 participated in this experiment. The experimental settings are
shown in Figure 13a. The subject sat in front of the desk and placed his hand on the desk
with one palm facing down. The index finger was positioned on the finger stage and fixed
to the tactile display using the holding strap. In this experiment, we conducted experiments
on three variables: temperature, gain (k), and displacement. The heater temperature was
tested at room temperature (heater off), 41-42 °C, and 4546 °C, respectively, and three
displacements (1, 2, and 3 mm) were randomly applied to the finger of a subject at three
different k values. At this time, the subjects assessed the accuracy by answering the extent
of the currently authorized displacement according to the feeling of shear displacement
acquired in advance.

As a result, a total of 81 experimental data were obtained for one subject. As shown in
Figure 13b, there was no significant difference between k = 7 and 10, but the maximum
accuracy was obtained when the gain was k = 7. Furthermore, in this experiment, we were
able to confirm that the sensitivity to gain varies from person to person, but this requires
further study through further experiments on the number of samples. Considering the
error, there was no big difference in accuracy with temperature at the same gain value.
This does not seem to have a significant relationship between the force and the thermal
haptics, at least in the range of temperatures conducted in this study. This result is different
from previous studies in that spatial acuity and the vibrotactile perception threshold vary
depending on temperature [35,37]. However, since the number of experimental samples
was not large and the range of temperature was not wide, the exact correlation needs to be
studied later.
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Figure 13. Setup for psychophysical experiments (a) and accuracy measured at various heater
temperatures (b).

Accuracy (%)

5. Conclusions

In this study, a pneumatic three-axis haptic display capable of expressing thermal
sensation was proposed, implemented, and experimentally demonstrated by evaluating
the haptic feedback of force and temperature. In the force feedback, both normal and
shear haptic displays were demonstrated using an independently controlled three-axis
actuator. In addition to the force feedback, the thermal sensation to the operator’s finger
was demonstrated using a heater made of a thin SUS film integrated into the device. The
output force and displacement for the haptic feedback were linearly proportional to the
input voltage applied to the pneumatic regulator. The temperature of the heater was
controlled from room temperature up to 90 °C through a PWM signal. The modifying gain
method was applied to the custom-designed control module to minimize the hysteresis and
load effects of the finger during position control. The maximum position error was 0.45 mm
when the gain was controlled, and the error was reduced to within 0.1 mm. Psychophysical
experiments have shown that cognitive accuracy is affected by gain and temperature is not
significantly affected, but further research is needed to confirm the exact association.
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