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Abstract—This paper proposes a method for controlling the
stiffness of a thermally driven actuator by leveraging the phase
transition of a low-boiling-point liquid. Using a Peltier device
for cooling, the reduction in actuator stiffness can be precisely
adjusted. Experiments demonstrated the actuator’s effectiveness,
particularly in handling fragile objects with precision, ensuring
delicate interactions with contact surfaces. Since stiffness is
adjusted within a safe temperature range, this approach shows
promise for applications involving direct human contact, such as
the outer surfaces of social robots (robot skin).

Index Terms—Soft actuator, variable stiffness, thermally driven
actuator, phase transition, temperature control

I. INTRODUCTION

Human interfaces (devices that connect humans and ma-
chines and enable mutual information communication) play a
significant role in human-machine coordination technology. In
particular, devices that come into direct contact with humans
need to meet many requirements [1], such as low rigidity
and physical safety. Soft robots that meet these requirements
are applied mainly to rehabilitation aids, prosthetics, human
augmentation devices, and tactile interfaces [2]. The operation
of these robots developed in soft robotics requires a sensor
that reads information about the external environment and
an actuator that converts the power into force using the
received information. Actuators commonly used are broadly
classified into pneumatic actuators that use compressed air for
movement [3]–[5], hydraulic actuators that use compressed
fluid for movement, and electric actuators that use electric
current or magnets for movement [6].

Among these, a thermally driven actuator that uses the phase
transition of a low-boiling-point liquid has been developed
to combine the soft characteristics of a pneumatic actuator
and the high torque of a hydraulic actuator. As Fig. 1 shows,
the actuation mechanism is that the sample, which is initially
in a liquid state, is heated by a heater to induce a phase
transition from liquid to gas, thus generating pressure. The
actuator is characterized by using a liquid with a relatively
low boiling point as the sample and using a soft membrane.
This enables actuation in a temperature range and stiffness that
are safe for human contact and is being studied for application
in wearable devices, mainly as rehabilitation equipment. The
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Fig. 1. Proposed thermally driven actuator using phase transition.

mechanotherapy glove proposed by Celebi et al. incorporates
a thermally driven actuator that can be used to treat muscle
fatigue and sensory therapy [7]. Other studies have been
conducted to use this actuator as a device to assist in flexion
and extension of the fingers [8].

Thus, thermally driven actuators play an important role
in the field of human interface. However, there are several
problems that have not yet been solved. One of them is that
cooling methods for actuators have not been established. Many
previous studies on thermally driven actuators have used textile
heaters with metalized fibers to heat actuators. Therefore, once
the actuator is activated, the on-off cycle of the actuator takes
a long time because it requires air cooling to return to its
initial state. In fact, in the experiment conducted by Celebi
et al. [7], one cycle took 500 seconds, and in the experiment
conducted by Garrad et al. [9]. It was shown that it takes
at least 20 seconds for both heating and cooling. Therefore,
it can be said that thermally driven actuators currently have
limited applications due to their slow response. Therefore, if
the actuator can be cooled immediately by some method, the
response of the actuator will be improved, and the range of
applications will be expanded accordingly.

Another problem is that of actuator control. Thermally
driven actuators utilize the phase transition from liquid to
gas, which requires high stability in controlling the actuator
temperature. However, the previous studies mentioned so far
have focused only on current control due to the use of textile
heaters for heating, and not much attention has been paid to
the aspect of temperature control, as well as to the control
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Fig. 2. Schematic model of the proposed thermal-driven soft actuator.

of stiffness produced by the actuator. If precise temperature
control and stiffness control of actuators can be achieved,
further applications are expected to expand.

In response to these problems, this paper proposes a ther-
mally driven actuator with a cooling function implemented by
using a Peltier device and also proposes precise temperature
control and stiffness control of the actuator by using a heat
disturbance observer (HDOB). These proposals aim to solve
conventional problems of responsiveness and control.

II. THE OPERATING PRINCIPLE OF THE THERMAL-DRIVEN
ACTUATOR

Thermal-driven actuators utilize some means to heat low-
boiling-point organic solvents, harnessing the pressure gen-
erated during the phase transition from liquid to gas for
actuation [7]–[10]. A schematic representation of the proposed
actuator is shown in Fig. 2.

As shown in Fig. 2, the proposed actuator comprises a
Peltier device, a heat sink located beneath it, and a bag sealed
with a low-boiling-point liquid sample on its upper side. In
the initial state of the actuator, the sample inside the bag
remains in a liquid state, and the actuator exhibits almost
no rigidity. When heat is applied to the actuator, the sample
inside the bag is heated, causing its temperature to rise. Once
the temperature of the liquid sample reaches its boiling point,
the heat supplied to the actuator facilitates the liquid-to-gas
phase transition, gradually vaporizing the sample. This phase
transition increases the pressure inside the bag, changing the
actuators stiffness.

As discussed in Section I, prior studies have proposed the
use of textile heaters made by weaving metalized fibers into
the fabric instead of the Peltier devices [7], [9], [11]. In this
method, electrical circuits are connected to the textile heater,
and voltage is applied to generate an electric current. The
Joule heat produced by the heater is then used to heat the
actuator. While this approach enables actuator heating, it has
been noted that the cooling method is limited to air cooling,
which presents a significant drawback in conventional studies.
Consequently, once the actuator is heated, it takes a long time
to return to its initial state.

In contrast, the method proposed in this study employs a
Peltier device instead of a heater, enabling both heating and
cooling of the actuator. To activate the actuator, a positive
current is passed through the Peltier device, whereas a negative
current can be applied to return the actuator to its initial state.

(a) (b)

Fig. 3. Making process of the actuator: (a) seal two sheets using a heat sealer
(b) the liquid is injected into the actuator.

Soft actuator
(a) (b)

with thermal sensor

Heat sink

Soft actuator

FanPeltier device

Fig. 4. Appearance of actuator: (a) upper side (b) side view.

This dual functionality allows for a reduction in the on-off
cycle time of the actuator.

In summary, the operating principle of this actuator is that
heating and cooling are performed via temperature control
using a Peltier device, and as a result, the stiffness of the
actuator is controlled. The purpose of the paper is to improve
the accuracy of stiffness control by enhancing the precision of
temperature control.

III. DEVICE DEVELOPMENT

A. Material Selection for Each Component
This study used polyethylene (PE) sheets to fabricate the

expansion bag of the proposed soft actuator. Polyethylene is
a material with excellent heat-sealing properties, making it
suitable for use in thermal-driven actuators.

Regarding the low-boiling-point liquid, we used Noah 5112,
a product of Zhejiang NOAH Fluorochemical. Noah 5112 is a
fluoroketone compound with excellent non-flammability and
a boiling point of 49.2 C. This relatively low boiling point
allows the heated vapor phase to remain at a temperature that
feels warm but is safe for human contact.

B. Fabrication Procedure of the Actuator
1) As shown on the left side of Fig. 3, two polyethylene

sheets, each cut into 3 cm squares, were stacked together,
and three sides (indicated by the red lines) were sealed
using a heat sealer.

2) As shown on the right side of Fig. 3, 0.2 mL of the
sample liquid was injected through the unsealed side
using a syringe.

3) The unsealed side was then sealed to complete the
fabrication of the bag portion of the actuator.

4) The bag was placed on top of the Peltier device, and
heat-dissipation silicone was applied between the bag

39



and the heat sink for enhanced thermal conductivity. The
bag and the device were then bonded together.

The appearance of the actuator fabricated through this
process is shown in Fig. 4.

IV. ROBUST TEMPERATURE CONTROL

A Peltier device is a device that utilizes the thermoelectric
effect to perform both heating and cooling and is commonly
used in small cooling systems and thermal sensation trans-
mission devices [12]. In thermal systems employing a Peltier
device, it is typical to insert temperature or heat flux sensors
between the target object and the Peltier device. Additionally,
a heat sink or an air-cooling fan is generally attached to the
surface of the Peltier device that is not in contact with the
target object to dissipate heat efficiently.

When a current I is applied to the device, the Peltier effect
induces a cooling effect, and the amount of heat absorbed per
unit of time (qpe) is given by the following equation.

qpe = �↵TcI. (1)

Here, ↵ and Tc denote the Seebeck coefficient and temperature
of the Peltier device (cooling surface in this case), respectively.
Additionally, the negative sign in Eq. (1) represents heat ab-
sorption; reversing the direction of the applied current reverses
the cooling and heating surfaces of the device.

However, in practice, the actual heat absorption is influenced
by additional factors: Joule heat qj , generated by the current
passing through the electrical resistance of the element, heat
flow qcon, caused by thermal conduction due to the tempera-
ture difference between the cooling and heating surfaces, heat
flow qa, caused from the temperature difference between the
cooling surface and the soft actuator surface. Consequently,
the actual heat absorption of the device is expressed as:

qp = qpe +
1

2
ReI

2 +
1

Rp
(Th � Tc) +

1

Ra
(Ta � Tc)

= qpe + qj + qcon + qa. (2)

Here, Re, Rp, Ra, Th, Tc, Ta denote the electrical resis-
tance, the thermal resistance of the Peltier device and the soft
actuator, the temperature of the cooling and heating surfaces
of the Peltier device and the soft actuator, respectively. The
factor 1

2 in qj accounts for the Joule heat being distributed
between the cooling and heating surfaces.

Using the analogy between thermal and electrical phenom-
ena, thermal resistance can be likened to electrical resistance,
thermal capacitance to electrical capacitance, and temperature
and heat flow to voltage and current, respectively. This allows
thermal phenomena to be analyzed using an equivalent elec-
trical circuit [12]–[14]. The equivalent circuit of the thermal
system, created based on the analogy, is shown in Fig. 5.

From these factors, Joule heat generated within the element
and heat from contact with the target object act as nonlin-
ear disturbance heat flows, which introduce noise into the
temperature control process in the temperature control of the
Peltier device. To tackle this issue, various methods have been

Fig. 5. Equivalent circuit of a thermal system using thermal and electrical
analogies.

Fig. 6. Block diagram of the temperature control system using HDOB.

proposed for nonlinear control of Thermo-Electric Modules
(TEMs), including sliding mode control based on changes
mapped onto a 3D state space [10] and control methods using
microreactors grouping multiple elements [8].

This study employs a heat disturbance observer (HDOB),
which applies the concept of a disturbance observer to thermal
systems [12], [15], [16] to linearize the Peltier device simply.
The disturbance observer estimates disturbances by comparing
the nominal input to the system with the response processed
through the inverse system.

In the proposed system, the nonlinear heat flows are as-
sumed to disturbance qdis as

qp = qpe + qj + qcon + qa

= qpe + qdis. (3)

The current compensation value calculated from the HDOB
is given as:

Icmp =
1

�↵nTc
q̂dis. (4)

Here, Icmp represents current compensation, the subscript
n indicates nominal values, and q̂dis represents the estimated
disturbance heat flow. The temperature control system of the
Peltier device using the HDOB is represented as shown in
Fig. 6. Here, g, s denotes the cut-off frequency of the low-pass
filter and the Laplace operator. The low-pass filter is included
to prevent amplification of high-frequency components. From
the current compensation, the robust temperature control for
stiffness regulation of the proposed actuator can be realized.
The effectiveness of the control system is assessed in the
following experiments.
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TABLE I
PARAMETERS USED IN THE EXPERIMENTS.

Parameter Value
Kp 1.0
KI 0.02
gsen 2.0⇥ 3.14⇥ 5.0
gdis 2.0⇥ 3.14⇥ 0.01
↵n 0.023
Cn 2.0

V. EXPERIMENT

A. Experiment 1: Cooling effect for the actuation

The proposed actuator leverages a Peltier device, enabling
both heating and subsequent cooling. This design is expected
to improve the responsiveness of restoring the actuator to its
initial state compared to conventional methods. To validate
this, an experiment was conducted to compare the time
response of the actuators output under two conditions: (1)
heating only (conventional heater system) and (2) heating
followed by cooling. The experimental procedure is as follows:

1) A setpoint of +30 �C relative to room temperature was
applied from 5 to 60 seconds after the start of the
experiment.

2) In the first trial, the Peltier device was controlled to
prevent current flow during the subsequent 60 seconds.
In the second trial, a setpoint of �10�C relative to room
temperature was applied for 60 seconds.

3) From 120 seconds onward, the actuator temperature was
controlled to match the room temperature in both trials.

4) The force generated by the actuator was recorded using
a force gauge, and the time response of the force was
plotted and compared.

The parameters of the control system used in the experiments
are summarized in Table I.

The time response of the force generated by the actuator,
with and without cooling, is plotted in Fig. 7, and the states of
the actuator in the case of heating up (ON) and turning heat
off (OFF) are shown in Fig. 8.

From Fig. 7, in the two trials without cooling, the actuator
generated a force of approximately 6.2 N and required about
15 seconds to return to its initial state after heating. In contrast,
in the two trials with cooling, the actuator generated a force
of approximately 6.8 N and required only about 9 seconds
to return to its initial state after heating. Thus, the cooling
functionality reduced the time for the actuator to cool down
and reset by approximately 6 seconds, corresponding to a
reduction of 40 %.

These results indicate that the proposed actuator achieves
improved responsiveness by implementing the cooling func-
tion using a Peltier device compared to conventional actuators.

However, even when the temperature response of the actu-
ator was similar, the force response did not necessarily align.
Regarding this, we will address it through a thermal control
approach moving forward.

Fig. 7. Comparison of actuator performance with and without cooling.

(a) (b)

Fig. 8. State of the actuator: (a) turning heat off (OFF) (b) heating up (ON).

B. Experiment 2: Effect of the Heat Disturbance Observer
The temperature setpoints were applied to the actuator as

described below, and the time response of the force exhibited
by the actuator was recorded using a force gauge.

1) The current command to the element was set to 0 for
the first 5 seconds of the experiment, and no control was
applied.

2) From 5 seconds to 305 seconds (300 seconds in total),
the temperature of the Peltier device was controlled to
maintain a relative temperature of +40C compared to
room temperature.

3) From 305 seconds onward, the temperature setpoint was
decreased by 2 C every 60 seconds until the final setpoint
reached +30 C relative to room temperature.

4) The first experiment was conducted with the compen-
sation of the HDOB, while the second was conducted
without the HDOB compensation.

Note that the graphs are displayed with the time axis set to
zero at 305 seconds after the start of the experiment. The
force exhibited by the actuator, as shown in Fig. 9, indicates
a decrease in stiffness after the temperature setpoint begins to
decrease, with the rate of change remaining nearly constant.
Here, Fig. 9 focuses on the decline from the peak force while
ignoring the differences in peak force between trials.

From Fig. 9, examining the force reduction from the peak in
relation to the presence or absence of the HDOB compensation
reveals that in the trials with the HDOB, the force decreased
by approximately 5.7 N, whereas in the trials without HDOB,
the reduction was limited to approximately 7.2 N. Moreover,
the variability in force change per 2 C temperature reduction
was larger in the trials without HDOB.

The changes in force (�F ) at each stage of temperature
reduction, as derived from Fig. 9, are summarized in Table II.

41



Fig. 9. Time response of force.

Fig. 10. Time response of temperature.

TABLE II
COMPARISON OF FORCE CHANGES �F WITH AND WITHOUT HDOB

DURING TEMPERATURE REDUCTION.

Temperature Change () �F (N, w/ HDOB) �F (N, w/o HDOB)
4038 -1.0 -1.2
3836 -1.3 -1.6
3634 -1.0 -1.3
3432 -1.2 -1.3
3230 -1.1 -1.4

Mean Value -1.12 -1.34
Variance 0.0113 0.0220

This phenomenon can be attributed to differences in the
accuracy of temperature control for the Peltier device depend-
ing on the presence or absence of HDOB compensation. In
the absence of the HDOB, the temperatures ability to follow
the command is poorer, resulting in greater variability in the
force reduction rate. To illustrate this, Fig. 10 presents the time
response of temperature for each trial. From Fig. 10, it can be
observed that the temperature closely follows the command
in the presence of the compensation of the DOB. In contrast,
the temperature fails to track the command adequately without
HDOB compensation.

C. Experiment 3: Grasping objects with a robot gripper
equipped with the soft actuator

As an application of the proposed actuator, this study
focuses on delicate object grasping using a robot gripper. To
securely grasp fragile objects with the gripper, it is essential
to precisely control the grip angle, the opening/closing speed,
force, etc. When transitioning from handling robust objects to
fragile ones, these parameters must be adjusted accordingly,
making the process highly complex and labor-intensive.

By integrating the proposed actuator into the robot gripper
and controlling its stiffness, it becomes possible to smoothly

Robot gripper

Soft actuator

Fragile object (potato chip)

Peltier device
with temperature sensor

Fig. 11. The state of the actuator attached to a robot gripper.

transition from a state suitable for grasping robust objects
to one optimized for delicate objects without a rich robotic
controller. This simplifies the operation significantly while
enhancing adaptability.

The grasping experiment was conducted according to the
following procedure:

1) The proposed soft actuators were attached to both fingers
of the robot gripper (Fig. 11). Due to the size of the
gripper, it was challenging to attach a heat sink, so this
experiment was conducted without using heat sinks.

2) A temperature command of +40 C relative to room tem-
perature was applied to the actuators for 300 seconds. At
the 270-second mark, a potato chip (fragile object) was
grasped by the gripper(grasping with a high-stiffness soft
actuator).

3) A command of +25 C relative to room temperature was
applied to the actuators for the subsequent 300 seconds.
At the 270-second mark, a potato chip was grasped
again by the gripper(grasping with a low-stiffness soft
actuator).

In this experiment, a heat sink was not attached to the gripper,
as it was physically difficult to do so.

The time response of the actuators temperature and tem-
perature command value are shown in Fig. 12. Additionally,
the images capturing the gripper grasping a potato chip under
the two temperature conditions40 C and 25 C setpointsare
presented in Fig. 13.

From Fig. 12, it was confirmed that the temperature control
of the actuator was generally accurate. Furthermore, from
Fig. 13, it was observed that the gripper failed to grasp the
potato chip when the actuators temperature was high, resulting
in high stiffness. In contrast, successful grasping occurred
when the actuators temperature was low, resulting in reduced
stiffness to envelop objects. In other words, the proposed
actuator can adjust its stiffness to match the grasped object,
enabling delicate movements without the need for precise
position/force control or force sensors. These experimental
results demonstrate that the proposed actuator facilitates del-
icate object handling with a robot gripper, making it easier
to grasp fragile objects effectively. The primary aim of the
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Fig. 12. Temperature responses of the Peltier devices.

Fig. 13. Grasping a fragile object with the proposed actuator.

present paper is to introduce the design of a new actuator and
demonstrate its application. Detailed evaluations of stiffness
control accuracy and gripping performance are planned for
future work.

VI. CONCLUSION

In this study, we proposed a thermal-driven soft actuator
using low-boiling-point liquids to improve responsiveness and
enable stiffness control through temperature regulation. Exper-
imental results revealed that introducing a Peltier device as the
heating and cooling mechanism significantly reduced the time
required for the actuators on-off cycle compared to previous
studies. Additionally, the use of a disturbance observer for
thermal control improved the accuracy of temperature regula-
tion.

Furthermore, we successfully demonstrated that changing
the actuators temperature command allowed for stiffness mod-
ulation, thereby simplifying the process of object grasping with
a robot gripper. These findings highlight the advantages of the
proposed actuator over existing solutions in various aspects.

However, precise stiffness control remained challenging.
This limitation is likely due to the complexity of the physical
model involving phase transitions and the simplicity of the
control strategy. In this study, stiffness control was based on
the assumption of a simple linear relationship between tem-
perature and force. The actual phase transition model is more
complex, suggesting that more accurate system identification
is necessary to achieve precise control.
As demonstrated in Experiment 1, the temperature response of
the actuator does not always correspond to the force response,

with heat flux dynamics identified as a contributing factor. This
finding suggests that incorporating a correction term based on
heat flux into the temperature control system could improve
the accuracy of stiffness control.

Future research will focus on developing more precise
stiffness control methods, aiming to enhance the utility of
the proposed actuator in soft robotics applications. This will
contribute to making the actuator a more effective tool in
advanced robotic systems.
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