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Soft robotic systems that are inspired by nature utilize soft materials to perform various tasks in diverse environments.
One promising method to control their movement is by utilizing liquid vaporization. In most cases, liquid with high
vapor pressure is injected into hollow cavities inside the elastomer. Heating the system vaporizes the liquid, and the
structure is inflated by the generated gas. However, there is a significant time lag between powering the system and
structural actuation due to the slow increase in temperature that is exacerbated by heat loss. Simply using materials
with low thermal conductivity can improve actuation, but the reduced heat loss concurrently increases cooling time
during the reversing process. Furthermore, underwater actuation through vaporization remains a challenge, since heat
loss becomes even more significant. To address these issues, this study aims to develop a system that can actively
control heat loss to enhance both actuation and cooling while performing consistently even in extreme environments.
First, double-walled structures were fabricated with silicone elastomer to drastically lower thermal conductivity. Next,
a thermoelectric device was installed on the bottom layer to heat and cool the sealed liquid by reversing current flow.
The low thermal conductivity of the double-walled structure enhanced actuation performance, while actively cooling
the system with the thermoelectric device accelerated the reversing process. Structures with single- and double-layered
walls were tested underwater to validate their performance. Finite element models verified the effects of wall designs
on heat transfer and structural mechanics. Demonstration of enhanced reversible actuation of the system was
performed using a soft anemone-like structure operated underwater.

Keywords: Phase transformation, soft actuation, thermal conductivity, thermoelectric device, vaporization.

Introduction

The bio-inspired soft robotics field focuses on creating innovative soft structures and soft actuation methods that
mimic biological motions and materials to perform complex functionalities. Depending on the actuation method,
applying the system underwater can be challenging due to the additional pressure and cooling from the surrounding
liquid. To date, several different underwater soft material actuators have been demonstrated, including the use of
fluidic pumps®3, hydrogels*7, dielectric elastomers®1?, ionic polymer-metal composites'**?, liquid vaporization*14,
liquid crystal gels'®, shape memory alloys'®, and coiled polymers'’. While pumps and liquid vaporization rely on
pressure applied to the inner walls, other methods utilize materials that deform when subjected to external stimuli.

This study focuses on soft actuation enabled by liquid vaporization, which is a promising method that enables simple
and untethered systems. In most cases, the system is composed of a heating source and a soft structure filled with
liquid. The liquid with high vapor pressure is heated to boiling by injecting current to an embedded heating element.
During phase transformation, the generated gas inflates the soft structure and results in actuation. In general, a very
small amount of liquid is required to inflate the structure, since 1 mole of liquid can generate as much as 22.4 L of gas
under standard temperature and pressure condition. Increasing the amount of liquid only increases the time to heat and
to raise the temperature of the entire system. The amount of power injected into the heating element determines the
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temperature of the liquid, which directly affects actuation performance. As compared to inflating the structure by
using a pneumatic pump, actuation by vaporization uses small components that can be easily packaged into a miniature
system. This makes the method favorable for applications that demand portable or untethered systems.

However, the dominating limitation of vaporization is the speed of actuation, which is limited by the time for heating
the liquid to boiling. In addition, a large amount of energy is required to increase the temperature of the liquid and
soft elastomer due to their high specific heat capacity. If the heater is installed inside the elastomer, the low thermal
conductivity of the material further reduces actuation speed. After actuation, the condensation process is even slower.
Whereas actuation can be improved by injecting more current into the joule heating element, the reversing process
simply relies on ambient air cooling. Similar to actuation, this cooling process is also slow due to the high specific
heat capacity and low thermal conductivity of soft elastomers. Furthermore, actuating structures underwater through
vaporization remains a challenge, since the surrounding water act as a heat sink and slows the heating process.
Excessive heating is required to achieve considerable temperature increases when the system is operated underwater.

Nevertheless, several techniques have been developed to fully utilize liquid vaporization for soft actuation. A popular
method involves installing a joule heating element inside the structure to boil the embedded liquid®-?2, These studies
applied current to conductive wires or fabrics installed inside soft elastomers for joule heating. Ethanol was either
filled in hollow chambers or distributed in small cavities inside the elastomer matrix. Oh et al.?, in particular,
addressed the slow thermal-response time and installed microcapsules of liquid metal to increase thermal conductivity.
Other methods heated the soft structures from external sources such as an oven?, heated surface?, or even lasers?%,
The benefit of these methods is that the system does not need to carry a power supply and can easily be untethered for
deployment. Another recent study installed an atomizer inside the structure to avoid the time lag from heating bulk
liquid?”. The atomizer dispersed the liquid into small droplets, which evaporated immediately as they passed through
a heater. Evaporation rapidly actuated the structure even when the temperature was well below boiling.

Despite these various approaches, comparing the performance of these studies are not straightforward, since actuation
through vaporization is an intricate process. In most cases, actuation involving heat occurs under non-equilibrium
conditions, making it difficult to analyze. Moreover, actuation is also affected by the thermal properties of the liquid
and encasing structure. Even when implementing the same heating mechanism, using a liquid with higher vapor
pressure will improve actuation. The thermal conductivity of the soft material, as well as the geometry of the structure,
also affect heat loss during both the actuation and cooling processes. Furthermore, the effect of heat loss can become
even more significant depending on its operational environment (e.g., underwater). As a result, heat transfer analysis
is imperative to better understand the actuation mechanism.

This study focused on actively controlling heat loss to enhance speed during both the actuation and cooling processes
and to develop a system that can perform consistently in various thermal environments. In general, heat can be lost
through conduction, convection, and radiation. While all three mechanisms are worth investigating to fully control
heat loss, this study focused on adjusting thermal conductivity by incorporating a layer of air between the walls.
Different wall designs were analyzed using finite element (FE) modeling to study how it affects heat transfer and
structural mechanics. Tests were conducted on a soft elastomer to determine the parameters necessary for FE modeling
of the heat transfer process. Simple cuboid structures with single- and double-layered walls were designed to analyze
heat loss, as well as displacement during inflation. When fabricating the structure, soft double-layered walls were
combined with a thermoelectric device to manipulate heat loss. During actuation, the thermoelectric layer was powered
to heat the system, while the double-layered walls minimized heat loss. After actuation, current flow to the
thermoelectric device was reversed, which increased heat dissipation and allowed rapid cooling inside the structure.
Testing the structure underwater further enhanced the Peltier effect and increased cooling rate. For validation, a soft
anemone-like structure was fabricated and operated underwater, which opened upon actuation and closed during
cooling. Its actuation and cooling speeds were compared with different conditions to validate the potency of the
method.
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Figure 1. The illustration shows how heat loss affects soft actuation during vaporization and the cooling process.

Materials and Methods

Effect of soft elastomer properties

Thermal properties of soft materials have a substantial influence on reversible actuation through vaporization. Fig. 1
shows a schematic of the actuator system. The cross-section illustrates a soft cuboid structure that is partially filled
with liquid; the left half shows the heating (i.e., actuation) process. Temperature is increased to boiling by injecting
current into the heater. During this process, the thermal conductivity of the walls should be low enough to effectively
contain heat inside the chamber. High thermal conductivity will result in significant heat loss, which in turn slows
actuation. On the other hand, the right half of the illustration in Fig. 1 shows the cooling process that returns the
structure to its original shape. Since the amount of gas inside the structure is directly dependent on temperature, high
heat loss is required to quickly reverse actuation, which can be improved by using materials with high thermal
conductivity. These competing requirements mean that systems without a method to actively control heat loss will
always sacrifice either actuation or cooling performance.

In this work, the wall design of soft materials was combined with a thermoelectric device to maximize both the forward
and reverse actuation performance. Double-layered, versus single-layered, walls were studied to reduce heat loss and
to increase displacement during inflation. When fabricating the structure, a commercial thermoelectric device was
used as the bottom layer. Thermoelectric devices are operated to induce a temperature difference between its opposite
surfaces, which was used to heat and cool the liquid inside the chamber by reversing current flow. Since Peltier cooling
performs best when there is a heatsink on the heated side, the system showed high potential when used underwater.
While the low thermal conductivity of the double-walled structure improves actuation, the thermoelectric device can
improve the reversing (i.e., cooling) process. Recent advancements in thermoelectric systems, such as flexible
thermoelectric devices?®, enable realization of a fully soft heating and cooling system.

Soft material characterization

Dragon skin FX-Pro was used as the soft elastomer in this study. The thermal conductivity and heat capacity of Dragon
skin was measured through simple experiments. A hot wire method was used to measure thermal conductivity, which
is illustrated in Fig. 2(a)?°3. A Nichrome wire was installed through the middle of a cylindrical Dragon skin structure.
While heating the structure, temperature was recorded with a thermocouple embedded inside the material. The thermal
conductivity, A, was calculated by:

q dT )_1
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where q is specific heat output, T is temperature, and 7 is time. The measured temperature can be plotted as a function
of logarithmic time, and equation (1) becomes:
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Figure 2. (a) A hot wire method was used to measure the thermal conductivity of the soft Dragon skin. (b) The illustration
shows how the walls were designed for FE modeling. The temperature of the inside and outside of the chamber was 78 °C
and 25 °C, respectively.
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where R is resistance, i is current, | is length of Dragon skin, and a is the slope. The measured thermal conductivity of
Dragon skin was ~ 0.25 W/mK.

Finite element modeling

Two FE modeling studies were conducted with COMSOL to analyze heat transfer and structural mechanics. Since
actuation involves numerous physics (i.e., joule heating, Peltier effect, heat transfer, phase transformation, and
structural mechanics), the two simulations were simplified to decrease computation time and analyze how the double-
walled design directly affects heat loss and inflation individually. The cross-section of the designed structure is shown
in Fig. 2(b). The left half shows a single-walled structure, whereas the right half shows a double-walled structure. The
double-walled structure had three layers of material (i.e., Dragon skin, air, and Dragon skin), and the total thickness,
t, was equivalent to the single-layer. Heat loss analysis was conducted by assuming that the temperature inside the
structure was 78 °C, which is the boiling temperature of ethanol (i.e., the embedded fluid). In addition, the surrounding
temperature was assumed to be 25 °C, since the fabricated structure was tested underwater. The total amount of heat
loss was simulated by assuming the temperature of the surrounding and inside the chamber are constant. Structural
mechanics was also used to determine how the walls affect displacement during inflation through a separate study.
The Neo-Hookean model was used to define the hyperelastic material, with its shear modulus (64.7 kPa) obtained
from a previous study®2. The bottom layers were assumed to be fixed in place, while the ideal gas law was used to
define the gas inside the chamber and the layer in between two elastomer walls. The pressure inside the chamber, as
well as the air layer between the double-layered wall, were updated using:

P (VO)V @)
P, \V
where P is pressure, V is volume, and y is specific heat ratio, and subscript 0 denotes the initial condition. The
maximum displacement of the top layer was measured when the initial pressure of ~ 1.2 atm (equivalent to the vapor
pressure of ethanol at ~ 45 °C) was applied to the inner wall.

Fabrication

In this study, 3D-printed polylactic acid (PLA) rigid molds were used to fabricate the soft structures. Two parts of
Dragon skin (Part A and Part B) were hand-mixed at a 1:1 weight ratio, and the mixture was placed in a vacuum
chamber before pouring it into the mold. The mold was then placed in the vacuum chamber one more time to remove
any bubbles formed during pouring. Then, the mold was left at room temperature for ~ 1 h to fully cure the silicone
elastomer. Fig. 3(a) shows the cross-section of the cuboid actuator. Next, the thermoelectric device was placed at the
bottom opening of the cuboid structure, and uncured Dragon skin was applied to seal the gap. A syringe was used to
inject 2 mL of ethanol into the chamber, and the hole was sealed with the same elastomer in a similar way. The size
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Figure 3. (a) The cross-section shows the design of the fabricated single- and double-walled soft structure. (b) The performance
of the thermoelectric device is shown, where the temperature of the inner surface was measured. The inner surface reached ~
60 °C after 20 s of heating. The system was then cooled by both air cooling and Peltier cooling. (c) The schematic shows the
experimental setup. (d) The structure was actuated underwater to measure displacement over time.

of the single-layered structure (3 cm x 3 cm x 1.5 cm) was fabricated with 1 mm thick walls. After testing, a slightly
smaller cuboid structure with 1 mm thickness was installed on the inside to form the double-walled structure.

The performance of the thermoelectric Peltier device is plotted in Fig. 3(b). An open-ended structure without ethanol
was positioned so that the bottom (i.e., outer) layer was in contact with water, while the top (i.e., inner) layer was
exposed to air. The amount of current was selected by slowly increasing the voltage until steady cooling was
maintained on the top layer without excessive joule heating. The maximum voltage of 2.5 V resulted in ~ 1 A of
current. During the first phase, current was injected so that the top layer heated while cooling the bottom layer. After
heating, current flow was reversed to cool the top layer while heating the bottom layer. Temperature change during
heating and air cooling is plotted in red in Fig. 3(b), whereas the blue plot shows temperature change during heating
and Peltier cooling. The temperature reached ~ 60 °C after ~ 20 s of heating and decreased much faster during Peltier
cooling as compared to air cooling. The temperature reached 25 °C after ~ 50 s when air cooled, whereas Peltier
cooling decreased the cooling time by ~ 80%, taking only ~ 10 s.

The setup of the underwater test is shown in Fig. 3(c), where the sample was placed in a large tank of water (30 cm x
17 cm x 22 cm). The Peltier device was connected to a power source, and the actuation was recorded by a camera.
Fig. 3(d) shows an image of the sample inside the tank, where a grid with 5 mm spacing was placed in the background.
A fixture was 3D-printed with PLA to hold the soft structure. A platform was designed underneath the structure to
place weights to prevent the system from floating due to buoyancy. Soft actuation was recorded by video during
heating and cooling, and the displacement of the top layer was analyzed by post-processing individual image frames.
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Figure 4. (a) An FE model was used to analyze the heat loss of single- and double-walled structures over a range of total wall
thicknesses. (b) The displacement of the top layer was analyzed when the structures were inflated.

Results and Discussion

FE modeling results

The heat loss results are plotted in Fig. 4(a). When t was 2 mm, the heat loss of single- and double-walled structures
were ~ 27 W and ~ 8 W, respectively. This value decreased rapidly as t increased for the single-walled structure and
reached ~ 18 W when t was 3 mm. On the other hand, the double-walled structure showed very small changes with
increasing thickness. From the results, it is evident that simply adding a thin layer of air drastically decreased system
heat loss. Overall, heat loss from the single-walled structure was ~ 3.5 times higher than the double-walled one.
Similarly, the displacement of the top layer during inflation is plotted in Fig. 4(b). When t was 2 mm, the displacement
of the single- and double-walled structure was ~ 3.4 mm and ~ 4 mm, respectively. With increasing t, these values
declined at a similar rate (or slope). Although the difference was not significant, the displacement of the single-walled
structure was ~ 1.2 times higher than the double-walled structure. The results show that fabricating the structure with
double-layered walls would enhance the actuation phase due to low heat loss while attaining higher displacement
under the same conditions. Although these simplified simulations do not represent the exact values of the following
experiment, the results show a straightforward insight on how the double-layered wall design affects heat loss and
displacement in general.

Actuation and active cooling
Fig. 5 shows the displacement results when actuating the fabricated structure. Each structure was tested in two different
environments. During the first test, the structure was fixed in place above water so that only the bottom layer of the
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Figure 5. (a) The single-walled structure was actuated in air and underwater. The structure was actuated for 50 s and cooled
down by either turning off the device or reversing the current for Peltier cooling. (b) The double-walled structure was tested
under the same conditions. (c) The double-walled structure was actuated and cooled underwater 3 times to show consistency.



Peltier device was in contact with liquid. This allowed maximum cooling from the device, while the soft walls were
exposed to air. Afterwards, the entire structure was submerged underwater. For each environment, the structure was
actuated by heating the thermoelectric device for ~ 50 s, followed by cooling the system to return to its original shape.
The system was cooled by simply turning off the thermoelectric device (i.e., for air or water cooling) or reversing
current for active Peltier cooling. The displacements were used to represent the performance of the actuation and
reversing processes.

The single-walled structure had a wall thickness of 1 mm, and the results are shown in Fig. 5(a). The solid lines show
the results for the structure that was exposed to air, whereas the dashed lines are results for the submerged structure.
The structure reached a displacement of ~ 3.5 mm when in air, while it achieved ~ 3.0 mm of displacement underwater.
The actuation rate decreased faster when the structure was underwater and began to plateau. This was due to the large
heat loss from the single-walled structure, and it can be assumed that displacement will stabilize even upon further
heating when the system reaches thermal equilibrium. After actuation, displacement decreased slowly once power was
shut off. In contrast, when current was reversed for Peltier cooling, the displacement decreased at a much faster rate.
To compare the cooling rates, the time it took for displacement to return to 0.5 mm was analyzed for both methods.
When the single-walled structure was exposed to air, Peltier cooling reduced cooling time by ~ 74% with respect to
air cooling. When submerged underwater, actively cooling the system with the thermoelectric device reduced cooling
time by ~ 62% as compared to water cooling.

The same set of tests was conducted after adding an additional 1 mm thick layer within the previous structure to form
the double-walled system, and the results are plotted in Fig. 5(b). As compared to the previous single-walled structure,
the tests conducted in air and underwater showed little difference. This indicates that the double-walled structure was
not significantly affected by its environment due to very low thermal conductivity. Although the increase in
displacement during actuation was smaller due to the additional layer and greater structural stiffness, the slope was
fairly linear and consistent even after 50 s of actuation. Unlike the single-walled structure, continued heating was
expected to further increase its displacement. During cooling, Peltier cooling decreased cooling time by ~ 60% versus
simply turning off power for air cooling. The double-walled structure was actuated and actively cooled three times,
and the results are plotted in Fig. 5(c). The overlaid results show that the method performed consistently and was
repeatable.

These results show several benefits of combining thermoelectric devices with double-walled structures that are
actuated underwater. First, the low thermal conductivity of the soft walls enhances actuation by reducing heat loss.
When heat dissipation is significant, the system quickly reaches thermal equilibrium, where the input power is the
same as heat loss. Second, change in environment has little effect on actuation performance. This is especially
important when the system is deployed in unpredictable situations. Last, the thermoelectric device can effectively
improve the cooling process. While fabricating the entire structure with double-layered walls can improve actuation,
water cooling will take longer due to its low thermal conductivity. This can be resolved by actively cooling the system
with a thermoelectric device.

Anemone demonstration

A soft Dragon skin FX-Pro structure in the form of an anemone was fabricated to mimic its movements and to validate
rapid actuation. Anemones in nature use their muscles to open/close its tentacles®3, burrow in sand®*, and even swim?.
These delicate and complex movements are difficult to imitate with conventional rigid robotics. In this study, the
opening and closing motions of the mouth and tentacles were demonstrated by inflating the soft structure. Fig. 6(a)
shows a 3D-printed PLA mold used to fabricate the top tentacle layer. First, uncured Dragon skin was left at room
temperature for ~ 15 min until it became viscous. Then, the mold was dipped in the mixture to create a uniform layer
around its surface. A heat gun was used to rapidly cure the elastomer, and the process was repeated twice to fabricate
a durable layer. Finally, the elastomer was stretched and peeled off the mold.

The cross-section of the anemone structure is shown in Fig. 6(b). A separate hollow cylindrical structure was fabricated
and sealed with the tentacle layer on top. Similar to the cuboid structure, both single-walled and double-walled
artificial anemone structures were fabricated for comparison. The same thermoelectric device was installed at the
bottom layer, and 2 mL of ethanol was injected into the chamber.
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Figure 6. (a) A mold was 3D-printed to fabricate the top tentacle layer of the artificial anemone. (b) The illustration shows
the cross-section of the fabricated double-walled anemone, which was partially burrowed in sand underwater.

Fig. 7 shows the anemone structure that was partially burrowed into the sand underwater. Since the sand was also wet,
it still functioned as a proper heat sink. Here, 5 V was applied to the system during actuation to heat the embedded
ethanol. The applied voltage effectively heated the structure through a combination of Peltier effect and joule heating.
After actuation, the device was either turned off for water cooling, or current was reversed for active Peltier cooling.
While cooling the structure with the thermoelectric device, voltage was reduced to 2.5 V to prevent excessive joule
heating. When actuating the single-walled structure, inflation slowed and stopped before full deployment. This was
consistent with the previous test, where the displacement change of the cuboid structure slowed down due to greater
heat loss. On the other hand, the double-walled structure fully inflated until the tentacle layer was completely actuated
after ~ 60 s. During cooling, Peltier cooling was significantly more effective while reducing cooling time by ~ 55%
versus ambient water cooling. Overall, the results confirmed the viability of the proposed actuation and cooling
method for soft robotic structures underwater.

Conclusions

This article addresses the importance of thermal conductivity when actuating soft structures through liquid
vaporization, while demonstrating a method that improved both the actuation and cooling processes underwater. In
underwater environments, heat loss has a significant effect on actuation by phase transformation. While this can be
solved by fabricating double-layered walls, the low thermal conductivity will also slow down the cooling process. In
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Figure 7. The artificial anemone structure was actuated and cooled to mimic the opening and closing motion of its biological
counterpart.



order to improve the reverse actuation process, a thermoelectric device was used to actively cool the system. FE
modeling results showed how the double-walled structure reduced heat loss while simultaneously increasing the
displacement during inflation when the wall thicknesses were kept the same. When testing the fabricated structures,
the thermoelectric device was used to heat and cool the system. The actuation speed of the single-walled structure
underwater decreased rapidly due to significant heat loss. On the other hand, the double-walled structure showed more
stable actuation, and cooling down the system by Peltier cooling reduced the required time to less than half as
compared to water cooling. This was achieved by simply reversing current flow, and the method does not require an
additional power source for cooling. While most studies implement fluidic pumps for underwater applications that
require precise and rapid movements, they must encase a large and heavy pump that is tethered to the chamber.
Although slower, actuation through vaporization only requires a small heater that is connected to a power source. The
proposed method opens new possibilities to apply actuation through vaporization in unpredictable or harsh
surroundings, especially underwater, where the liquid significantly hinders the heating process.
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