
Smart Materials and Structures      

PAPER

Utilizing the Peltier effect for actuation of thermo-
active soft robots
To cite this article: Trevor Exley et al 2023 Smart Mater. Struct. 32 085029

 

View the article online for updates and enhancements.

You may also like
A Thermoelectric Temperature Control
Module for a Portable Fluorescent Sensing
Platform
Brianna I. Robertson, Young-Ho Shin and
Jin-Woo Choi

-

Peltier coefficient measurement in a
thermoelectric module
Javier Garrido, Alejandro Casanovas and
José María Chimeno

-

A multimodal, implantable sensor array
and measurement system to investigate
the suppression of focal epileptic seizure
using hypothermia
B Csernyus, Á Szabó, R Fiáth et al.

-

This content was downloaded from IP address 129.120.67.13 on 28/03/2024 at 15:34



Smart Materials and Structures

Smart Mater. Struct. 32 (2023) 085029 (10pp) https://doi.org/10.1088/1361-665X/ace225

Utilizing the Peltier effect for actuation
of thermo-active soft robots

Trevor Exley∗, Daniel Johnson and Amir Jafari

Advanced Robotic Manipulators (ARM) Lab, the Department of Biomedical Engineering, University of
North Texas, Denton, TX, United States of America

E-mail: trevorexley@my.unt.edu

Received 11 April 2023, revised 21 June 2023
Accepted for publication 27 June 2023
Published 14 July 2023

Abstract
The 昀椀eld of soft actuation methods in robotics is rapidly advancing and holds promise for
physical interactions between humans and robots due to the adaptability of materials and
compliant structures. Among these methods, thermally-responsive soft actuators are particularly
unique, ensuring portability as they do not require stationary pumps, or high voltage sources, or
remote magnetic 昀椀eld. However, since working principles of these actuators are based on Joule
heating, the systems are inef昀椀cient and dramatically slow, especially due to their passive cooling
process. This paper proposes using the Peltier effect as a reversible heating/cooling mechanism
for thermo-active soft actuators to enable faster deformations, more ef昀椀cient heat transfer, and
active cooling. The proposed actuator is composed of a thin elastic membrane 昀椀lled with
phase-change 昀氀uid that can vaporize when heated to produce large deformations. This
membrane is placed in a braided mesh to create a McKibben muscle that can lift 5N after 60 s
of heating, and is further formed into a gripper capable of manipulating objects within the
environment. The effectiveness of the proposed actuator is demonstrated, and its potential
applications in various 昀椀elds are discussed.

Supplementary material for this article is available online
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1. Introduction

Soft robotics is a rapidly growing 昀椀eld that has gained signi-
昀椀cant attention in recent years due to its potential for enabling
physical human–robot interactions (pHRIs) in a safer and
more ef昀椀cient manner compared to traditional rigid robots
[1, 2]. One of the key advantages of soft robotics is the use
of materials with a relatively low Young’s modulus (<1GPa)
[3], which allows them to deform and conform to their sur-
rounding environments. This ability to adapt to their surround-
ings, combined with their low re昀氀ected inertia [4], make soft
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robots ideal for pHRI as they can operate in close proximity to
humans without posing a signi昀椀cant risk of injury [5, 6].

Furthermore, the 昀氀exibility of the material used in soft
robotics also allows for the development of robots with
embodied intelligence [7, 8]. Embodied intelligence refers to
the ability of a robot to perceive and understand its environ-
ment through its physical interactions with the world, rather
than relying solely on sensors and algorithms [9]. Soft robots,
with their ability to deform and adapt to their environment,
are better equipped to exhibit embodied intelligence, which
enables them to handle complex and unpredictable scenarios
more effectively [10, 11].

Soft robots are not limited to just pHRI applications. Their
versatility and embodied intelligence also make them suit-
able for a range of other applications, including exploration
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of natural environments [12, 13], handling of delicate objects
[14], and even in medical applications such as minimally
invasive surgeries [15, 16]. The potential of soft robotics is
vast and holds great promise for the development of safer,
more ef昀椀cient and adaptable robotic systems in a wide range
of 昀椀elds.

Thermo-active soft actuators are a type of soft actuator
that have gained signi昀椀cant interest due to their high force
generation per unit weight and low power requirements [17].
In contrast to pneumatic soft actuators that rely on station-
ary pumps and accompanying accessories [18, 19], polymer-
ic/elastomeric soft actuators that demand exceedingly high
voltage (ranging from 20KV to 400KV) necessitating a sta-
tionary power supply [20, 21], magnetically actuated soft
materials reliant on external magnetic 昀椀elds [22, 23], and
Liquid crystal photo-driven soft actuators that depend on
external light sources [24, 25], thermo-active soft actuators
present a promising alternative that offers portability. Thermo-
active soft actuators eliminate the need for external pumps,
high voltage sources, magnetic 昀椀elds, or light sources. Recent
studies have also directed their attention towards modify-
ing the actuation technology employed in McKibben muscles
[26, 27]. Traditionally, thesemuscles have relied on pneumatic
actuation, but emerging research has explored alternative stim-
uli, including heat, to drive their movement [28]. However,
the main limitations of this technology include their very low
bandwidth and the inef昀椀ciency of the heating and cooling
processes [29]. Traditional resistive heaters have been com-
monly used as the sole heating source for soft actuators, rely-
ing on Joule heating (i.e.I2R) to generate heat [30]. However,
these devices are characterized by their inef昀椀ciency, as the
cooling process is passive and can only occur once the current
is removed [31].

To address these limitations, various thermo-active soft
actuators have been developed that utilize shape memory
alloys (SMAs) or shape memory polymers (SMPs) [32].
SMAs have the unique ability to restore their shape after
deformation through thermal or electrical charges, making
them ideal for actuation in soft robotics. However, they have
slow actuation cycles due to the conversion of heat to mech-
anical energy [33]. SMPs have a similar working principle to
SMAs but offer more versatile actuation methods, including
light and moisture [34]. Despite these advantages, these types
of thermo-active soft actuators still face the challenge of inef-
昀椀cient cooling [35].

Induction is another approach of generating heat. However,
there are several disadvantages associated with using induc-
tion heating for pneumatic arti昀椀cialmuscles. Induction heating
requires the use of an external power source, such as a high-
frequency electromagnetic 昀椀eld. This means that the actuation
of arti昀椀cial muscles using induction heating is dependent on
the availability of an external power source. Also, induction
heating can generate signi昀椀cant amounts of heat, which can be
detrimental to the performance and durability of the arti昀椀cial
muscles [36]. The high temperatures generated during induc-
tion heating can cause the arti昀椀cial muscles to lose their shape
and structural integrity, leading to reduced actuation capabil-
ities and a shorter lifespan.

Peltier junctions [37] have emerged as a promising alternat-
ive to Joule and induction heating as a reversible thermo-active
stimulus for controlling soft actuators. Peltier junctions are
solid-state devices that work based on the Peltier effect, which
is the transfer of heat between two materials when an elec-
trical current is passed through them.When a current is passed
through a Peltier junction, one side of the junction becomes
cold, while the other side becomes hot.

Peltier junctions can be used to control the temperature of
soft actuators, which can lead to reversible and controllable
actuation. The reversible nature of Peltier junctions allows for
repeated actuation cycles, making them a promising alternat-
ive to other heating techniques that can cause irreversible dam-
age to the soft actuator.

Moreover, Peltier junctions offer several advantages over
Joule and induction heating [38]. They do not require an
external power source or the use of electromagnetic 昀椀elds,
which simpli昀椀es the actuation process and reduces the risk
of damage to the soft actuator. Additionally, Peltier junctions
have a faster response time than induction heating, which
makes them suitable for dynamic applications that require
rapid actuation.

This paper proposes using Peltier heating as a reversible
heating mechanism for thermo-active soft actuators to enable
faster deformations, more ef昀椀cient heat transfer, and active
cooling. The proposed actuator is composed of a thin elastic
membrane 昀椀lled with phase-change 昀氀uid that can vaporize
when heated to produce large deformations.

The organization of the paper is as follows: in section 2, the
working principle of the soft actuator is explained. The meth-
odology and design considerations for the different applica-
tions are outlined in section 3. Section 4 presents the discus-
sion and conclusion.

2. Working principle

Our actuation principle is based on two primary components: a
phase-change material and Peltier-based heating and cooling.
The phase-change material changes state from liquid to gas
when heated above its vaporizing temperature and from gas to
liquid when cooled below its condensation temperature. The
balloon will contain the phase-change material, and the Peltier
effect will be utilized to heat and cool it.

Historically, 昀氀uorocarbons [39] have been the preferred
choice for phase-change 昀氀uids due to their low boiling points,
with per昀氀uorocyclohexane being an example with a boiling
point of 51 ◦C, as noted in a study by Kato in 2016 [40].
However, the use of 昀氀uorocarbons has become limited due to
their adverse impact on the ozone layer. In order to address this
issue, Novec-7000, an engineering 昀氀uid with a vaporization
temperature of 34 ◦C, has emerged as a promising alternative
[41, 42]. Novec-7000 has been found to be effective in man-
aging thermal systems while being environmentally friendly.

A Peltier device, also known as a thermoelectric cooler, is
a type of solid-state cooling device that uses the Peltier effect
to transfer heat from one side of the device to the other. The
Peltier effect is a phenomenon where an electric current is
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Figure 1. Operation principle of Peltier with one p-type and one n-type thermoelement depicting the active cooling and heating capabilities
when the current is reversed.

passed through a junction of two dissimilar conductors, caus-
ing heat to be absorbed or released at the junction depending
on the direction of the current.

A Peltier device typically consists of a series of thermo-
couples made of two different types of semiconductors, typ-
ically doped with different impurities to create a p-type and
an n-type material [43]. The thermocouples are arranged in a
series, with one end of each thermocouple connected to ametal
plate that serves as the cold side, and the other end connected
to a different metal plate that serves as the hot side. When a
DC electric current is applied to the Peltier device, as shown in
昀椀gure 1, it causes electrons tomove from the p-typematerial to
the n-type material, or vice versa, depending on the direction
of the current. This movement of electrons causes heat to be
absorbed or released at the junctions between the two types of
material, depending on the direction of the current. As a res-
ult, the cold side of the Peltier device becomes colder while
the hot side becomes hotter, allowing the device to transfer
heat from one side to the other. The amount of heat transferred
depends on the current 昀氀owing through the device, the number
of thermocouples, and the temperature difference between the
hot and cold sides.

During the heating phase, the Peltier effect will be used to
raise the temperature of the phase-change material above its
vaporizing temperature. As a result, the phase-change mater-
ial will change from a liquid to a gas, causing an increase in
volume inside the balloon, which will result in the expansion
of the balloon. During the cooling phase, the Peltier effect will
be used to lower the temperature of the phase-change material
below its condensation temperature, causing the phase-change
material to change from a gas to a liquid. This will result in a
decrease in volume inside the balloon, leading to the contrac-
tion of the balloon.

The proposed actuation principle has several advantages
over traditional actuation methods. The use of a phase-change
material allows for reversible and controllable actuation, while

the use of Peltier-based heating and cooling provides precise
temperature control, enabling multiple actuation cycles when
the phase-change material is encased in a thin membrane.
Additionally, the use of an enclosed balloon made of soft and
elastic materials allows for safe and 昀氀exible actuation, making
it suitable for various soft robotic applications.

3. Methodology

The methodology employed in this study is comprised of sev-
eral key steps that were taken to fabricate the thermo-active
actuators, characterize the materials and Peltier devices used,
develop the actuator body design, and design approaches for
the actuator’s application. Speci昀椀cally, these steps involve (A)
the fabrication process of the actuators, (B) the characteriza-
tion of the materials and Peltier devices utilized, (C) the iter-
ative development of the actuator body design, and (D) the
exploration of various design approaches for the actuator’s
application. These methods will be discussed in detail in the
subsequent sections of this article.

3.1. Fabrication

The Fabrication process of the silicone composite utilized in
the study involved several key steps. Firstly, a mixture of
Eco昀氀ex 00–50 and Ethanol [44] was prepared by mixing for
2–3min, as depicted in 昀椀gure 2. During this mixing process,
no effort was made to remove small air bubbles, as they were
found to increase the total elongation of the Eco昀氀ex. A mold
for the silicone to cure in was created using CAD software
and printed using a 3D printer. The prepared mixture was then
poured into the mold and cured inside a climate chamber at
45 ◦C for at least 1 h. The silicone was left in the climate
chamber overnight to allow for the evaporation of ethanol from
the silicone. To rejuvenate the silicone, it was then soaked in
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Figure 2. For material preparation, 50% Eco昀氀ex 00–50 part A is mixed with 50% Eco昀氀ex 00–50 part B, then 20% by volume of ethanol is
added before stirring and pouring into desired mold. The mold is placed in a climate chamber at elevated temperatures to speed up the
curing process which allows the liquid ethanol to expand within microbubbles that are formed before escaping the silicone matrix.

Novec-7000 for a period of 30min to 2 h, depending on the
volume of silicone, in order to fully saturate the silicone with
Novec-7000.

The use of a stretchable main shell to house the phase-
change 昀氀uid was investigated for actuation purposes. This
approach builds on previous work with elastomeric structures
containing phase-change microcavities. However, a shift was
made towards a thin membrane (balloon) design similar to
HaPouch [41] to create larger cavities. The change in design
was motivated by several reasons. Firstly, it allowed for higher
repeatability due to the phase-change 昀氀uid being encapsu-
lated after multiple actuation cycles and having a shelf-life
of about four days without evaporation. Secondly, the new
design closely resembled traditional pneumatic soft actuat-
ors, allowing for further simpli昀椀cation of the internal chan-
nels. Most importantly, the speed of localized heating and
cooling of the Peltier junctions increased dramatically when
placed on the side of the balloon where the phase-change 昀氀uid
pooled.

3.2. Characterization

The characterization involved multiple steps of testing the
materials and their effects of the actuation properties. Initially,
the actuation properties of the materials were investigated
using external heating via Peltier devices. Data was collected
using captured images and temperature sensors, depending on
the speci昀椀c test setup. The collected data was then processed
and analyzed to determine the most effective material speci昀椀c-
ations and actuation properties. Finally, the identi昀椀ed material
speci昀椀cations and actuation properties were integrated into the
core design to improve the overall performance of the actuator.
Additional details regarding the speci昀椀c methods and proced-
ures employed for characterizing the materials will be dis-
cussed in the following.

The aim was to investigate the deformation behavior of
a soft body material, which was prepared using a speci昀椀c
mixing protocol. To accomplish this, videos were captured
of the material’s expansion and subsequently analyzed using
ImageJ software [45]. The experimental setup consisted of
a hollow cylinder design, as depicted in 昀椀gure 3(a) with a
weighted plunger (5 g) sanded smooth to minimize friction
on the silicone as it expands. The larger Peltier was used and

operated at 2.5 amps for 30 s, and the resulting elongation was
recorded.

The soft body material was prepared using a mixture of
50% Eco昀氀ex 00–50 part A and 50% Eco昀氀ex 00–50 part B.
Additionally, ethanol at different volume percentage levels
was added to the mixture before stirring and pouring it
into a desired mold. The mold was then placed in a cli-
mate chamber at elevated temperatures to expedite the cur-
ing process, which allowed the liquid ethanol to expand
within microbubbles formed before escaping the silicone
matrix.

In order to investigate the impact of varying percentages of
ethanol on the expansion of silicone, a set of experiments was
conducted. The silicone samples, each having a cylindrical
shape with a height between 3.8–4.0mm and a diameter of
15mm, were fully immersed into Novec-7000 until satur-
ation after being prepared with varying ethanol concentra-
tions by volume. To measure the expansion of each sample,
the 3D printed cylindrical apparatus was utilized, with its
5 g weighted plunger that was carefully designed to hold the
sample onto the Peltier without impacting its elongation abil-
ity (昀椀gure 3(a)). This experimental setup allowed us to easily
capture the elongation of each sample and measure it using
ImageJ software [45].

The experiment involved subjecting the silicone samples to
heat on the arcTEC CP68475H-2 Peltier device, in accordance
with the conditions outlined in table S1, with a current of 2.5A
applied for a duration of 30 s each. As in a similar study [46],
the resulting data revealed that the optimal concentration of
ethanol required to increase silicone expansion due to phase-
change 昀氀uids was 20%. Moreover, it was discovered that there
was no signi昀椀cant increase in expansion beyond an ethanol
concentration of 20%, and the saturation point of the mix-
ture was identi昀椀ed to be approximately 31%. These 昀椀ndings
provided valuable insights into the effects of ethanol concen-
tration on silicone expansion, which are crucial for optimiz-
ing the use of phase-change 昀氀uids in practical applications. It
was determined that the optimal concentration of ethanol has
a saturation point, beyond which any additional ethanol con-
centration did not produce signi昀椀cant expansion in silicone.
By knowing the saturation point of the mixture, we can use
ethanol more ef昀椀ciently, avoiding any unnecessary wastage of
excess ethanol. Consequently, the 昀椀ndings of the experiment
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Figure 3. (a) Cylinder elongation of Eco昀氀ex 00–50 with 20%
ethanol from heating with the Peltier (i) initial length (3.9mm), and
(ii) fully expanded (7.7mm) after 60 s at 2.5Amps, (b) elongation
plotted for repeated actuation cycles using a dedicated heating and
cooling Peltier. The sample used was cylindrical with a 4mm height
and 15mm diameter, and cured with 20% ethanol by volume and
5% zinc oxide by mass of only Part A and Part B silicone, and
(c) corresponding currents of the heating and cooling Peltier from
the previous graph.

Figure 4. (a) Samples of 0% (left) and 20% (right) ethanol were
prepared and (i) suspended. (ii) Bubbles were prevalent in the 20%
sample, and (iii) a 500 g mass was attached to record the elongation,
and (b) stress–strain curve for the samples.

can help in cost savings and improve the performance of the
昀椀nal design of the actuator.

Silicone was not used to house the phase-change 昀氀uid in
the McKibben and the gripper. However, the addition of eth-
anol in the curing process increased the silicone’s ability to
stretch. Therefore, the same curing process was still used for
the fabrication of the gripper. To demonstrate the increased
ability of the silicone, an experiment was conducted using
two rectangular cured silicone blocks—one without ethanol
and one with 20% ethanol. The stress and strain were meas-
ured for each block by attaching a mass of 0.5 kg off of one
side of the silicone, as shown in 昀椀gure 4. The results of the
experiment showed that the 20% ethanol silicone was able to
achieve over 50% more strain at the highest stress level taken,
as shown in 昀椀gure 4. The use of ethanol in the curing process
thus improved the silicone’s mechanical properties, enhancing
its ability to stretch under stress.

To study the enhanced ef昀椀ciency of phase-change activ-
ation and deactivation, we prepared a sample with a
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composition of 20% ethanol by volume and 5% zinc oxide by
mass. The selection of zinc oxide was based on its superior
ability to retain Novec-7000. Speci昀椀cally, we opted for a 5%
mass of zinc oxide in order to maximize Novec-7000 reten-
tion while minimizing any adverse effects on overall stiffness
(昀椀gure S2).

However, the use of a single Peltier to rapidly cycle
the activation and deactivation of the phase-change process
proved to be time-consuming, as the Peltier needed time to
cool down between activations. It took around 5min for each
cycle to complete. To overcome this issue and reduce the cycle
time to under 2min, two larger Peltiers with 40× 40mm heat-
sinks were used in tandem, as speci昀椀ed in table S1. During the
activation and deactivation cycles, images were captured every
5 s, and a transition period was allowed, during which the
sample was moved from one Peltier to the other. The transition
period caused a change in elongation of the sample, which
could be attributed to exposure to room temperature and the
ambient heat of the previously activated Peltier.

The graph presented in the study demonstrated that the
Peltier was capable of fully activating and deactivating the
sample in approximately 40 s, and this process could be
repeated several times consecutively. As it was illustrated in
昀椀gures 3(b) and (c), It was observed that the maximum and
minimum elongation of the sample increased with each cycle,
as expected, due to the increasing deformations of the silicone
after each activation. Further improvements could be made to
the process by utilizing more advanced Peltiers or implement-
ing active coolingmethods. Such improvementsmay eliminate
the need for using two Peltiers, and further reduce cycle times.
Overall, the study provides valuable insights into the activation
and deactivation of phase-change with increased ef昀椀ciency.
The use of a sample containing 20% ethanol by volume and
5% zinc oxide bymass, and the use of larger Peltiers with heat-
sinks in tandem, demonstrate a signi昀椀cant reduction in cycle
time, improving the ef昀椀ciency of the activation and deactiva-
tion process. These insights have implications for optimizing
the use of phase-changematerials in our soft actuators, leading
to more ef昀椀cient and cost-effective designs.

The maximum temperature achieved at each level of sup-
plied electric current and the corresponding duration required
for each level of electric current are shown in 昀椀gure 5. The data
indicates that the maximum temperature is not increasing pro-
portionally with an increase in electric current supplied to the
Peltier. However, as more electric current was supplied to the
Peltier, the duration required to reach the maximum temperat-
ure was decreased. It is important to note that there is a limit to
the maximum current that can be supplied to the Peltier due to
thermal limitations, beyond which the Peltier may be damaged
or overheated. Therefore, it is necessary to carefully optimize
the level of electric current supplied to the Peltier for ef昀椀cient
operation and to prevent damage to the device.

In addition to the observations made in 昀椀gure 5, another
interesting 昀椀nding can be seen in 昀椀gure 6. It was noticed
that the slope of the temperature change during the transition
periods (i.e. when the Peltier switches from hot to cold and
vice versa) increases from negative to positive as the number
of activation-reactivation cycles increases. This phenomenon

Figure 5. Maximum temperature of the hot side of the Peltier and
the occurrence time at each level of supplied electric current.

Figure 6. Slope of temperature changes (昀椀gure 3(b) during each
transition period over different activation-reactivation cycles).

could be due to the accumulation of internal residual heat in the
phase-change material over time. As the material is exposed to
the ambient temperature during the transition period, it tends
to expand rather than contract, which causes the slope of the
temperature change to become steeper.

This observation highlights an important consideration
when designing and using Peltier-based soft actuators with
phase-change materials. The accumulation of internal resid-
ual heat can affect the ef昀椀ciency and accuracy of the device
over time, especially during the transition periods. Therefore,
it is crucial to account for this phenomenon and implement
appropriate measures to mitigate its impact, such as incorpor-
ating additional cooling systems or adjusting the activation-
reactivation cycle times.

A dual-Peltier system can be implemented to increase the
speed of actuation and decrease the lag time between actuation
cycles. However, even with heatsinks attached, the Peltier
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Figure 7. The phase-change 昀氀uid is injected into a balloon, to then be heated with the Peltier unit. Once heated, the 昀氀uid changes phases
from liquid to vapor, and the internal pressure of the cavity increases leading to actuation. The 昀椀rst application depicted is a McKibben
arti昀椀cial muscle, which shortens as the internal pressure increases, producing a linear force and small contraction deformation. The second
application is a gripper, which utilizes a McKibben muscle coated with silicone, and bent into a horseshoe shape by an elastic band, which
conforms to a cylindrical object once the McKibben bulges from an increase in pressure.

units take much longer to cool once they are on for a single
actuation cycle (about 20 s).

3.3. Design

In this study, two different designs were developed to demon-
strate the capabilities of the technology: a McKibben arti昀椀cial
muscle and a soft gripper. These applications were chosen to
exhibit the high force generation, increased bandwidth, and
versatility of the working principle.

For the McKibben arti昀椀cial muscle, a thin-nitrile mem-
brane was cut to a length of 70mm, with 40mm designated for
the phase-change cavity and 30mm slack for tying off. Then,
0.4ml of Novec-7000 was added to the balloon before it was
tied off. To enhance contraction, the edges of the McKibben
were melted in a circular pattern and 昀氀ared open. An external
layer of silicone was created using Eco昀氀ex 00–50 and ethanol
for maximum elongation (昀椀gure 7). The silicone layer cannot
be cured while in contact with the thin membrane, and there-
fore, it must be cured in stages. For example, the two-part mold
can be cured 昀椀rst, followed by adding the balloon and sealing
it off. Alternatively, a casing can be cured, tied closed, and then
cured in silicone.

For the soft gripper, a McKibben was coated with a thin
layer (<1mm) of Eco昀氀ex 00–50 and cured inside a climate
chamber at 45 ◦C for 30min. A second layer was added, and
theMcKibben was cured again under the same conditions. The
two-layer design increased the stability of the silicone layer
and the friction of the silicone when used as a gripper. A pre-
pared balloon was inserted into the McKibben, and a rubber
band was pulled taut between the two ends and 昀椀xed to the
McKibben with thin copper wire. This elastic band created an
arti昀椀cial curvature for the McKibben body. Once the phase-
change component was heated, the McKibben expanded and
applied radial pressure to any object central to the arc of the
gripper. This resulted in a horseshoe-like appearance of the
gripper. A thin copper wire was passed through the top and
bottom sections of the gripper in the middle of the length of the
McKibben, creating a strand of wire 昀椀xed to both sides. This
allowed for the Peltier to be tied to the McKibben by twisting
the wire strands together, which allowed the Peltier to have as
direct contact with the balloon as possible. The two ends of

the gripper were tilted upwards at a small angle to ensure that
any liquid Novec-7000 would settle near the Peltier. Finally, a
thin 昀椀shing line was tied to both ends and near the Peltier to
lift and guide the gripper.

To study the application of Novec-7000 in arti昀椀cial
muscles, a nitrile balloon 昀椀lled with the 昀氀uid was placed
inside a braided mesh, forming a McKibben arti昀椀cial muscle
as shown in 昀椀gure 8(a). The muscle’s top end was attached
to a hook, while a mass of 500 g was attached at the bottom,
creating a weight load. To actuate the muscle, a small Peltier
device (as listed in table S1) was attached to the bottom of
the McKibben using an elastic band. The Peltier was posi-
tioned in such a way that the phase-change 昀氀uid pooled around
it, greatly increasing the actuation time of the muscle. Upon
applying a current, the McKibben arti昀椀cial muscle, which had
a total mass of 15.71 gwith the Peltier, was able to lift the 500 g
mass by 13.59mm. The current was then reversed, causing the
muscle to relax and return to its original length. This experi-
ment was conducted to demonstrate the similarity between the
movement of the arti昀椀cial muscle and a muscle contraction.
The results indicated that the McKibben arti昀椀cial muscle had
the potential to lift signi昀椀cant loads using the phase-change
昀氀uid, showing its potential in practical applications.

The gripper (with a mass of 22.68 g, including the Peltier)
was designed to grab and lift objects. To demonstrate its capab-
ilities, a video was taken (snapshots are depicted in 昀椀gure 8(b))
of the gripper lifting a 100 g mass. Aerial views of snap-
shots (昀椀gure 8(c)) highlight the gripper’s ability to conform
to the object’s shape, aided by the silicone external layer that
increases friction and alters the compliance of the braided
mesh. The horseshoe design of the gripper requires the object
to be small enough to 昀椀t within its arc. The Peltier device,
attached to the bottom of the gripper with an elastic band, heats
up and causes the braided mesh to straighten, which in turn
forces the two ends of the gripper to push together. The res-
ulting forces, combined with the friction between the silicone
and rubber band, allow the gripper to grab and hold onto the
object. In theory, reversing the current would cool down the
phase-change 昀氀uid, causing the gripper to relax and release the
object. However, there are two main drawbacks to this design.
Firstly, the attachment of the Peltier creates a nonplanar heat
transfer surface, which is highly inef昀椀cient. Secondly, by the
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Figure 8. Implementation of the (a) McKibben arti昀椀cial muscle (m= 15.71 g with Peltier) using 0.4ml of Novec-7000 in a nitrile pouch
lifting a 500 g weight, (i) resting and (ii) actuated (∆ L= 13.59mm). McKibben arti昀椀cial muscle with silicone membrane implemented as
gripper (m= 22.68 g with Peltier) (i) descending, (ii) surrounding 100 g mass, (iii) closed around 100 g mass, (iv) lifting, and (v) dropping
with corresponding timestamps and views. Heating was initiated at t= 10 s (I= 2.25A) and stopped at t= 115 s.

time the full actuation occurs, both sides of the Peltier are
above the transition temperature of the phase-change 昀氀uid,
requiring additional external cooling to release the object in
a timely manner. These issues suggest the need for further
optimization and improvements to the design to make it more
practical for real-world applications.

4. Discussion

This paper proposed the usage of the Peltier effect as a revers-
ible heating/cooling method for thermo-active soft actuators
based on phase-change material to enable faster deformations,
more ef昀椀cient heat transfer, and active cooling, as compared to
Joule heating or induction-based heating methods. The actu-
ator proposed in this study was composed of a thin elastic
membrane 昀椀lled with phase-change 昀氀uid that could vaporize
when heated to produce signi昀椀cant deformations. The mem-
brane was placed in a braided mesh to create a McKibben
muscle that was capable of lifting 5N after 60 s of heat-
ing. Moreover, this muscle was further developed into a grip-
per that could manipulate objects in the environment. This
is compared to previous technology which reports 0.2% ef昀椀-
ciency and 70 s full actuation time, but relies on ambient cool-
ing and has asymmetrical de-actuation [29]. However, there
are still many considerations and shortcomings to implement-
ing Peltier technology, which will be discussed alongside the
strengths below.

After running thermal graphs on each Peltier, it was found
that optimal current would be around 35% of max current for
15–20 s. This will keep the power from being too high from
the internal resistance increasing as the Peltier is heated. Any
longer or using more current eliminates the Peltier’s capabil-
ity for active cooling without an external cooling source. The
Peltier’s active time can be increased by utilizing heatsinks,

however, the heatsinks will still accumulate heat over time that
must be dissipated, removing the Peltier’s capability of active
cooling. Therefore, to decrease the amount of time the Peltier
needs to be powered, the heat transfer to the actuator must be
improved. One of the main issues with the heat transfer of the
actuator was the low thermal conductivity of silicone, along
with the Novec-7000 air bubbles expanding within. The sil-
icone expanding creates pockets of air that further reduce the
thermal conductivity of the silicone body. This low conduct-
ivity resulted in the heating of the soft actuator to be heav-
ily concentrated at the contact surface of the Peltier, which
causes localized expansion at the Peltier junction interface.
Previous studies utilizing resistive heating [29, 42] experience
this problem on a smaller level, as the soft body is built around
the axis of an inner coil, and the heating/expansion occurs radi-
ally. This 昀椀nding led to much lower aspect ratios with relation
to the Peltier surface for the application design. A possible
solution, is implementing thermally conductive nanoparticles
which would increase the thermal conductivity, leading to
shorter heating cycles and further elongation. Additionally,
the silicone has issues binding to surfaces excluding silicone.
A working solution to keep the silicone pressed against the
Peltier is to apply pressure on the silicone, which is counter-
productive when trying to get the silicone to actuate. Some
minor success was found by simply tying the silicone to the
Peltier using thin metal wire. A possible solution is 昀椀nding
a way to bind the actuator to the Peltier to increase heating
contact area, or create planar surfaces along the actuator that
cannot expand for the heating interface.

To remove the variable of thermal conductance, the exper-
iment shifted to completely removing the silicone, by 昀椀lling
a balloon with a small amount of Novec-7000 and placing it
in contact with a Peltier. This experiment showed a drastic
increase in actuation and deactuation cycles from 90 s down
to 30 s when compared with Novec-7000 infused silicone.
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This speed was decreased noticeably by placing the balloon
inside a braided mesh, as the heat had to transfer through
the McKibben to reach the balloon. Additionally, the balloon
saw a signi昀椀cant increase of Novec-7000 retention compared
to the silicone body. The thin membrane of the balloon is
all the heat has to move through to boil the Novec-7000,
decreasing the time needed to actuate the balloon down to
around 10 s. This allows for the ability to de-actuate the bal-
loon using the same Peltier immediately after actuation with
no rest time. Furthermore, this heating interaction needs to be
optimized to allow for reversibility and active cooling in more
applications/designs.

We were able to create simplistic structures using the thin-
membrane design for the applications. The general principle
lets the user direct expansion through the introduction of
design parameters such as strain-limiting layers.

In conclusion, the design choice of using the thin mem-
brane (balloon) to store the phase-change liquid removed the
poor thermal conductivity of silicone, vastly increased the
longevity of the Novec-7000 in the order of days opposed
to minutes, and removed the need to adhere the expanding
silicone body directly onto a Peltier. Additionally, it sim-
pli昀椀ed the application designs to resemble pneumatic soft
actuators.

Overall, Peltiers are inef昀椀cient once the power source is
removed, as both the hot side and cold side begin to equal-
ize as they are exposed to the ambient temperature. This paper
focuses on the Peltier effect, but there may also be applications
in soft robotics where the opposite effect, the Seebeck effect,
may be bene昀椀cial such as energy harvesting [47].

This study demonstrates the promising implementation of
Peltier devices as the heating stimuli of thermo-active soft
actuators, which can allow for active cooling and enhanced
control. Future works include optimization of design and
heating, and targeting thermoelectric devices that utilize
organic materials, which could be integrated to soft actuat-
ors. Additionally, a control system should be integrated for
the Peltiers, as heat transfer becomes more ef昀椀cient if you
incorporate the passive heating of the Peltier after current is
removed for the actuation process.

Data availability statement

No new data were created or analysed in this study.

Acknowledgment

This work was funded by National Science Foundation NSF
under Grant Number 2045177, and by the National Institute
of Health (NIH) through grant T32GM136501.

ORCID iDs

Trevor Exley https://orcid.org/0000-0003-3175-0587
Daniel Johnson https://orcid.org/0009-0001-8449-9771

References

[1] Alami R et al 2006 Safe and dependable physical human-robot
interaction in anthropic domains: state of the art and
challenges 2006 IEEE/RSJ Int. Conf. on Intelligent Robots
and Systems (IEEE) pp 1–16

[2] Haddadin S 2013 Towards Safe Robots: Approaching Asimov’s
1st Law vol 90 (Springer)

[3] Hartmann F, Baumgartner M and Kaltenbrunner M 2021
Becoming sustainable, the new frontier in soft robotics Adv.
Mater. 33 2004413

[4] Abidi H and Cianchetti M 2017 On intrinsic safety of soft
robots Front. Robot. AI 4 5

[5] Albu-Schaffer A, Eiberger O, Grebenstein M, Haddadin S,
Ott C, Wimbock T, Wolf S and Hirzinger G 2008 Soft
robotics IEEE Robot. Autom. Magaz. 15 20–30

[6] Polygerinos P, Correll N, Morin S A, Mosadegh B, Onal C D,
Petersen K, Cianchetti M, Tolley M T and Shepherd R F
2017 Soft robotics: review of 昀氀uid-driven intrinsically
soft devices; manufacturing, sensing, control and
applications in human-robot interaction Adv. Eng. Mater.
19 1700016

[7] Mengaldo G, Renda F, Brunton S L, Bächer M, Calisti M,
Duriez C, Chirikjian G S and Laschi C 2022 A concise
guide to modelling the physics of embodied intelligence in
soft robotics Nat. Rev. Phys. 4 595–610

[8] Cianchetti M 2021 Embodied intelligence in soft robotics
through hardware multifunctionality Front. Robot. AI
8 724056

[9] Breazeal C 2004 Social interactions in HRI: the robot view
IEEE Trans. Syst. Man Cybern. C 34 181–6

[10] Kim S, Laschi C and Trimmer B 2013 Soft robotics: a
bioinspired evolution in robotics Trends Biotechnol.
31 287–94

[11] Rus D and Tolley M T 2015 Design, fabrication and control of
soft robots Nature 521 467–75

[12] Katzschmann R K, DelPreto J, MacCurdy R and Rus D 2018
Exploration of underwater life with an acoustically
controlled soft robotic 昀椀sh Sci. Robot. 3 eaar3449

[13] Aracri S, Giorgio-Serchi F, Suaria G, Sayed M E, Nemitz M P,
Mahon S and Stokes A A 2021 Soft robots for ocean
exploration and offshore operations: a perspective Soft
Robot. 8 625–39

[14] Shintake J, Cacucciolo V, Floreano D and Shea H 2018 Soft
robotic grippers Adv. Mater. 30 1707035

[15] Runciman M, Darzi A and Mylonas G P 2019 Soft robotics in
minimally invasive surgery Soft Robot. 6 423–43

[16] Cianchetti M, Ranzani T, Gerboni G, Nanayakkara T,
Althoefer K, Dasgupta P and Menciassi A 2014 Soft
robotics technologies to address shortcomings in today’s
minimally invasive surgery: the stiff-昀氀op approach Soft
Robot. 1 122–31

[17] Wu S, Baker G L, Yin J and Zhu Y 2022 Fast thermal
actuators for soft robotics Soft Robot. 9 1031–9

[18] Walker J, Zidek T, Harbel C, Yoon S, Strickland F S,
Kumar S and Shin M 2020 Soft robotics: a review of
recent developments of pneumatic soft actuators
Actuators 9 3

[19] Jizhuang F, Qilong D, Qingguo Y, Yi W, Jiaming Q and
Yanhe Z 2020 Biologically inspired swimming robotic frog
based on pneumatic soft actuators Bioinspir. Biomim.
15 046006

[20] Kaneto K 2016 Research trends of soft actuators based on
electroactive polymers and conducting polymers J. Phys.:
Conf. Ser. 704 012004

[21] Gupta U, Qin L, Wang Y, Godaba H and Zhu J 2019 Soft
robots based on dielectric elastomer actuators: a review
Smart Mater. Struct. 28 103002

9



Smart Mater. Struct. 32 (2023) 085029 T Exley et al

[22] Garcia-Gonzalez D 2019 Magneto-visco-hyperelasticity for
hard-magnetic soft materials: theory and numerical
applications Smart Mater. Struct. 28 085020

[23] Wu S, Hu W, Ze Q, Sitti M and Zhao R 2020 Multifunctional
magnetic soft composites: a reviewMultifunct. Mater.
3 042003

[24] Zhu C, Lu Y, Jiang L and Yu Y 2021 Liquid crystal soft
actuators and robots toward mixed reality Adv. Funct.
Mater. 31 2009835

[25] Gu W, Wei J and Yu Y 2016 Thermo-and photo-driven soft
actuators based on crosslinked liquid crystalline polymers
Chin. Phys. B 25 096103

[26] Wang J, Gao D and See Lee P 2021 Recent progress in
arti昀椀cial muscles for interactive soft robotics Adv. Mater.
33 2003088

[27] Ohta P, Valle L, King J, Low K, Yi J, Atkeson C G and
Park Y-L 2018 Design of a lightweight soft robotic arm
using pneumatic arti昀椀cial muscles and in昀氀atable sleeves
Soft Robot. 5 204–15

[28] Mirvakili S M, Sim D, Hunter I W and Langer R 2020
Actuation of untethered pneumatic arti昀椀cial muscles and
soft robots using magnetically induced liquid-to-gas phase
transitions Sci. Robot. 5 eaaz4239

[29] Miriyev A, Stack K and Lipson H 2017 Soft material for soft
actuators Nat. Commun. 8 596

[30] Adam Bilodeau R, Miriyev A, Lipson H and
Kramer-Bottiglio R 2018 All-soft material system for
strong soft actuators 2018 IEEE Int. Conf. on Soft Robotics
(RoboSoft) (IEEE) pp 288–94

[31] Xia B, Miriyev A, Trujillo C, Chen N, Cartolano M,
Vartak S and Lipson H 2020 Improving the actuation speed
and multi-cyclic actuation characteristics of silicone/ethanol
soft actuators Actuators vol 9 (MDPI)
p 62

[32] Lalegani Dezaki M, Bodaghi M, Serjouei A, Afazov S and
Zolfagharian A 2022 Adaptive reversible composite-based
shape memory alloy soft actuators Sens. Actuators A
345 113779

[33] Ren Z, Zarepoor M, Huang X, Sabelhaus A P and Majidi C
2021 Shape memory alloy (SMA) actuator with embedded
liquid metal curvature sensor for closed-loop control Front.
Robot. AI 8 599650

[34] Orouji Omid S, Goudarzi Z, Momeni Kangarshahi L,
Mokhtarzade A and Bahrami F 2020 Self-expanding stents
based on shape memory alloys and shape memory polymers
J. Compos. Compd. 2 92–98

[35] An X, Cui Y, Sun H, Shao Q and Zhao H 2023
Active-cooling-in-the-loop controller design and
implementation for an SMA-driven soft robotic tentacle
IEEE Trans. Robot. 39 2325–41

[36] Mirvakili S M and Hunter I W 2018 Arti昀椀cial muscles:
mechanisms, applications and challenges Adv. Mater.
30 1704407

[37] Drebushchak V A 2008 The peltier effect J. Therm. Anal.
Calorimetry 91 311–5

[38] Murakami S, Hattori M, Ohhira T and Hashimoto H 2023
High-torque electric motors with coil cooling via thermal
model and peltier element 2023 IEEE/SICE Int. Symp. on
System Integration (SII) (IEEE) pp 1–6

[39] Mulryan D, Rekhroukh F, Farley S and Crimmin M 2023
Catalytic HF shuttling between 昀氀uoroalkanes and alkynes
ChemRxiv 1 (Retrieved 4 April 2023)

[40] Kato T, Sakuragi K, Cheng M and Manabu O N O 2016
Development of miniaturized rubber muscle actuator driven
by Gas-Liquid phase change BATH/ASME 2016 Symp. on
Fluid Power and Motion Control p V001T01A002

[41] Uramune R, Ishizuka H, Hiraki T, Kawahara Y, Ikeda S and
Oshiro O 2022 HaPouch: a miniaturized, soft and wearable
haptic display device using a liquid-to-gas phase change
actuator IEEE Access 10 16830–42

[42] Decroly G, Raffoul R, Deslypere C, Leroy P, Van Hove L,
Delchambre A and Lambert P 2021 Optimization of
phase-change material-elastomer composite and integration
in kirigami-inspired voxel-based actuators Front. Robot. AI
8 672934

[43] Xin B, Paul B, le Febvrier A and Eklund P 2023 Thin-昀椀lm
thermocouples of Ni-joined thermoelectric Ca3Co4O9

Mater. Sci. Semicond. Process. 156 107300
[44] Orozco F, Horvat D, Miola M, Moreno-Villoslada I,

Picchioni F and Bose R K 2023 Electroactive
thermo-pneumatic soft actuator with self-healing features: a
critical evaluation Soft Robot. 34 (Ahead of Print)

[45] Schneider C A, Rasband W S and Eliceiri K W 2012 NIH
image to ImageJ: 25 years of image analysis Nat. Methods
9 671–5

[46] Miriyev A, Caires G and Lipson H 2018 Functional properties
of silicone/ethanol soft-actuator composites Mater. Des.
145 232–42

[47] Zadan M, Patel D K, Sabelhaus A P, Liao J, Wertz A, Yao L
and Majidi C 2022 Liquid crystal elastomer with integrated
soft thermoelectrics for shape memory actuation and energy
harvesting Adv. Mater. 34 e2200857

10


