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Abstract— It is important for social robots to be capable of
changing its behavior or other capacity to sustain interaction
with the user. In this paper, we discuss changing the softness
of the body of a robot. The robot is supposed to be used
in haptic interaction contexts such as therapy. To sustain the
interest of the user, the robot changes the softness of its body
elements and provide the user with variable tactile sensations
depending on the haptic interaction history. In this paper, we
report the design process of our creating robot prototypes by
using a thermoresponsive gel that changes in viscoelasticity
with temperature variations. The gel is soft in an inactive
state, whereas it becomes hard when it is activated by heat.
After identifying a chemical composition that was suitable for
building the variable-softness robot, we created octopus-like
prototypes having tentacles whose softness could be changed
based on tactile sensing. User tests were conducted to check
if participants could recognize such softness changes and to
discuss the feasibility and prospects of this approach.

I. INTRODUCTION

Haptic interaction plays a crucial role in social robots [1].
A representative example is their use for therapeutic purposes
and studies suggest that human psychological stress may be
reduced by introducing touchable robots [2], [3]. However,
on the other hand, it is widely known that social robots
having constant capacity cannot maintain the interest of the
user for a sustainable period of time [4], [5], [6]. Therefore, if
a therapy robot can change its softness over time, according
to the sequence of the user’s touch, the robot could be
used by the user for a longer period of time thus become
a more effective therapy robot than the one with constant
softness. By leveraging the soft material that has been used
in the field of soft robotics, haptic interaction experience
can be enriched [7]. In fact, a soft robotic haptic device that
offers adjustable stiffness was proposed for a neuromuscular
rehabilitation purpose [8].

In this study, we create a variable-softness social robot
(Fig. 1) by utilizing a temperature-responsive gel that was
originally studied and tested in haptic application devices
such as a touch screen and a wearable protection [9], [10].
This gel changes the viscoelasticity with temperature. We
started from exploring the use of this gel material for the
purpose of building prototypes of the variable-softness robot.
In this paper, we will document the process of developing
these prototypes and present useful knowledge for the future
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Fig. 1. Variable-softness social robot.

development. In the latest prototype, the temperature of the
gel is controlled by heating wires and water-cooling tubes.
Flex sensors are embedded to detect the user’s touch. We
created octopus-like prototypes having soft tentacles whose
softness was changing if the user continued touching them.
User tests were conducted to check if participants could
recognize softness changes on the prototype as we expected.
The results are discussed to assess the feasibility, prospects,
and the next step of this approach.

II. RELATED WORKS

A. Social Robot for Haptic Interaction

PARO [11] is a therapeutic robot covered with soft artifi-
cial fur. It is designed to be touched or stroked by humans.
A number of studies has been conducted to investigate the
social and haptic interaction between PARO and the users,
and it was suggested that human psychological stress may
be reduced by introducing the robot [2], [3].

The Huggable [1] is a robotic companion featuring somatic
sensors over the whole surface of the robot. It is also covered
by fur fabric and designed for haptic interaction, particularly
targeting relational and affective touch, with the user. A
recent study [12] suggested that this physically embodied
social robot had an advantage in producing socially ener-
getic conversations and promoting multi-party interactions
in pediatric inpatient-care contexts involving young patients.

The Haptic Creature [13] was also developed to investigate
fundamentals of affective touch. It is equipped with sensors
and actuators to communicate its internal state via vibrotac-
tile purring, stiffening its ears, and modulating its breathing.
It was shown to be effective in communicating emotions to
humans [14].



Controlled studies exist investigating the effect of physical
contact by humans with robotic devices. Sumioka, et al. re-
vealed significant reduction in cortisol levels in participants
who had conversations with a huggable device [15]. Hayashi
examined the role of softness in therapeutic robot [16],
including comparisons between a hard robot and a soft robot.

On the other hand, long-term, sustainable interaction
between robot and the user has long been a challenge
in HRI (human-robot interaction) researches. Many studies
suggested that social robots having constant limited capacity
could not maintain the interest of the user for a sustainable
period of time [4], [5], [6]. Thus, despite the merits men-
tioned above, social robots having a fixed softness feature
may not be used sustainably.

B. Softness Change

Diverse approaches exist in changing the softness of mate-
rial. In the field of robotics, pneumatic variable-stiffness fin-
ger driven by an air-pressure actuator comprising a silicone
oval tube and tendon was proposed [17]. Other approaches
include the use of a jamming principle [18], magnetorheolog-
ical fluid (MRF) [19] or electroactive polymers (EAP) [20].
However, large components such as a compressor or a
solenoid are required for these approaches. In addition, EAP
operates at high voltages (2-5 kV).

In contrast, there is a thermoresponsive hydrogel, a poly-
mer material lubricated with water, whose viscoelasticity
changes according to the temperature. If the gel tempera-
ture is below a threshold called the lower critical solution
temperature (LCST), the gel becomes transparent and soft.
On the other hand, if the gel temperature is above the
LCST, the gel is dewatered, becoming white and hard. This
material had been used in such applications as providing
haptic feedback for touch screens [9] or an on-skin interface
for body protection [10]. In the former application, the gel
was up to 25 times stiffer when activated (LCST: 32 ◦C),
whereas, in the latter application, the gel was up to 10 times
stiffer when activated (LCST: 36 ◦C). System components
required for this approach can be much smaller than the
other approaches explained in the previous paragraph. There
is a detailed review of hydrogel actuators and sensors in
which we can find comparisons of this material with other
solutions [21].

III. FIRST PROTOTYPE

To make use of the thermoresponsive hydrogel explained
in the previous section, we first explored the way of tem-
perature control. The initial approach we tested was using
a peltier cell as a temperature controller. A peltier cell
is a thermoelectric element that generates heat transfer by
causing a temperature difference between both the element
surfaces by the flow of electric current. By changing the
current direction, the direction of heat transfer on both sides
of the element changes so that both heating and cooling can
be performed.

We fabricated a texture unit (Fig. 2) to check the basic
properties of the state change of the gel. A silicone skin

Fig. 2. Texture unit (first prototype).

TABLE I
CHEMICAL COMPOSITION OF THE GEL USED IN THIS STUDY.

NIPAM Acryl MBA APS TEMED
1.88 g .12 g 12 mg .50 g 150 µL

NIPAM: N-isopropylacrylamide
Acryl: Acrylamide

MBA: N,N’-Methylene-bis-acrylamide
APS: Ammonium persulfate

TEMED: Tetramethylethylenediamine

having a thickness of 1.0 mm was formed using a mold
made by a 3D printer. The silicone skin was created using
Dragon SkinTM10 product sold by Smooth-On Inc. The top
surface of the unit was a 40 mm square having a height of 10
mm. Then, gel material was injected into the space between
the silicone skin and the peltier cell by using a syringe.

Previous studies reported 10 chemical compositions of the
thermoresponsive hydrogel [9], [10]. By using the texture
unit, we tested all the chemical compositions and then further
searched for a suitable composition for our study. LCST was
set to 36 ◦C considering the average temperature of the user’s
hand. Overall, we had an impression that we need to have
a chemical composition that makes the gel harder than the
previous attempts [9], [10]. Table I summarizes the chemical
composition we chose in the end for our study.

The peltier cell could well perform heating and cooling
functions, but the hardness of the cell itself hindered the
softness of the whole texture unit, particularly when the gel
was in an inactive soft state. In addition, it was necessary to
dissipate heat by attaching a heat sink and a dc fan, which
limited the arrangement of multiple texture units. Therefore,
in practice, we needed to re-consider the whole component
for temperature control to create a variable-softness robot.

IV. SECOND PROTOTYPE

Considering the volume and the thickness of variable-
softness material, we decided to build an octopus-like robot
having soft tentacles. We were also inspired by pioneering
works in soft robotics researches creating octopus-like soft
robots [22], [23].

In this second prototype, the gel was heated with a
nichrome wire covered with silicone rubber. At the same
time, the gel was cooled by circulating cold water through a
silicone rubber tube. Consequently, the degree of freedom of
the shape with variable flexibility was dramatically increased.



Fig. 3. Variable-softness tentacles (second prototype).

Fig. 4. Internal components of the tentacle (second prototype).

We assumed that the user grasped the tip of the tentacle,
and thermoresponsive gel was filled inside the tip. The
appearance of the created tentacles is shown in Fig. 3.

As was the case with the first prototype (Fig. 2), the gel
was covered with a silicone skin. The internal components
of the tentacle is shown in Fig. 4. A temperature sensor
was mounted to detect the state of the gel. The gel was
arranged so that the thickness of the gel measured from the
surface of the cord heater and the silicone tube was less
than 10 mm. In this setting, if the cord heater was heated
to 50 ◦C and the temperature was adjusted by circulating
cooling water at 20 ◦C, the state change was completed in
approximately 1 to 2 minutes. Flex sensors were embedded
to sense the haptic contact by the user. A simple wire-based
actuator was also implemented so that the robot could exhibit
simple movements. Fig. 5 shows the mold for the tentacle
and the internal components. Supporting parts inside the
tentacle were made by using Dragon SkinTM10. After fixing
the internal components, the upper and lower silicone skins
were glued, and the gel material was injected into the space
by using a syringe.

Arduino Uno was used to control the robot. Using a motor
driver, we drove the cord heater and a pump for circulating
water in the silicone tube. The wire attached to the guide
part of the tentacle was actuated by a servomotor. Cooling
water (5 liters) kept at 20 ◦C was put into a container, and
the water was circulated using a pump. The tentacle surface
temperature was controlled so that it remained within the
range from 34 ◦C to 38 ◦C, and the time required for the

Fig. 5. A mold and internal components.

state change of the gel was approximately 1.5 minutes.
The second prototype was tested in an informal manner by

seven students who belong to the same laboratory as the first
and last authors of this paper. However, more than the half
of the participants could not initially recognize the softness
change of the tentacles. It was primarily due to the lack of
a detailed instruction about how to interact with the device.
Participants who could identify the tip location and find the
way of activating the bending sensor by themselves well
recognized the softness change. In addition, it was observed
that those participants played with the robot longer compared
with the control condition in which the temperature control
was off (the softness was unchanged).

However, the second prototype required an external cool-
ing water system that accommodated the 5 liters of water,
which made us design and create the third prototype ex-
plained in the next section.

V. THIRD PROTOTYPE

We then developed a compact cooling system so that it
could be accommodated inside the body of the octopus-like
robot. Fig. 6 (top) shows the exterior of the robot. Two water
tanks are built into the main body. Each tank is attached with
a peltier cell and a heat sink. A DC fan is installed in the
back side of the body. These two tanks provide circulating
cool water within the tentacles.

The internal components of the tentacles were also im-
proved. Instead of using a single chamber (Fig. 4), in the
third prototype, we adopted two separated chambers (Fig. 7)
each of which was capsuled by a silicone skin and was
attached with a heating wire and a cooling tube. Aluminum
plates were also installed on the surface of the chambers to
improve the thermal conductivity on the capsules.

VI. USER TESTS

To check the basic functioning of the third prototype and
to observe how people perceive it, we conducted user tests.
We recruited test participants and asked them to perform
three interaction tasks: in task-1 and task-3, they were given



Fig. 6. Third prototype: the exterior and internal components.

Fig. 7. Internal components of the tentacle (third prototype).

a robot whose softness in its tentacles was changed according
to a previously determined protocol, whereas, in task-2, they
were allowed to freely play with the robot. In task-2, two
conditions were compared: in condition-1 (variable-softness),
the viscoelasticity of the thermoresponsive hydrogels embed-
ded inside the robot’s tentacles was changed based on the
detection of the participant’s touch, whereas, in condition-
2 (constant-softness), the viscoelasticity of the hydrogels
was unchanged. In the procedure explained in Section VI-
B, participants were randomly assigned into each of the two
conditions.

A. Participants

Ten male students (M = 24.2 years old, SD = 2.64) were
recruited at the University of Tsukuba. Their participation
was compensated with 850 yen/hour. The test protocol was
approved by the ethical committee of the University of
Tsukuba, and all tests were conducted after obtaining a
written consent from the participants.

Fig. 8. A free play session (task-2).

B. Procedure

After an experimenter explained the general goal as well as
the functioning of the robot to each of the participants, task-
1 was started. The instruction included the precise location
(the tip of the tentacles) whose softness was variable and
how to activate the change. At this moment, the participants
were told that the change may or may not occur even if they
actually touch the robot. The participants were randomly di-
vided into two condition groups (condition-1 and condition-
2) in task-1 as well; however, in task-1, the softness of
the gels was not controllable by the participants, instead,
it was controlled by a previously determined protocol: the
temperature was initially set at 40 ◦C (the gel was in a
hard state), and then cooling water (20 ◦C) was kept being
circulated for 150 seconds (the gel was changing to a soft
state). The participants were instructed to keep touching the
robot by their dominant hand. Then, once the session started,
the participants were asked to raise the other hand when
they felt that the softness was changed. The session lasted
for 180 seconds. After the session ended, the participants
filled out a questionnaire comprising the following three
question items: (Q1) Did you feel a softness change on
the tentacles? (yes/no), (Q2) Did you feel a temperature
change on the tentacles? (yes/no), and (Q3) Did you find any
relationship between the softness change and the temperature
change? (yes/no) If yes, please describe it in detail. All ten
participants tested the two conditions (within participants
design) whose order was counter-balanced.

Next, the experimenter gave a detailed instruction again
to the participants, in preparation of task-2. The participants
were kept being told that the change may or may not occur
even if they actually touch the robot. Then, a free play
session (task-2) was started (Fig. 8). Both conditions started
with a gel state: hard (40 ◦C). In condition-1, every time
when the participant’s touch was detected more than three
times in 30 seconds, either cooling/heating was started, and
the state was changed to the opposite state. Plus, every
time when the touch was detected, the tentacle was slightly
moved by pulling a wire by a servomotor, thus providing



the participant with a feedback. In condition-2, the same
feedback was provided; however, the temperature of the
tentacle surface was kept at 40 ◦C, and the thermoresponsive
gels were kept at the hard state. There was no time limit, and
the participants were told that they could stop the session
anytime he/she wanted to. They filled out a questionnaire
at the end of the session: (Q4) Please describe freely your
thought and what you felt during the tests. As was the case
with task-1, all ten participants tested the two conditions, and
the order was counter-balanced. The interaction duration was
measured and compared between the two conditions.

Finally, task-3 was performed with the same protocol as
task-1. However, before it was started, the experimenter ex-
plicitly told each participant the condition-type, i.e., variable-
softness or constant-softness.

VII. RESULTS AND DISCUSSION

A. Questionnaire

Seven out of ten participants answered that they felt a
softness change in condition-1. However, three of them
answered that they also felt a softness change in condition-
2, suggesting that it was not so straightforward for the
participants to clearly judge if a softness change occurred
or not. Due to the limited number of participants, we did
not perform a statistical test; however, there seemed to be
no clear order effect.

Six participants in condition-1 and seven participants in
condition-2 answered that they felt a temperature change,
suggesting that it was difficult to measure a temperature
change by using a subjective questionnaire scale. In addition,
there was only one participant in condition-1 (and two in
condition-2) who answered that they found a relationship
between the softness change and the temperature change.

The free description (Q4) provided us with insightful
comments from the participants. Most participants showed
their preference to the softness change and acknowledged
the merit of utilizing it for social robots. However, at the
same time, many of them commented that judging a softness
change was not obvious, which is consistent with the result
of Q1.

It is interesting that three participants mentioned tem-
perature factors as well as softness factors. One of them
commented: “I think I had a perceived notion of warm
objects being soft. So, during the tests, sometimes I was
wondering if I feel soft because it is warm or I feel warm
because it is soft.” This suggests a promise for social robots
that can change the skin temperature [24], [25] and the
importance of maintaining consistency between different
tactile factors.

Two participants commented that operating noise coming
from the body of the robot could have affected their judgment
on softness. In case of assessing the softness/temperature
factors precisely, we would need to consider the noise factor.

B. Behavioral results

We also performed objective measurement. Fig. 9 gath-
ers up the results. Besides the user tests, we measured

Fig. 9. The states (temperature: blue dots and hardness: red Xs) transition
of the tentacle, and the number of participants who had declared that they
felt that the softness of the tentacle was changed in the corresponding time
window in task-1 and task-3.

the hardness of the tentacle surface by using a durometer
(TECLOCK GS-744G). The measurement procedure fol-
lowed the protocol of task-1 (Section VI-B): initially, we
heated and kept the gel at 40 ◦C, and then measurement
started with an experimenter pushed the tentacle surface
by his thumb (to simulate the user tests). The blue dots
in Fig. 9 show temperature values (Celsius)1 and the red
Xs show the hardness values measured by the durometer.
In the background, bar charts representing the number of
participants who raised their hand during the corresponding
time window are presented (task-1 and task-3).

The results show that the hardness overall followed the
temperature change as we expected; however, it was again
observed that human judgments estimated by their raise-hand
behaviors are diverse. It was also observed that in task-3 in
which participants were given the condition-type information
beforehand, they tended to become sensitive to and report
the softness change earlier than the case (task-1) in which
no such information was provided.

1The temperature values at 10-20 seconds had been affected by the skin
temperature of the experimenter thus showed a temporal sharp decrease.



Fig. 10. Duration analyses (task-2). (Left) comparison between condition-
1 (variable-softness) and condition-2 (constant-softness). (Right) the
growth/decay of the duration across the two conditions. ‘C1->C2’ denotes
the group where condition-1 was performed first.

C. Duration of interaction

Fig. 10 shows the results of task-2 (free-play session).
The participants played with the robot significantly longer in
condition-1 (variable-softness) than in condition-2 (constant-
softness) (t(9) = 2.335, p < 0.05, r = 0.62).

We also analyzed the growth/decay of interaction time
across the two conditions. The red bar in Fig. 10 (right)
shows that in the participants group where condition-1 was
performed first, their average interaction time in condition-
2 was shorter (-159.8 seconds) than the case with the
condition-1. On the other hand, the blue bar shows that in
the participants group where condition-2 came first, their
interaction time in condition-1 was longer (+55.6 seconds)
than the case with the condition-2. The difference between
the two time differences was statistically significant (t(8) =
2.376, p < 0.05, r = 0.64).

Both the results suggest that the participants may have
been more interested in the variable-softness condition than
the constant-softness condition.

D. General discussion

The results told us the complexity and difficulty of mea-
suring human perception of softness. Judging from the data
obtained by the durometer, we consider that the robot overall
functioned as we expected. However, the effect has not yet
been so clear. We confirmed that some participants who
were confident of recognizing the softness change provided
us with positive comments and prospects. However, there
were also participants who could not distinguish the two
conditions. The duration analyses in task-2 showed relatively
clean results that support the basic assumption of this study.
On the other hand, in the user tests reported in this paper,
we gave rich instructions to the participants, which soiled
the ecological validity of the interaction.

As a material providing variable softness, thermorespon-
sive hydrogels have several merits. However, as the par-
ticipant’s comment suggested (Section VII-A), the property
may not always be consistent with human natural notion or

Fig. 11. The fourth prototype of a variable-softness social robot that is an
extension of the third prototype (Fig. 6).

intuition, which has to be taken into consideration when we
design a variable-softness social robot.

E. Next step

We would need a more natural interaction setting to study
the effect of introducing a variable-softness social robot.
Based on this consideration, we further created the fourth
prototype (Fig. 11) that is an extension of the third prototype,
being covered with a silicone exterior.

Our next step is to plan for a field test in a more natural
and longitudinal setting than the tests reported in this paper.
We will bring specific interaction scenarios and test the robot.

VIII. CONCLUSION

To create a variable-softness social robot, we examined
the use of thermoresponsive hydrogels. Starting from proto-
typing a texture unit where we explored a suitable chemical
composition, we created robot prototypes and reported the
design process. User tests were conducted in a labora-
tory setting. Although we confirmed the functioning of the
robot, the results showed a difficulty of measuring human
softness perception. At the same time, the results showed
the feasibility of this study, which shows prospects. The
participants who perceived changes in the robot’s softness
were enthusiastic about the contact. The average interaction
duration with such a robot was longer than the case with a
constant-softness robot.
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