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Abstract

Soft robotics has become an attractive research topic with the recent development of soft
actuators. Herein, we propose a deformable soft actuator with large volumetric changes. The proposed
elastomer contains liquid droplets; their transition from the liquid phase to the vapor phase can be
controlled by heat. We chose silicone and urethane rubbers as the matrix materials; droplets of water
and fluorine were dispersed homogeneously in the rubber matrix as micelles or solutes. After curing
the rubber, bubbles appeared owing to microwave heating. We succeeded in generating a fine bubble
structure using the proposed method, and we could reduce the leakage of the droplet material using
urethane as the matrix material. Finally, we attempted to fabricate a small actuator to work in the

channels. The proposed method can be useful for miniaturized soft robots.

Introduction

In this work, we propose a soft actuator that can deform due to a large volumetric change
caused by the vapor-liquid phase transition. Recently, various soft actuators have been proposed and
developed for soft robotics, a growing field in which robots composed of soft and flexible materials
[1] are used in industrial applications. Some researchers have developed new robot models based on
the soft organs of living creatures [2], such as octopus [3, 4], jellyfish [5], worms [6, 7], cilia [8-12].
One of the most important components of soft robotics is the soft actuator or artificial muscle, therefore,
several models that use photosensitive dielectric polymers [13-15], or ionic liquid-based gels [16] have
been developed. Another approach is to use physical-based actuators, such as the pneumatic type
actuators (the most popular one) [13, 14], which are controlled by air pressure through an air tube, or
magnetic actuators, which are composed of magnetic powder and a flexible matrix, such as an
elastomer or a gel [6-12, 19-25]. Furthermore, these physical actuators provide excellent
responsiveness using external power sources.

Another type of physical-based actuators, which were the main focus of this work, employs
a predefined material, such as ethanol, dispersed inside liquid bubbles, resulting in a large volumetric
change of the elastomer, made of silicone for example, after a gas-liquid phase transition [26], as

shown in Fig. 1. As a compressor or an air tube is not required, the actuator could work in various



locations without tethering. In this work, we propose a method to generate finer bubble structures in
the material than those in the conventional method by employing an aqueous solution of polyether-
modified silicone oil, as it decreases the interfacial energy between rubber matrix and liquid bubbles.
A fluorine-based liquid, which has a low-boiling-point, was also prepared as an alternative, therefore,
a low driving temperature was used for both cases. Furthermore, we used an urethane rubber, which
has lower gas permeability than silicone rubber, as an alternative elastomer to evaluate the leakage
reduction of the material from the droplet.

Our new material consists of fine bubbles, enabling a robot to work with small channels
present in lab-on-a-chip applications. Furthermore, we have demonstrated some examples of the
proposed actuator with small channels, whose temperature was controlled by heating wires. The
proposed material could also be used for many other actuation systems that use shape-memory alloys

[27, 28].

Materials

In this work, ethanol and pure water were used as additive materials to make liquid
bubbles in a rubber matrix. We added a 2% mass solution of polyether-modified silicone oil (KF-
354L, Shin-Etsu Chemical), as a surfactant, to pure water, decreasing, therefore, the surface energy
of the liquid bubbles. A fluorine-based liquid (Novec7000, 3M), which has a low boiling point
(34 °C), therefore, realizing the gas-liquid phase transition at lower temperatures, was also prepared.

First, these liquid materials were mixed with the silicone rubber (Ecoflex00-10, Smooth-

On) by placing them in a sample tube with silicone rubber, resulting in a solution with 12% of mass
concentration of liquid material. The tube was inserted in a stirring deaerator (SK-350T, Shashin
Kagaku) for 90 s of mixing, resulting in a homogeneous mixture at this moment. However, the size
of the droplets of ethanol increased due to the coalescing process and they became coarser. After 10
min, these coarse droplets floated to the surface, and the silicone and ethanol phases were separated
into two layers. Figure 2 shows the samples obtained 30 min after the mixing procedure was
completed. For the ethanol and silicone rubber sample, the separation resulted in two distingue
layers, as shown in Fig. 2(a), however, the other ones were still homogeneous. The sample with
water, Fig. 2(b), was white and opaque as the mixture probably changed to an emulsion state, in
which the droplets became tiny micelles. In contrast, the color of the sample with fluorine, Fig. 2(c),
was transparent, indicating that the molecules of the liquid material might have dispersed into the
matrix.

The homogeneous state of the mixtures in Fig. 2(b) and Fig. 2(c) was obtained after curing
the silicone rubber. As a result, these materials would be helpful in long procedures, or procedures
with high reproducibility, as the bubble structure would not change during the curing period. These

liquid materials were, therefore, selected for the following experiments.



In addition, preliminary experiments indicated that leakage of the liquid material through
diffusion in the silicone matrix occurred as silicone has a much higher gas permeability. To mitigate
this problem, another matrix that was composed of urethane rubber (VytaFlex30, Smooth-On) was
fabricated in addition to the same silicone rubber. The gas permeability of urethane, which depends
on the type of gas, is one-tenth to one-hundredth of that of the silicone rubber.

The process flow for preparing the material is shown in Fig. 3. Silicone or urethane rubber
was premixed with water or fluorine liquid by manually shaking the recipient where they were placed.
At this stage, the mixture was not homogeneous, and many air bubbles were noticed. Afterward, the
sample was mixed using a stirring deaerator for 3.0 X 10? s (5 min) at a rotation speed of 30 rpm and
a revolution speed of 1340 rpm, as indicated in Fig. 3(a). The mixture ratio of the droplet material to
the total solution was 10 %. After mixing, the rubber solution was poured into a plastic container and
kept at room temperature for approximately 5.4 x 10* s (15 h) to be cured, Fig. 3(b), and, thereafter,
cut into any required shape, Fig. 3(c).

The cured mixtures were homogeneous; however, they could not work as an actuator
indicated by Fig. 1, for example, the volumetric change of a mixture composed by fluorine, due to the
vapor transition in boiling water, is not enough to generate bubbles despite its low boiling point (34 °C).
To solve this problem, the energy from the microwaves was used. Figure 4 schematically shows the
different microstructures of the samples after each stage: mixing, curing, and microwave heating. After
the curing stage, only the structure of the sample with ethanol changed, as its droplets grew and its
structure became coarser due to coalescence. As a result, this mixture could show large volumetric
changes and liquid-gas phase transition after heating, as its droplets were coarse and their curvature
was larger (higher internal pressure).

Meanwhile, regarding the mixtures composed of water or fluorine, the generation of bubbles
was possible after microwave heating. These bubbles were still present after cooling, Fig. 3(e),
indicating that high-energy heating, such as microwave emission, was unnecessary after their
formation. However, some of the liquid material leaked during the microwave heating stage, therefore,
we placed the whole system in a recipient containing the liquid material, Fig. 3(f). As a result, the

quantity lost due to the leakage could be refilled, resulting in a material with higher responsiveness.

Diffusion and Bubble Generation

The water or fluorine liquid of the proposed system should be trapped inside its matrix;
however, these components could be diffused through it, leading to leakage of the liquid material. To
solve this problem, first, we conducted an experiment comparing the diffusivities of silicone and
urethane elastomers. We prepared 4 kinds of materials; silicone materials mixed with water and
fluorine liquid, and urethane rubbers mixed with the same liquids. After curing, each sample was,

respectively, cut into cubes of several millimeters, kept at air atmosphere and room temperature, and



heated with microwaves every 3600 s (1 h) to generate bubbles.

An optical photo of the state of each material based on the hours kept at room temperature
is shown in Fig. 5. The area with the highest concentration of bubbles, named, in this work, as bubble
area, was located in the center of each sample. Bubbles were present in all silicone samples that were
mixed with water and were generated in these samples even after 5 h of exposure. In the case of
silicone samples with fluorine, the area near the sample surface, where no bubbles were present, was
thicker and increased with exposure time. Finally, there were no bubbles in the samples after 3 h of
exposure time. Considering the silicone matrix, the permeability of fluorine was higher than that of
water, indicating that fluorine diffused from the sample surface. Meanwhile, the samples consisting of
the urethane matrix, generally, showed a lower permeability than that of the respective silicone sample.
In this experiment, all urethane samples generated bubbles even after 5 h of storage.

Furthermore, the shape of the silicone samples was preserved while the urethane samples
deformed, as the temperature required to soften the urethane structure was lower than that of silicone.
The heating was stopped at the moment that bubbles were generated in the samples. As a result, the
samples with fluorine, whose boiling temperature is relatively low, required a lower heat than those
with water, resulting in less deformation of the samples with fluorine. Meanwhile, the high
deformation of the urethane samples with fluorine prevented them to be applicable for this heating
step.

In this section, we presented some samples prepared by our newly proposed method. As a
result, fine bubbles were generated as the additive liquid was dissolved in the elastomer. In addition,
we showed that a matrix made of urethane could avoid the diffusion of additive materials. These

characteristics are useful for the material when applied in miniaturized actuators.

Repeated Actuation

Afterward, we repeated the heating and cooling procedure in water, as shown in Fig. 6. We
prepared two water baths, at 25 °C and 60 °C, respectively, and alternately dipped the samples
composed of silicone or urethane and fluorine in the baths. The change in volume of each sample
almost finished after approximately 10 s, therefore, the dip period, which is the time that the samples
were dipped, was set to 15 s.

Figure 7 indicates the volume expansion of samples in the hot bath (60 °C) in their volume
contraction in the cold bath (25 °C). We, thereafter, measured the linear expansion rate at each bath
from the image. Figure 8 shows the linear expansion ratio of the samples at each step. The data were
normalized by the rate at the first step. At the first heating, the expanded ratios of both silicone and
urethane were approximately 1.4; however, it decreased with further steps. Furthermore, some of the
fluorine inside the sample leaked from its surface as gas bubbles. The decrease in the volume

expansion ratio of the silicone sample was larger, as the permeability of the fluorine material in the



silicone was higher. The gas permeability in silicone was, generally, 10 to 100 times higher than that

in urethane [29].

Actuation in Channels

We tried to actuate a small beam or strip of a droplet-dispersed elastomer. Figure 9 shows a
schematic diagram of the experimental setup. Four nichrome wires were placed at the bottom of a
channel made of PDMS (Sylgard 184, The Dow Chemical), and a strip sample of the urethane-based
material with the fluorine liquid was placed in the channel. This setup was prepared based on the
crawling motion of earthworms, in which the volumetric change would gradually propagate from the
right end to the left one of the strip sample. We prepared two actuation setups; in the first one the
sample was exposed to air and in the other one, it was exposed to water. The width and height were
5.0 mm and 5.0 in the first setup, and 5.0 mm and 3.0 mm in the second setup, respectively.

Figure 10 shows the snapshots of the first setup. In this setup, every 30 s, the rightmost
unheated nichrome wire was heated (heating step), resulting in the increase of volume from the right
region of the sample to the left side, as each heating step proceeded. After the first and second steps,
it was noticeable that the heat was transmitted to the left part of the sample, therefore, the increase in
volume was not observed in further heating steps.

Figure 11 shows the snapshots of the second setup. In this experiment, the nichrome wire at
the leftmost part of the sample repeatedly switched from heated and unheated states. As the water was
responsible to dissipate heat from the sample, the volume of the affected region changed according to
the wire state. Furthermore, the sample in this experiment was thinner than that used in the previous
one, to reduce the response time. The water environment is also expected to prevent the leakage of
fluorine. This proposed experiment could resemble the mentioned crawling motion and, therefore, has
the potential for real case applications. For this purpose, the friction of the surface will be properly

evaluated in our future work.

Conclusion

In this work, we proposed an elastomer material dispersed with liquid bubbles. We
successfully fabricated fine bubble structures using a new method that can avoid a coarse structure of
the mixed material. We, thereafter, generated water micelles using a surfactant and dissolved a
fluorine-based liquid into identical silicone rubber samples. In both cases, the mixed material was
homogeneous and exhibit a fine structure. These materials were subsequently heated by microwave
irradiation, and fine bubbles were also generated, enabling them to be used in an actuator. Furthermore,
we fabricated bubble structures in urethane rubbers and proved that these systems could decrease the
leakage of fluorine inside the bubbles due to the low permeability of urethane.

Fine bubbles and low leakage are necessary features to miniaturize the proposed soft actuator,



as coarse bubbles are not suitable for small structures and the leakage rate would be higher. We
demonstrated small strips actuated in channels and showed the potential of the proposed material for
soft microrobots. Some problems related to heat propagation; however, have not been solved yet, as
the improvement of the cooling system is required.

Moreover, we would like to employ this material for a 3D printing system. As the printed
structure could be actuated, the system may be called 4D printing [6, 9, 30-33]. We are now preparing
two or more types of materials with different expansion ratios that will be arranged in a 3D structure

and their motion will be designed based on the heating procedure.
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Figure Captions

Fig. 1 (Color online) Schematic image of the proposed material.

Fig. 2 Mixtures of silicone and three kinds of liquid materials after 30 min; (a) mixture
with ethanol, (b) water with the surfactant, and (c) fluorine-based liquid. Ethanol and
silicone were separated, whereas homogeneous states were obtained in the other

samples.

Fig. 3 (Color online) Process flow for preparing the proposed material.

Fig. 4 (Color online) Schematic illustrations of three types of mixtures. The initial states
are different in these three cases. After curing, the ethanol droplets grow due to
coalescence. Water micelles and molecules of fluorine remained even after the curing of
the silicone matrix. These cured homogeneous materials generate gas bubbles by
microwave heating. During heating, liquid materials diffused to nucleation sites,

generating larger bubbles.

Fig. 5 (Color online) Image of samples after heating. Silicon and urethane rubbers with
water and fluorine liquid bubbles after 1, 2, 3, 4, and 5 h of air exposure.

Fig. 6. (Color online) Schematic experiment image of repeated heating and cooling in
water baths.

Fig. 7. (Color online) Images of the samples in water baths. (a) Silicone with fluorine and
(b) urethane with fluorine.

Fig. 8. (Color online) Linear expansion ratio of the samples at each step.

Fig. 9. (Color online) Schematic diagram of the experimental setup of actuation in the
channel.

Fig. 10. (Color online) Snapshots of actuation in the air channel.

Fig. 11. (Color online) Snapshots of the actuation in the water channel.



Vapor
Liquid droplet

I

Rubber matrix

Fig. 1 (Color online)



Fig. 2 (Color online)



Microwave
Rubber  Droplet material /i

N/

4-m =

Mixture Cured Cut out Heated
(a) (b) (c) (d)
Soak
(e) (0 (g)

Fig. 3 (Color online)

B



Ethanol
Diffusion and
migration of

liquid material

Cured silicone
Water with
surfactant

‘Water
micelle

Fluorine-based
liquid material L

Molecular of

. solution As heated b
As mixed As cured microwave Y

Fig. 4 (Color online)



Silicone

Water
Urethane
Fluorine

0 1 2 3 4 5 [h]
Air exposure time

Fig. 5 (Color online)



Dip alternately

D

Fig. 6 (Color online)



Fig. 7 (Color online)



Expansion Ratio

Expansion Ratio

1.6

1.4

1.2

0.8

0.6

1.6

1.4

1.2

0.8

0.6

’ Silicone

Fig. 8 (Color online)



Nichrome wires

Fig. 9 (Color online)



5. mm
—

Fig. 10 (Color online)



Fig. 11 (Color online)



