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Biodegradable Electrohydraulic Soft Actuators

Ryo Kanno, Fabio Caruso, Kazuma Takai, Yegor Piskarev, Vito Cacucciolo,

and Jun Shintake*

Biodegradable materials decompose and return to nature. This functionality can
be applied to derive robotic systems that are environmentally friendly. This study
presents a fully biodegradable soft actuator, which is one of the key elements in
“green” soft robotics. The working of the actuator is based on an electrohydraulic
principle, which is similar to that of hydraulically amplified self-healing elec-
trostatic actuators. The actuator developed in this study consists of a dielectric
film made of polylactic acid (PLA) and polybutylene adipate-co-terephthalate
(PBAT), with soybean oil as the dielectric liquid and electrodes made from a
mixture of gelatin, glycerol, and sodium chloride (NaCl). The synthesized bio-
degradable electrode material exhibits a Young’s modulus of 0.06 MPa and
resistivity of 258 Q-m when the mass fraction of NaCl relative to the amount of
gelatin and glycerol is 10 wt%. The softness and resistivity of the electrode
material results in actuation strain values of 3.2% (at 1kV, corresponding to
1.2kV mm ") and 18.6% (at 10 kV, corresponding to 9.6 kV mm ") for the linear-
type and circular-type actuators, respectively. These values obtained for the

1. Introduction

Soft robotics has a high potential owing to
the high compliance from which a wide
variety of functional robots and applica-
tions can be derived."® Synthetic poly-
mers such as silicone rubbers and acrylic
polymers are the most widespread materi-
als used in soft robotics. They are low
cost,®) easy to handle,*” and compatible
with various fabrication methods, such as
casting, molding,'"! printing,"? and cut-
ting.l** Silicone rubbers and acrylic poly-
mers are also chemically stable, making
them suitable for soft robots operated in
diverse situations and environments, such
as on the ground,™***! underwater,'*'” in
snowstorms,['"® and even in radiation envi-

biodegradable electrohydraulic soft actuators are comparable to those of
nonbiodegradable actuators of the same type, representing the successful

implementation of the concept.
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ronments.'” On the contrary, their stable
nature and irreversible synthetic process,
like thermoset,***"! make them nonbiode-
gradable, which may lead to environmental
destruction; this can particularly occur
when the robots performing tasks in natu-
ral fields are discarded due to malfunctions
or accidents. As an example of environmental impact, it has been
reported that some fishes have silicone rubbers and acrylic poly-
mers that are not degraded and deposited in their bodies.?>** In
addition, polymeric materials used in soft robotics are mostly dif-
ficult to recycle and have a high environmental impact.
Considering these perspectives, it is important to incorporate
biodegradability into soft robots.

Researchers have demonstrated biodegradable soft robotic ele-
ments that are focused on actuators. Their working principle
includes pneumatic actuation,**%  piezoelectricity,*" ion
migration,*?% and swelling.*’*® Pneumatic actuators are rel-
atively easy to fabricate and can provide large outputs; however,
their performance is dependent on bulky external pumps and
compressors, which can lead to difficulty in constructing robots
according to their types and specifications. From a system per-
spective, actuators based on piezoelectricity and ion migration
have been driven electrically using a portable power source.
However, actuation strain generated by piezoelectricity tends
to be small (4%%) and the actuation speed achieved with ion
migration is normally low (2.3% s~ %)), thus limiting the actu-
ation performance. Similarly, actuation based on swelling has a
limitation on speed (over 6h required for achieving a fully
swelled statel*”)) and controllability of actuated deformation
because its working principle requires material injection®”!
and cannot perform multiple actuations.?®!

© 2023 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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In recent years, electrohydraulic soft actuators, also known as
hydraulically amplified self-healing electrostatic (HASEL) actua-
tors, are emerging.[*!! This type of actuators consists of a pair of
opposing electrodes covering a portion of the surface of a flexible
pouch encapsulating a dielectric liquid. When a high voltage is
applied, electrostatic forces between the electrodes squeeze the
pouch, causing the local position of the liquid to change, result-
ing in a hydraulic deformation of the entire structure as actu-
ation. Electrohydraulic soft actuators exhibit large actuation
strain (107% linear strain!*”), high actuation stress (=114 kPal*?)
and power density (358 W kg™ '*?)), and fast speed (strain rate of
900% s~ '3)), Their structure is simple, allowing their tailoring
in various shapes.

In this article, we present a biodegradable soft actuator based
on the electrohydraulic principle. This type of actuation principle
requires compliant and conductive electrodes. First, we investi-
gated the mechanical and electrical properties of the electrode for
different compositions. Then, we fabricated and characterized
two types of actuators that have linear and circular shapes to
study the effect of incorporating biodegradable materials into
the existing actuation principle and to validate our hypothesis.
It is worth mentioning that Rumley et al. recently reported a
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similar actuator concept.** However, at the time we submitted
our article and published it as a preprint,** their article had not
been published or submitted. Therefore, there was no possibility
for us to have any knowledge of their work in the conduct of
this study.

2. Results and Discussion

The linear and circular biodegradable electrohydraulic soft actua-
tors developed in this study are shown in Figure 1a,b (see also
Video S1, Supporting Information). Both actuators have a sand-
wich structure composed of two layers of dielectric film made of
polylactic acid (PLA) and polybutylene adipate-co-terephthalate
(PBAT), forming a pouch encapsulating soybean oil as the dielec-
tricliquid. PLA/PBAT film is known as a biodegradable substrate
with good processability.*®! The pouch is made by welding two
layers of dielectric film using a 3D printer. In the fabrication pro-
cess, the dielectric films are first placed between two sheets of
polyimide film. Then, the heated nozzle of the 3D printer traces
over the polyimide film, including the dielectric films (see the
Experimental Section for details of the fabrication process).
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Figure 1. Biodegradable electrohydraulic soft actuators fabricated in this study. a) Linear-type actuator. The actuator has three pouches and sealed part for
encapsulation of soybean oil. Gelatin-based electrodes are placed on both side of the actuator. b) Circular-type actuator consisting one pouch and sealed
part. Gelatin-based electrodes are placed on both side of the actuator. c,d) Working principle of the linear-type actuator and the circular-type actuator.
When voltage is applied, electrodes are charged, resulting in an electrostatic pressure that squeezes the pouch containing the soybean oil, which is placed
in the areas where the electrodes do not overlap. The oil transferred in the nonelectrode areas inflates the pouch, causing deformation of the entire

structure.
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On the pouch, electrodes are attached, which consist of a mixture
of gelatin, glycerol, and sodium chloride (NaCl) by intrinsic adhe-
sion. The electrode material has an adhesive nature because of
which it can be attached to the pouch without the need for glue.
The entire surface of the device is covered by corn starch powder
to keep the surface nonsticky. The integration of these materials
and ingredients makes the actuator fully biodegradable. The
geometry of our actuators is similar to those of the Peano-
HASEL actuator and circle planar HASEL actuator available in
the literature.*>*?! Since the dielectric liquid used is soybean
oil, which provides no self-healing ability, we cease to use the
abbreviation HASEL in the rest of the article to avoid any confu-
sion on the functionality.

The working principle of the linear and circular-type actuators
is identical and is shown in Figure 1c,d. When voltage is applied,
electrodes are charged, resulting in an electrostatic pressure.
This pressure squeezes the pouch containing the soybean oil,
which is placed in the areas where the electrodes do not overlap.
The oil transferred in the nonelectrode areas inflates the pouch,
causing deformation of the entire structure. In the linear-type
actuator, the actuated deformation occurs as contraction. In
the circular-type actuator, it leads to expansion. In the linear-type
actuator, the dimensions of the pouch and electrode area are
40mm x 20mm and 38 mm x 10 mm, respectively. In the
circular-type actuator, the inner diameter of the pouch and the
diameter of the electrode are 50 and 25mm, respectively.
Figure 2 shows a biodegradation process of a circular-type actua-
tor. The temperature in the degradation environment was set to
be 60 °C using an oven, where degradation of both protein and
PLA-based biodegradable materials takes place in the compost-
ing environment, with reference to previous studies.*”**! The
composting environment, simulated by a temperature of 60 °C,
was chosen to accelerate the biodegradation process, as it is the
only way to biodegrade PLAs in a shorter amount of time than in
a natural environment.**% The device gradually degrades in the
soil with time. Regarding the characteristics change of the actua-
tor under biodegradation, it was expected that in the electrode the
water content decreases, the resistivity increases, and the mate-
rial hardens, as revealed in our previous study on mixture of gel-
atin and glycerol.””! For the dielectric film (PLA/PBAT), the
molecular weight decreases by the soil decomposition of the film,
as described in the literature.’! It is considered that the film
becomes thinner and the barrier properties decrease after a cer-
tain period of time, leading to the leakage of soybean oil from the
sealed part. In our experiment, it is observed that oil leaked one

After one week

Right after fabrication
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month later when the actuator is placed on soil, as shown in
Figure 2. As a whole, the actuation strain and pressure will
decrease due to the hardening of the gelatin-based electrodes
as degradation progresses. Additionally, the response speed will
also decrease due to the increased resistivity.

2.1. Electrical and Mechanical Properties of Electrodes

We first assessed the electrical and mechanical properties of the
electrode material to identify a composition suitable for the actua-
tors. As mentioned previously, gelatin and glycerol were used as
the base material of the electrodes. After curing, the mixture of
gelatin and glycerol exhibited elastomer-like characteristics, such
as high stretchability (up to 209.6% of strain) and durability (mul-
tiple operations).?*?”! The ratio of gelatin and glycerol used in
the present study is identical to the mixture used in our previous
work (gelatin:glycerol = 2:1).2**”) Its electrical resistivity is
~3500Q m according to our preliminary experiments, which
limits the actuation of the biodegradable electrohydraulic soft
actuators. High resistivity constrains the amount of electrical
current passing through the electrodes, lengthening time for
accumulating electric charges on the electrodes to produce elec-
trostatic actuation, which slows down movement of the actuators.
Hence, we employed NaCl as an additive for the gelatin—glycerol
mixture to lower the resistivity (i.e., enhance the conductivity)
and investigated its influence on the electrical and mechanical
properties. Specifically, we measured the resistivity and Young’s
modulus of the electrode material for different amounts of NaCl
(see Experimental Section for the details of the fabrication pro-
cess of the electrodes and the measurements). The amounts of
NaCl were 0, 0.23, 0.45, 0.69, 0.92, 1.25, 2.5, 3.75, and 5 g, which
correspond to the mass fractions relative to the amount of gelatin
and glycerol of 0, 0.5, 1.0, 1.5, 2.0, 2.7, 5.3, 7.7, and 10 wt%,
respectively. Note that the mass fraction presented here does
not include the presence of distilled water (initial mass 120 g)
used in the mixing process of the electrode material. After cur-
ing, the water mostly evaporated and had an equilibrium state.

As shown in Figure 3a, the resistivity decreases with increas-
ing fraction of NaCl. This indicates that the resistivity of the elec-
trode material can be controlled by adjusting the amount of
additive. For 10 wt%, the resistivity is 258 Q m, which is compa-
rable to nonbiodegradable stretchable electrodes used in electro-
static soft actuators (specifically, dielectric elastomer actuators)
that have resistivity of 90-2250 Q m.?

After one month After three month

Figure 2. Biodegradation process of the circular-type actuator. Immediately after fabrication, the actuator is placed on the soil, and the whole setup is
contained in an oven to keep the temperature (60°C) constant to encourage microbial activity.
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Figure 3. Characterization results of the gelatin-based electrodes. Changes in resistivity and Young’s modulus were observed by changing the amount of
sodium chloride added to the electrode. a) Resistivity as a function of the NaCl mass fraction. Average of four samples was used to determine the
resistivity of each plot. b) Young’s modulus as a function of the NaCl mass fraction. Four samples were averaged to determine the resistivity of each
plot. The error bars represented in (a) and (b) are the standard deviations calculated from the four samples.

This suggests that our material is conductive and can provide
electric actuation in the devices developed in this study.
Figure 3b shows the plot of the measured Young’s modulus
of the electrode material. The modulus takes the lowest value
of 0.04 MPa for Owt% and increases up to 0.12MPa until
1.0wt%. Interestingly, from 1.0 to 10wt%, the modulus
decreases from 0.12 MPa down to 0.06 MPa. The reason is as fol-
lows. Originally, gelatin binds to water molecules and forms a
gel. Concurrently, sodium and chloride ions also bind to water
molecules (binding force: enthalpy of hydration). This binding
force is stronger in hydrated NaCl than in gelatin gel
Specifically, the binding force (van der Waals force) of gelatin
molecules and water molecules is 0.4—4.0 k] mol~2.5% On the
contrary, the enthalpies of hydration of sodium and chloride ions
are over 300kJ mol "% Therefore, hydrated NaCl binds the
excess water in the sample (0-1.0 wt%) and hardens the electro-
des, leading to a greater Young’s modulus. However, from 1.0 to
10 wt%, the water molecules originally bonded to gelatin now
bond to NaCl, resulting in a lower Young’s modulus.

The results show a trade-off relationship between resistivity
and compliance of the material. As shown in the range of
0-1.0 wt%, the resistivity decreases with increasing amount of
NaCl, while the Young’s modulus increases. Depending on
the application, softer and more conductive electrodes are pre-
ferred, for instance, in soft electrically driven actuators. In this
case, the presence of mechanically passive electrodes minimized
the effect on actuation performance, and the electric current
went through within a short time, thus ensuring a fast response.
On the contrary, in some cases, it is difficult to pattern electrodes
if they are too soft, making the fabrication complex.

2.2. Linear-Type Biodegradable Electrohydraulic Soft Actuators

We performed an electromechanical characterization of the
linear-type biodegradable electrohydraulic soft actuator. In this
test, strain as a function of the applied voltage was measured
under different loading conditions (0, 5, and 20 g). Electrodes
with a NaCl mass fraction of 10 wt% were used in the tested
actuators. This is because they have a lower Young’s modulus
and the highest conductivity. The applied voltage was limited

Adv. Intell. Syst. 2023, 5, 2200239 2200239 (4 of 9)

to 1kV, as it was found during a preliminary experiment that
the actuators undergo electrical breakdown at voltages more than
1kV. This is reasonable given the thickness (10 pm) and the
dielectric strength of the film material (in the case of PLA,
~33kVmm """ which corresponds to 660V for two films).
When actuated, the film layers of the pouch come closer owing
to the electrostatic forces between the electrodes, resulting in the
growth of the electric field strength. This zipping of the films
starts from the top edge of the pouch where the electrodes are
already closest even before applying the voltage, as represented
in Figure S2, Supporting Information. In the zipped domain,
most of the oil is transferred in the nonelectrode areas but we
assume that meager amount of oil is existing like a layer between
the films, resulting in the breakdown voltage of more than 1kV.

Figure 4 shows the actuation and characterization results of
the actuators. The relationships for other tested actuators with
different amounts of NaCl in their electrodes are also shown
in Figure S1, Supporting Information. As shown in Figure 4b,
the actuation strain increases from 0% to 3.2%. Contrarily,
the strain decreases under a larger applied load. The maximum
strains in the tested voltage range for loading of 0, 5, and 20 g are
3.2%, 1.6%, and 0.5% respectively. The simulated values calcu-
lated by an analytical model (see Supporting Information for the
details) exhibit the same trend as the experimental data, which
suggests that the fabricated biodegradable actuators are function-
ing properly according to the fundamental working principle
employed in this study. The main focus of our work is not model-
ing; nevertheless, the results indicate that it is possible to design
biodegradable electrohydraulic soft actuators with the aid of mod-
els intended to be used for nondegradable actuators. However,
there is a discrepancy between the simulation and the experi-
ment on the strain at each voltage. This may result from the fact
that the simulation assumes a 2D motion of the actuator, as
shown in the cross-sectional view of Figure 1c. The actuator also
moves in 3D motion, leading to actuation strains lower than the
theoretical values. In addition, it also causes deformation of the
sealed parts of the pouch (5-mm width) that is mechanically pas-
sive. Under actuated state, a portion of input electrical energy is
stored in the sealed parts as mechanical bending energy, ulti-
mately reducing the actuation strain.

© 2023 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 4. Characterization results of the linear-type actuators. a) Movement of the actuator. b) Actuation strain as a function of the applied voltage. The
error bars represent the standard deviation calculated from the three samples. c) Actuation strain as a function of the applied voltage (5-g load, applied

voltage 1kV). The strain was normalized with reference to 0 Hz (DC).

At 1kV, the measured strain of the biodegradable electrohy-
draulic soft actuators is 3.4%. This value is to that observed for
nonbiodegradable actuators of the same type (the geometry and
dimension of the pouch and the amount of dielectric fluid are
identical); the Peano-HASEL exhibits an actuation strain of
~5.4% at 6 kV.I** This result indicates that biodegradable mate-
rials can be incorporated into electrically driven soft actuators
without compromising the actuation strain. As we mentioned,
the area of sealed parts negatively affects the actuation perfor-
mance as it is a passive part. This also means that higher
actuation strains may be achieved by reducing the area of the
passive part.

We then assessed the frequency response of the actuator to
estimate the specific power, which is a metric of output character-
istics (see Supporting Information for the details). The result
is represented as the normalized strain as a function of the driv-
ing frequency in Figure 4c. As can be seen from the plot, the
strain gradually decreases as the frequency increases. The maxi-
mum specific power, calculated from Equation (13) in the
Supporting Information and the data shown in Figure 5, is
0.23 Wkg™ " at 5 Hz. This value is lower than that of nonbiode-
gradable actuator of the same type (50-160 W kg™ '**)) and natu-
ral muscle (50-284 W kg™ '¢)). There are mainly three factors
considered for the low specific power. The first is the dielectric
strength of the film, which limits the applied voltage for the
linear-type actuator. The second is the viscoelasticity of the elec-
trodes, which slows down the movement of the actuator. The
third is the mechanical rigidity of the electrodes, mainly defined

Adv. Intell. Syst. 2023, 5, 2200239 2200239 (5 of 9)

as their thickness and modulus. Higher rigidity prevents the
actuation, as the electrodes are a passive part. Therefore, the spe-
cific power of our actuator will be significantly improved once the
components are optimized such that the film has higher dielec-
tric strength and the electrode material has lower viscoelasticity,
higher compliance, and thinner form. In addition, decreasing the
resistivity of the electrode material allows thinner electrodes
because the resistivity depends on the cross section (i.e., thick-
ness and width).

2.3. Circular-Type Biodegradable Electrohydraulic Soft Actuators

Next, we characterized the circular-type actuators in terms of
actuated strain and pressure. The tested actuators have different
amounts of soybean oil (dielectric liquid): 2 and 4mlL. The
applied voltage ranges from 0 to 10kV with a step size of 1kV.
Figure 6a,b shows the measured strain as a function of the elec-
tric field under different loads (8.8, 13.8, and 28.8 g) for actuators
with different amounts of soybean oil. As also explained in
Experimental Section, a polytetrafluoroethylene (PTFE) sheet
(mass 8.8 g) is placed on the actuator so that the laser sensor
is able to detect the actuated displacement accurately. Therefore,
the loading condition in the experiment starts from 8.8 g. Similar
to the case of linear-type actuators, the actuation strain increases
with the voltage and reaches 18.6% (2 mL soybean oil) and 9.1%
(4 mL soybean oil) at 10 kV under 8.8 g load. The loading results
in reduced strain, similar to what is observed for the linear-type
actuator. Unlike the linear-type actuators, the circular ones allow

© 2023 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 5. Measured a) displacement, b) velocity, and c) acceleration of
linear-type actuator with 5 g load mass (driving frequency, 5 Hz).

the application of voltage up to 10 kV. This is because, during the
actuation, the electrodes are always distant, that is, the electric
field strength does not exceed the breakdown strength of the
pouch layers due to the relatively large amount of soybean oil
against the entire volume of the actuator. Estimation of the elec-
trode gap (i.e., the thickness of soybean oil) in the actuator with
18.6% actuation strain, explained in Supporting Information,
shows that the oil has 840.8 pm thickness, which is expected
to be sufficient for withstanding voltages until 10kV, given that
the breakdown strength of soybean oil is up to 58.3 V um ')
and the presence of two layers of dielectric film between the
oil and the electrodes. The observed maximum actuation strain
18.6% at 10kV is within the same range as a nonbiodegradable
actuator with identical dimensions (25% at 10 kv*%).

In the measured data (Figure 6a,b), a plateau and pull-in tran-
sition can be seen, which are described as unique characteristics
of actuators of this type.*?) Pull-in transition is described as a
feature when the electrostatic force exceeds the threshold of
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the restoring force. In Figure 4b, pull-in transition occurs at
300, 500, and 800V for under no load, 5 g load, and 20 g load,
respectively. In Figure 6a,b, Pull-in transition can be seen at
2, 4, 5, and 10kV. This behavior has also been reported in the
literature.*” In the actuator, the electrostatic force between
the electrodes scales with the distance between the electrodes.
Specifically, this force is known as the Maxwell stress, which
is found to be a fundamental principle for soft electrohydraulic
actuators in the literature.”® Short distance results in larger elec-
trostatic forces, leading to more actuation strain. The amount of
dielectric liquid determines the distance between the electrodes
and hence the actuation strain, which can be seen in the data
shown in Figure 6ab, where different amounts of liquid
(2 and 4 mL) are employed.

Next, we investigated the actuation pressure as a function of
the applied voltage. As plotted in Figure 6¢, the pressure
increases with the voltage and reaches a value of 0.12kPa at
10kV, corresponding to a force of 241 mN. The pressure is cal-
culated from the surface area of the load cell fixture in contact
with the actuator that has a circular shape with a radius of
25 mm. We further examined the actuation pressure at different
actuation strains, from which the force-strain characteristics of
the actuators were assessed at 10 kV. As shown in Figure 6d, the
pressure reduces as the strain increases, which is also observed
in nonbiodegradable actuators of the same type.” For other
applied voltages, the actuator is expected to exhibit similar trend;
lower voltages result in pressure—strain curves of lower pressure
at 0% strain and lower strain at 0 kPa pressure, as demonstrated
in nonbiodegradable actuators of the same type.”

Furthermore, to compare the actuation pressure obtained
from our actuator (0.12 kPa), the nonbiodegradable circular-type
actuator exhibits a value of 25 kPa at 8 kV.°”) This value is larger
than that observed for our actuator, which could be attributed to
the difference in the material properties of the dielectric liquids.
For instance, a larger dielectric constant leads to a larger electro-
static force and hence a higher pressure. This implies that the
output of biodegradable electrohydraulic soft actuators can be
increased using dielectric liquids with a high dielectric constant.
Nevertheless, the discussed results confirm that the actuators
developed in this study function according to the working prin-
ciple and their actuation performances are comparable to those
of the nonbiodegradable ones; this proves the successful imple-
mentation of our hypothesis.

3. Conclusion

In this study, we presented biodegradable electrohydraulic soft
actuators as electrically driven green robotic elements for
environmentally friendly soft robotics. We showed that the elec-
trodes used for the actuators can be tuned to achieve both soft-
ness and resistivity suitable for electrically driven soft devices.
We also demonstrated the actuators in different forms, with both
exhibiting actuation performance comparable to nonbiodegrad-
able counterparts.

In future work, we will focus on the improvement of actuation
performance by investigating more suitable biodegradable mate-
rials for every part of the actuator. Even though the current device
is fully biodegradable, there are any different kinds of biodegradable
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Figure 6. Characterization results of the circular-type actuators. a) Actuation strain as a function of the applied voltage and electric field (amount of
dielectric liquid, 2 mL). The voltage to trigger the pull-in transition is 2 kV. b) Actuation strain as a function of the applied voltage and electric field (amount
of dielectric liquid 4 mL). Pull-in transition can be seen at 4, 5, and 10 kV for load of 8.8, 13.8, and 28.8 g, respectively. c) Actuation pressure as a function
of the applied voltage and electric field. d) Pressure-strain relationship at an applied voltage of 10 kV. The error bars represented in (c) and (d) are the

standard deviation calculated from the three samples.

materials that could be implemented for the actuator as an elec-
trode, film, and dielectric fluid. For this purpose, both analytical
and computational models are useful. Since the actuator pre-
sented in this study consists of dielectric and low-resistivity mate-
rials, that is, essential components for electrically driven soft
robotic elements, applying the materials to existing working prin-
ciples may result in biodegradable soft robotic devices of various
forms, such as stretchable sensors, electroadhesive pads, and soft
pumps. Furthermore, the electrode fabricated in this study is
essentially edible, and it can be applied to realize a broad range
of devices in edible robotics.

4. Experimental Section

Materials: A dielectric film made of polylactic acid (PLA) and polybuty-
lene adipate-co-terephthalate (PBAT) was purchased from Earth Friendly
(“[Biodegradable 100%] Wrap returned to soil”). The thickness of the
dielectric film was 10 pm. Gelatin powder (17009-01) and glycerol
(17029- 00) were purchased from Kanto Chemical. Sodium chloride
(NaCl) was purchased from Tomita Pharmaceutical (7647-14-5). Corn
starch powder and soybean oil were purchased from a supplier.

Mechanical Characterization of Electrode Material: Gelatin powder was
soaked in distilled water and left at room temperature (23°C) for
10 min. The amounts of gelatin powder and distilled water were 30 and
120 g, respectively. Then, glycerol and NaCl were added. The amount
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of glycerol was 15g. The amount of NaCl was 0, 1.25, 2.5, 3.75, and
5 g, which corresponded to the mass fraction relative to the amount of
gelatin and glycerol of 0, 2.7, 5.3, 7.7, and 10 wt%, respectively. The mixed
materials were dissolved at 80 °C and stirred at 200 rpm for 1 h using a hot
stirrer (AS ONE, CHPS-170DF). The solution was poured into a mold and
cured at room temperature for 1 h. The cured sample was demolded and
placed in a humidity chamber (Tolihan, WET-297-AHU) at 23 °C (67% RH)
for at least 24 h until testing. The diameter and thickness of the samples
were 29 mm and 12.5 mm, respectively. Three samples were used for each
material composition (mass fraction of NaCl 0, 2.7, 5.3, 7.7, and 10 wt%).
The testing procedure followed was ISO 7743. Each sample was com-
pressed at a speed of 10 mmmin™' using a universal testing machine
(Shimadzu, AGS-20NX) from which the stress—strain curve was obtained.
The testing machine performed four reciprocating motions compressing
from 0% to 25% of strain and rebounding from 25% to 0%. The measured
force under 20% compressive strain of the fourth round was used to deter-
mine the Young’s modulus. It was calculated by dividing the force by the
cross-sectional area and strain of the specimen before compression.
Electrical Characterization of Electrode Material: Gelatin powder was
soaked in distilled water and left at room temperature for 10 min. The
amounts of gelatin powder and distilled water were 30 and 120 g, respec-
tively. Then, glycerol and NaCl were added. The amount of glycerol was
15 g. The amount of NaCl was 0, 0.23, 0.45, 0.69, 0.92, 1.25, 2.5, 3.75,
and 5 g, which corresponded to the mass fraction relative to the amount
of gelatin and glycerol of 0, 0.5, 1.0, 1.5, 2.0, 2.7, 5.3, 7.7, and 10 wt%,
respectively. The mixed materials were dissolved at 80 °C and stirred at
200 rpm for 1 h using a hot stirrer (AS ONE, CHPS-170DF). The solution
was then blade casted on a plastic substrate using a film applicator
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(Industrial Physics, TQC Sheen) and an applicator coater (Zehntner, ZUA
2000). The blade height of applicator coater was set to 700 ym, and the
electrode sheet was cured at room temperature for 24 h at 23 °C (67% RH)
to bring it into an equilibrium state. Four samples were prepared for each
material composition (mass fractions of NaCl were 0, 0.5, 1.0, 1.5, 2.0, 2.7,
5.3, 7.7, and 10wt%). The dimensions of the samples were 10 mm in
length and 10 mm in width. The surface of the electrode was uniform
thanks to the use of film applicator coater, which was used to provide
homogeneous film in industry. The thickness of every sample was mea-
sured using a laser displacement sensor (OPTEX FA, CDX-L15). Across
samples, the thickness was 204 + 40 ym. The electrical resistance of every
specimen was measured using a digital multimeter (Keithley, 2100). The
value of measured resistance was converted to resistivity by multiplying by
the thickness of the electrode.

Fabrication of Biodegradable Electrohydraulic Soft Actuators: The fabrica-
tion process is illustrated in Figure S3 and S4, Supporting Information. For
the linear-type actuators, two layers of biodegradable dielectric film were
bonded by thermobonding in order to encapsulate soybean oil. This was
done using a 3D printer (Flashforge 3D technology, Adventurer 3). The
print head nozzle of the 3D printer was heated to 180 °C, and the platform
was kept at 50 °C. Two layers of biodegradable dielectric film were over-
lapped and sandwiched by two layers of polyimide film. By moving the
head nozzle to trace over the polyimide film while keeping it in contact
with the two layers of biodegradable dielectric film, dielectric films were
welded together by heat from the nozzle head. Finally, a pouch of the
designed dimensions was fabricated. The width of sealed parts was
5mm. After a pouch was fabricated, polyimide film was removed.
Then, soybean oil was injected into the pouch from the part that was not
welded by the 3D printer. The amount of oil used was 1.4 mL. Subsequently,
that part was also welded using a soldering iron (HAKKO, FX951), and the
pouch was completely sealed. The temperature of the tip of the soldering
iron was maintained at 200 °C. The gelatin-based electrode was prepared
using the same steps as used in the fabrication of samples for the resistivity
measurement. The gelatin solution heated at 80 °C for 1 h was blade cast on
a plastic substrate using a film applicator (Industrial Physics, TQC Sheen)
and an applicator coater (Zehntner, ZUA 2000). The blade height of appli-
cator coater was set to 700 ym, and the electrode sheet was cured at room
temperature for 24 h at 23 °C (67% RH) to bring it into an equilibrium state.
Then, the cast electrode layer was cut using a plotter cutter (Graphtec,
CE6000-40 Plus). The electrode was attached to the pouch made of biode-
gradable layers by intrinsic adhesion and corn starch powder was coated on
it. The fabrication process of the circular-type actuators was the same as that
of the linear type, except for the amount of oil used (2 and 4 mL) and the
thickness of the electrode layer (blade height of applicator coater: 300 pm).

Characterization of Linear-Type Actuators: The experimental setup is
shown in Figure S5, Supporting Information. The characterization was con-
ducted by applying a voltage of up to 1000V with 100V incremental to the
actuator. The voltage was supplied from a high-voltage DC-DC converter
(XP Power, CB101). The actuation strain as a function of the applied voltage
was then acquired by measuring the displacement of the actuator tip, which
was done using a camera (Nikon, D3500) followed by image processing.

Characterization of Circular-Type Actuators: The characterization process
is depicted in Figure S6, Supporting Information. The actuation strain of
the actuator was measured using a laser displacement sensor (OPTEX FA,
CDX-150). Up to 10kV of voltage was applied to the actuator with 1kV
incremental. A PTFE sheet (mass 8.8 g) was placed on the actuator so that
the laser sensor can detect the actuated displacement accurately. For char-
acterizing the strain—voltage relationship, the actuation force was measured
at a certain strain using a linear stage (Thorlabs, PT 1/M), as illustrated in
Figure S7, Supporting Information. The force generated by actuation was
measured using a load cell (FUTEK, LSB 200). The load cell was placed
above the actuator to identify the accurate normal force. The initial load
was applied, the mass of which was identical to the PTFE sheet.

Degradation Test of the Actuator: The circular-type actuator was placed
on actinomycetes (Oki, Dr. Actinomycete)-mixed soil in an oven (Yamato
Scientific, ADP 30 °C) at 60 °C. The oven had a small hole that allowed air
to flow in, which kept the actinomycete active. The soil was collected on
the campus of the University of Electro-Communications.
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