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Micro Elastic Pouch Motors:
Elastically Deformable and Miniaturized

Soft Actuators Using Liquid-to-Gas Phase
Change

Seiya Hirai, Tatsuho Nagatomo, Takefumi Hiraki , Hiroki Ishizuka, Yoshihiro Kawahara , and Norihisa Miki

Abstract—In the present study, we propose a largely deformable
and miniaturized soft actuator that is made by an elastic rubber
bladder (called a pouch) with a low-boiling-point liquid. When
the temperature of the low-boiling-point liquid reaches 34 ◦C,
the liquid inside the pouch evaporates, and the whole structure
inflates. Thanks to the proposed fabrication method, we can make
a miniaturized pouch of approximately 5 mm in diameter with a
thin rubber membrane, and the pouch can inflate to a volume of
86 times or more compared to its initial volume and can generate
approximately 20 N at maximum. We calculated the deformation
model and developed the fabrication process through investigation
of the thickness and the inflation volume of the pouch with respect
to the process parameters. We then experimentally characterized
the actuator with respect to the generated force, time response, and
repeatability of the inflation. We believe that micro elastic pouch
motors will contribute to soft robotic systems as a new component
as a result of having unique characteristics, such as millimeter size
and large deformability.

Index Terms—Soft sensors and actuators, soft robot materials
and design, hydraulic/pneumatic actuators.

I. INTRODUCTION

SOFT robots have been studied to make the best use of their
high affinity and safety for a human under daily, typical,

and unpredictable environments [1], [2]. Exploration of novel,
compliant, and flexible actuators is essential to developing soft
robots [3], [4].
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Among others, planar pneumatic actuators, such as Peano
actuators [5] and pouch motors [6], [7], are considered to have
advantages for practical applications. Such advantages include
thinness, lightweight, and flexibility, as well as a relatively
high power density. These actuators comprise bladders made
of elastomers, which are inflated by compressed air supplied via
air tubes. However, such pneumatically driven planar actuators
are inevitably tethered to bulky and heavy air tubes, valves,
and pumps, which spoils the soft, lightweight, and flexible
characteristics of these actuators.

In order to address this problem, HASEL actuators [8]–[10]
and liquid-to-gas phase-change actuators [11]–[15] have been
proposed, and these actuators encapsulate a functional fluid
inside the bladder and use the intrinsic characteristics of the
liquid. Since these actuators are free from the pneumatic tubes,
valves, and large air compressors needed to drive the actuator,
the systems can be simplified and are more highly suitable for
soft robots. In particular, liquid-to-gas phase-change actuators
do not require a high voltage of more than 1 kV, which is required
by HASEL actuators. On the other hand, although the volume
increases more than a thousand-fold in the phase change from
liquid to gas, these liquid-to-gas phase-change actuators cannot
fully exploit this increase because their bladders are stiff and
cannot expand. Altmüller et al. [16] proposed a liquid-to-gas
phase-change actuator with soft dielectric membranes. However,
the expansion rate of the actuator remained at only 1.2 times.

Soft actuators that contain sub-millimeter ethanol liquid
droplets inside a silicone elastomer [17] and deionized water in-
side a carbon fiber sleeve [18] have been proposed. By exploiting
the liquid-to-gas phase change of the liquid, the actuators were
successfully installed in soft robots. The challenges are that the
actuators are soft, yet not stretchable, and the expanded volume
was 10 times their initial volume at maximum. In addition,
miniaturization may be difficult due to the complexity of the
structure.

Accordingly, the size of a bladder must be enlarged to achieve
a sufficient deformation. Therefore, thus far, miniaturization of
the actuators has not been investigated, let alone the fabrication
processes.

In the present letter, we propose the micro elastic pouch motor
(mEPM), which is an elastically deformable spherical-shaped
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Fig. 1. Structure and principle of the micro elastic pouch motor (mEPM),
which is an elastically deformable and miniaturized liquid-to-gas phase-change
soft actuator. The actuator is composed of a thin latex pouch with a low-boiling-
point liquid (Novec 7000, 3 M Company), which evaporates at 34◦. The citric
acid solution in the pouch is used for the fabrication and does not affect the
expansion.

millimeter-sized fluidic actuator that exploits the phase change
of a low-boiling-point liquid, Novec 7000 (3 M Company).
The boiling point of the liquid is as low as 34◦. Note also that
the liquid has good biocompatibility and is not flammable. We
developed an encapsulating process of a low-boiling-point liquid
with an elastic rubber membrane to form a millimeter-scale
sphere, which does not include any heating processes. Fig. 1
shows the structure and principle of the mEPM. Owing to its
structure and material, the spherical rubber pouch could be
miniaturized to 5 mm in diameter and can inflate greatly, as com-
pared with conventional actuators containing low-boiling-point
liquid Novec 7000 [11]–[15], [19]. The proposed an actuator
that can generate a significant force (max. 20 N).

The contributions of the present letter can be summarized as
follows:
� The concept of a novel elastically deformable and minia-

turized soft actuator is proposed, and the theoretical defor-
mation is estimated.

� The fabrication process of the proposed actuator is devel-
oped, and the thickness and the inflation volume of the
elastic pouch with respect to the fabrication parameters are
investigated.

� The performance of the proposed actuator is assessed
through three experiments. These experiments reveal that
the actuator can generate a force of 20 N at maximum and a
stress of 0.12 MPa, while the proposed actuator can expand
up to 86 times its original size.

II. MICRO ELASTIC POUCH MOTORS (MEPMS)

A. Overview

Micro elastic pouch motors (mEPMs) have spherical pouches
made of elastic rubber in which the low-boiling-point liquid
is encapsulated. We selected a hydrofluoroether (Novec 7000,
3 M Company) as the low-boiling-point liquid because it is
non-flammable and safe for humans and the environment. It
has been reported that many kinds of elastic polymers, such
as widely used polydimethyl-siloxane (PDMS), are permeable
with respect to Novec 7000 [20]. We selected latex rubber as
the elastic material to compose the pouch because latex rubber
rarely absorbs Novec 7000 [21].

We fabricated latex rubber pouches using the flocculation
reaction of a latex suspension and a citric acid aqueous solution.
This reaction progresses immediately, and Novec 7000 can be
encapsulated without evaporation at room temperature. Thanks

Fig. 2. Actuation of the micro elastic pouch motor (mEPM). (a) The pouch
of the actuator is 5 mm in diameter in the initial state. (b) In this figure, the
mEPM is expanded to approximately 86 times its initial volume when the surface
temperature reaches 60◦.

Fig. 3. Linear motion structure with an mEPM. The piston structure converts
the inflation of the mEPM into linear motion that is sufficient to lift a weight
(200 g).

to the low elastic modulus of latex rubber, the actuator can
be inflated greatly and spherically with the liquid-to-gas phase
change. Thus, the actuator can generate a large displacement
and force considering its size (on the order of millimeters).

Fig. 2 shows an mEPM in an initial state and an inflated
state. The developed process enables us to create an elastically
deformable actuator with a miniaturized pouch of 5 mm in diam-
eter. This actuator can expand 86 times its initial volume, which
is significantly larger than the expansion rate of the previous
elastically deformable liquid-to-gas phase-change actuator [16].

Thanks to the miniaturized and largely deformable nature
of the mEPM, we can easily apply the actuator to soft robots
that deform in various ways. Fig. 3 shows the linear motion
structure of the mEPM. We embedded the mEPM in a chamber
in the piston structure and inflated the mEPM by heating, thereby
successfully realizing linear up-and-down motion. This motion
is sufficient to lift a weight (200 g). Fig. 4 shows the angular
motion possible with multiple mEPMs. We fixed mEPMs on a
PDMS substrate (Silpot 184 W/C, Dow Corning Toray Co., Ltd.)
at even intervals, using its ease of arraying. The structure stands
upright in the initial state. The mEPMs pressed against each
other, and the end-to-end length of the mEPMs increased in the
inflated state. The difference between this end-to-end length and
the PDMS substrate length results in bending of the structure.
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Fig. 4. Angular motion structure with an mEPM. (a) The structure stands
upright in the initial state. (b) The difference between the strains on the right-hand
side and the left-hand side of the structure occurred in the inflated state. This
results in bending of the structure.

Fig. 5. Deformation model of the pouch of an mEPM. Here, PPouch is the
pressure inside the pouch, and Patm is atmospheric pressure. Moreover, t0 and
t1 are the thicknesses of the membrane in the initial state and the inflated state,
respectively, and r0 and r1 are the radiuses of the pouch in the initial state and
the inflated state, respectively.

B. Deformation Model

Here, we model the pouch structure of the mEPM and deduce
the relationship between the pressure and the size of the pouch.
Fig. 5 illustrates the theoretical deformation model of the pouch
and its parameters. In the model, the pouch is considered to
always be spherical. The deformation of the pouch is induced
by the inside pressure. With the Young-Laplace equation, the
pressure difference between the inside and the outside (atmo-
spheric pressure) can be expressed as follows:

PPouch − Patm =
2σt1
r1

(1)

wherePPouch [kPa] is the pressure inside the pouch,Patm [kPa]
is the atmospheric pressure, t1 [mm] is the thickness of the
rubber membrane in the inflated state, r1 [mm] is the radius of the
pouch, and σ [kPa] is the tensile stress on the membrane. In the
spherical coordinate system, the relationship between the stress
and the strain of the membrane can be expressed as follows:

εθ =
1

E
(σθ − νσφ) (2)

εφ =
1

E
(σφ − νσθ) (3)

where σθ [kPa] and σφ [kPa] are the stress at the zenith and
azimuth angles, respectively, εθ and εφ are the strain at the zenith
and azimuth angles, respectively, andE [kPa] and ν are Young’s
modulus and Poisson’s ratio of latex rubber, respectively. When
we hypothesize the isotropic stress and strain, (2) and (3) can be

modified as follows:

σ =
E

1− ν
ε (4)

where ε is the strain of the membrane.
The strain can be expressed as the change in the diameter.

Here, ε is derived as follows:

ε =
2πr1 − 2πr0

2πr0
=

r1 − r0
r0

(5)

where r0 is the initial radius of the pouch. Assuming that the
volume of the membrane is always constant, the following
equation is obtained:

4πr1
2t1 = 4πr0

2t0 (6)

where t0 [mm] is the thickness of the membrane in the initial
state. By simplifying this equation, t1 can be expressed as
follows:

t1 =
r0

2

r12
t0 (7)

From (13), (4), (5), and (7), the following equation is obtained:

PPouch − Patm =
2Er0t0
1− ν

r1 − r0
r13

. (8)

When the pressure of Novec 7000 PNovec [kPa] is given,
PNovec is derived using the state equation PV = nRT as

PNovec =
1

VPouch

VNovec ρ

M
RT (9)

whereVPouch [mm3] is the volume of the inflated pouch,VNovec

[mL] is the injected volume of Novec 7000, ρ [gmL−1] is
the density of Novec 7000, M [gmol−1] is the molar mass of
Novec 7000, R [JK−1 mol−1] is the gas constant, and T [K] is
the absolute temperature of Novec 7000 inside the pouch.

Here, PWater [kPa] is the vapor pressure of the citric acid
solution, and PPouch is obtained as the sum of PNovec and
PWater. Using this relation and (9), PPouch is calculated as
follows:

PPouch = PNovec + PWater

=
VNovec ρRT

VPouch M
+ PWater (10)

Assuming that the shape of the pouch is always spherical,
VPouch is expressed as follows:

VPouch =
4

3
πr1

3 (11)

Using (8), (10), and (11), the following equation is obtained:

PWater − Patm

2t0r0
r1

3 − E

1− ν
(r1 − r0)

+
3

8

VNovec ρRT

πMt0r0
= 0 (12)

The theoretical size of the spherical pouch can be calculated
with the approximate solution of r1 obtained with (12). Tables I
and II show the constant parameters and the calculated volumes,
respectively.
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TABLE I
VALUES OF THE PARAMETERS FOR THE DEFORMATION MODEL. THE

PARAMETERS FOR NOVEC 7000 ARE DERIVED FROM [21]

TABLE II
PARAMETERS AND RESULTS OF THE THEORETICAL CALCULATION. HERE,
VNovec AND WNovec ARE KNOWN, AND VNovec IS CALCULATED USING

THESE TERMS

Fig. 6. Fabrication process of the mEPM. (a) Dispense the citric acid solution
into the liquid latex suspension. (b) Inject Novec 7000 into the citric acid droplet.
(c) Pick up the pouch with a stick. (d) Dip the pouch into the citric acid solution
for sufficient coagulation of the latex. (e) Repeatedly, dip the pouch into the
liquid latex suspension and dry.

III. FABRICATION PROCESS

A. Overview

Novec 7000 needs to be encapsulated by a membrane that
is elastically deformable and nonabsorbent Novec 7000. There-
fore, we use latex rubber as a membrane. Note that heat sealing
cannot be used as previously proposed [13], [14] given the
low boiling point of Novec 7000. We attempted to use the
coagulation processes of the latex suspension and the citric
acid solution. The spherification process to produce beads by
chemical reaction has been proposed [22]. However, the mEPM
is the first actuator to encapsulate Novec 7000 in a spherical latex
membrane. Fig. 6 shows the fabrication process of the proposed
actuator.

The steps of the fabrication process are as follows:
a) A volume of 0.02 mL of a citric acid aqueous solu-

tion is dispensed into a liquid latex suspension (PC-518,

Fig. 7. Relationship between the thickness and the concentration of citric acid.
The thickness increases with the concentration.

HR-TEC) in a beaker, which induces the coagulation reac-
tion, and a thin latex membrane is formed at the interface.

b) Novec 7000 is directly injected into the citric acid droplet
using a 1.0 mL syringe (SS-01 T, TERUMO). The volume
of Novec 7000 is varied from 0.01 mL to 0.05 mL.

c) After the droplet is covered with the latex suspension, the
pouch is picked up with a stick. Novec 7000 is completely
encapsulated inside the latex rubber pouches without evap-
oration.

d) The pouch is dipped into the citric acid solution to suffi-
ciently promote the coagulation to form a pouch.

e) The pouch is dipped into the liquid latex suspension and
its surface is dried for 5 min.

f) Step (e) is iterated two more times in order to cover
the droplet completely with the latex membrane, which
prevents leakage when expanded. Finally, the pouch is
dried for 12 hours.

B. Pouch Thickness

We investigated the thickness of the latex rubber pouch,
which determines the mechanical properties of the membrane,
including stiffness and thermal conductivity. We experimentally
investigate the relationship between the thickness and concen-
tration of citric acid. We varied the concentration of the citric
acid from 10% (w/w) to 40% (w/w) at intervals of 10% (w/w),
where the solubility of the citric acid in water is 7 g/100 ml
and the maximum concentration of the dispensable citric acid
solution is 42% (w/w).

We fabricated the pouches using the proposed fabrication
process. We cut these pouches and measured the membrane
thickness using a laser microscope (VK-X 100, KEYENCE).
We prepared ten samples for each concentration condition and
acquired their average thicknesses. In addition, we investigated
the minimal formable thickness of the latex membrane using
the fabrication process. We increased the concentration of citric
acid from 1% (w/w) at an interval of 1% (w/w) and searched
the minimal concentration at which the latex membrane was
successfully formed.

The average thickness of the pouch is shown in Fig. 7. The
thickness of the latex membrane increased with the concentra-
tion of the citric acid. The standard deviation of the thickness
was small compared to the thickness. Thus, we conclude that
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Fig. 8. Experimental setup for the inflation volume measurement. We covered
the mEPM with an aluminum box in order to maintain a temperature constant.

the proposed fabrication process has good repeatability. The
smallest latex membrane thickness was approximately 600μm
when the concentration of the citric acid was 7% (w/w). In the
following experiments, we used a 7% (w/w) citric acid solution
to form the thinnest latex membrane, expecting the highest
deformability and thermal conductivity.

C. Inflation Volume of the Pouch

We investigated the inflation volume of the latex rubber pouch
with respect to the volume of encapsulated Novec 7000.

Fig. 8 shows the experimental setup. We placed the latex
rubber pouch on a hot plate (CHPS-170DN, AS ONE). We
covered the pouch on the hot plate with aluminum foil for
efficient and uniform heating. We set the temperature of the
hot plate as 60◦ and heated the pouch for 3 min on the hot
plate. Then, we measured the diameter in the triaxial axis by
taking pictures of the pouch from three directions and analyzed
these images using graphics editing software (Adobe Photoshop
CC, Adobe Inc.). We calculated the volume of the pouches
(n = 10) based on its diameter under the assumption that the
pouch was spherical. This assumption comes from the fact that
the bond number of the mEPM is smaller than one. The bond
number is the dimensionless number that shows the dominance
of surface tension and gravity, which is expressed as the ratio
of the capillary length to the actual diameter of the droplet, as
follows:

Bo =

(
L

l

)2

(13)

whereBo is the bond number,L [mm] is the length of the droplet,
and l [mm] is the capillary length of the liquid. If the bond
number is smaller than 1, we can say that the surface tension
is more dominant than gravity. The diameter of a citric acid
solution droplet (L = 1.68 mm) is smaller than the capillary
length of water (l = 2.7 mm). Thus, it is considered that the
droplet can ignore gravity and form a spherical shape. Since
the applied pressure of a gas is constant in every direction, the
inflated pouch would also have a spherical shape. The injection
volume of Novec 7000 from 0.01 mL to 0.05 mL was tested.

Fig. 9 shows the obtained results. We plotted both the mea-
sured volume on average and the theoretical volume of the
pouches calculated using Eq. (12). The volume of the pouch
linearly increased with the injection volume of Novec 7000.
The order and trend of the experimental results agreed with the

Fig. 9. Relationship between the inflation volume of the pouch and the
injection volume of Novec 7000. The inflation volume increases as the injection
volume increases.

TABLE III
VOLUME OF THE LATEX RUBBER POUCHES (VPouch) IN THE NON-INFLATED

AND INFLATED STATES. THE VOLUME WAS CALCULATED BASED ON THE

MEASURED DIAMETER

Fig. 10. Experimental setup for force measurement.

theory. The encapsulated citric acid does not affect the expan-
sion, which was verified by the experimental results whereby
an mEPM containing only citric acid failed to expand. We
summarized the values of the measured diameter and volume
in Table III. This table shows that the pouch can inflate to more
than 86 times its initial volume, which is larger in magnitude
than previous elastically driven actuators [17].

IV. EXPERIMENTS

A. Generated Force of the mEPM

In order to verify the performance as an elastically deformable
soft actuator, we investigated the force that an mEPM can
produce with respect to the injection volumes of Novec 7000.
Fig. 10 illustrates the experimental setup of this measurement.
In order to suppress circumferential expansion, we placed the
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Fig. 11. Relationship between generated force and injection volume of
Novec 7000. The force is proportional to the injection volume.

pouch of the mEPM in a syringe (SS-10SZ, TERUMO) with its
tip cut off and measured the pushing force of the syringe using a
force gauge (DST-500 N, IMADA). We twined a nichrome wire
(0.4 mm in diameter) around the syringe and heated the pouch
to 60◦ by applying 0.7 A of DC with an electrical power supply
(WF1974, WAVE FACTORY). We measured the temperature of
the pouch in the syringe using a thermometer (CENTER 520,
CENTER TECHNOLOGY). We prepared actuators fabricated
with injection volumes of Novec 7000 from 0.01 mL to 0.05 mL.
We tested ten samples for each condition.

Fig. 11 shows the peak output forces of the actuators. The
actuator with 0.05 mL of injected Novec 7000 successfully
produced an output force of approximately 20 N. The expansion
of the mEPM was converted into the linear actuation of the
cylinder structure. The friction force induced by the structure
is on the order of 1 N, which is negligible compared to the
generated force. The relationship between the injection volumes
of Novec 7000 and the output forces can be approximated by a
line (R2 = 0.998). Based on this relationship, we can obtain a
design guideline for the maximum power characteristics of the
mEPM.

Under these experimental conditions, PPouch does not reach
the vapor pressure of Novec 7000, and thus all of the Novec 7000
was vaporized. This is verified by the fact that the output force
is proportional to the injected volume. However, it can reach
saturation when we add a larger amount of Novec 7000 and
some remains as a liquid at expansion.

The stress is calculated to be approximately 0.12 MPa by
dividing the force by the cross-sectional area of the syringe.
This stress is rather small but is competitive with natural muscle
and DEA [17]. On the other hand, the proposed mEPM has a
unique flexibility.

B. Time Response of the mEPM

In order to investigate the time response of the force generated
by an mEPM, we measured the force using the same setup as the
experiment in Section IV-A. We conducted the experiment using
actuators with injection volumes of Novec 7000 from 0.01 mL to
0.05 mL. In this experiment, we used the force logger software
of the force gauge to record the measured force every second.

Fig. 12. Relationship between pushing force and heating time. The larger the
injection volume, the longer it takes for the force to saturate.

Fig. 13. Response of pushing force and temperature in the cycle test. The
pushing force changed with the temperature.

Fig. 12 shows the pushing force with respect to the heating
time. As the volume of Novec 7000 injected increased, the start
time of inflation became slower. This is because a larger volume
of Novec 7000 requires more heat for vaporization due to the
higher heat capacity. The rate of decrease in the pushing force
after 200 s from the peak force at each Novec 7000 injection
volume was calculated to be approximately 5%. This result
indicates that an mEPM can maintain the pushing force for a
few hundred seconds.

We also investigated the effect of the mEPM temperature on
the pushing force using the same setup. We measured the pushing
force, the heating time, and the temperature inside the syringe
in this experiment. We controlled the temperature inside the
syringe at 60◦ until the pushing force became stable for 5 s.
Then, we stopped heating until the pushing force returned to
0 N. We increased the temperature inside the syringe to 60◦

again and stopped heating when the force became stable for 5 s.
We used the actuator with the injected Novec 7000 of 0.03 mL
in this experiment.

Fig. 13 shows the experimental results. The pushing force
increased in the heating process and decreased in the cooling
process. The force dropped to zero when the temperature reached
approximately 34◦, which is the boiling point of Novec 7000. In-
terestingly, the peak force in the second heating was smaller than
that in the first heating. There is a possibility that Novec 7000
gas permeated through the latex membrane, and the fluid inside
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Fig. 14. Volume of the inflated pouch during 10 heating and cooling cycles.
The volume decreased with the number of cycles.

Fig. 15. Weight of the inflated pouch during 10 cycles. The weight decreased
with the number of cycles.

the pouch was lost. This result will be discussed in more detail
in the following section.

C. Repeatability of the mEPM

In order to observe the reproducibility of the inflation mo-
tion of the mEPM, the volume and weight of the pouch were
measured during ten heating and cooling cycles. We conducted
the experiment with the same experimental setup as that used in
Section III-C. We used five mEPMs for each injection volume
of Novec 7000 (0.01 mL – 0.05 mL). We heated the pouch to 60◦

heated the pouch for 3 min on a hot plate and measured the di-
ameter of the triaxial axis using graphic editor software. We also
measured the weight using an analytical balance (AUW120D,
SHIMADZU). After these measurements, we cooled the pouch
at room temperature (19◦) for 300 s. These processes were
iterated ten times.

Figs. 14 and 15 show the volume and weight of the inflated
pouch measured in each cycle, respectively. The results show
that both the volume and weight of Novec 7000 were decreased
as the cycle was iterated. This indicates that leakage of the
Novec 7000 in the gas phase occurred. When the pouch inflates,
the latex membrane is stretched, which promotes leakage. This
effect is more significant during the first couple of cycles, which
was verified by the experimental results. The permeation is
unavoidable when elastic materials, which include latex rubber,
are in contact with gases. Thus, the effect of the permeation must
be considered in the design of the mEPM.

V. DISCUSSION

A. Fabrication Process

This pouch has the advantage of being of millimeter size
yet capable of producing a large force. In order to further
promote this advantage of miniaturization, microfabrication can
be proposed. In the present study, we fixed the volume of
Novec 7000 and evaluated the effect of the concentration of
the citric acid solution on the thickness of the latex bladder.
Miniaturization of citric acid droplets may lead to even smaller
pouches. Microdroplet generation has been widely studied in the
field of microfluidics [23], [24]. The downsizing will contribute
to the quick deformation response of the pouch because of its
low heat capacity.

B. Pouch Heating

Although the mEPM is largely deformable and miniaturized,
its response time for expansion can still be improved by design-
ing more efficient heating systems. From the experiments in Sec-
tion IV-B, the mEPM required 50 s–100 s to start inflation when
heated in contact with a heater. This response time was slower
than that of conventional liquid-to-gas phase change actuators,
which starts expanding within approximately 30 s [13], [14]. We
assumed that this slow response is caused by the poor thermal
conductivity of the pouch due to the material (latex rubber) and
the thickness of the membrane. The thickness of the latex rubber
membrane (600μm) is larger than that of conventional actuators
(50μm in [13], [14]).

Exploring more efficient pouch heating methods may allevi-
ate this slow response. Altmüller etal [16] and Usui etal [25]
embedded a heater device inside the pouch, and contact-less
heating methods for the liquid-to-gas phase-change actuators
using induction heating [19], laser heating [26], [27], and mi-
crowaves [28] have also been proposed. These methods can heat
the pouches locally and can be less affected by the environment,
as compared to heating methods using a hot plate or hot airflow.

C. Leakage of the Low-Boiling-Point Liquid

Through the experiments, the efficiency of the elastic pouch
as an actuator was verified. The pouch produced a high push-
ing force despite the millimeter size. However, there remain
limitations in use as an actuator. One of the main concerns is
that Novec 7000 leaks out of the nano-sized gaps in the latex
membrane during expansion, even though the material absorbs
Novec 7000 less than other elastic materials. This can be inferred
from the force reduction in the experiments in Section IV-B and
the repeatability in the experiment in Section IV-C. The gas
of Novec 7000 leaked out of the pouch, particularly when the
pouch inflated and the membrane was stretched. The available
volume of Novec 7000 gradually decreased with this leakage. In
addition, leakage can be suppressed by applying a thin barrier
film to the latex membrane. It was reported that appropriate pary-
lene coating reduces the gas permeation via polymers without
reducing the elasticity of the latex membrane [29].
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VI. CONCLUSION

A micro elastic pouch motor (mEPM) that can exhibit large
deformation using the liquid-to-gas phase change is proposed
and characterized. A low-boiling-point liquid, Novec 7000 is
encapsulated in an elastic latex rubber pouch by means of a
coagulation-based fabrication process. In the present letter, we
measured the volume of expansion, repeatability, output force,
and response speed of the elastic pouch. The experiments veri-
fied that the elastic pouch actuator generates a large amount of
force of 20 N for a diameter of 5 mm. The proposed mEPM
can be readily applied to a wide range of applications as a
millimeter-sized, soft, and efficient actuator.
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