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In this study, untethered nanotextured thermopneumatic soft actuators (UTPSAs) were developed using a soft elastomer body
encapsulating a volatile fluid (Novec 7000), which underwent a phase change (evaporation) when stimuli that convert energy
into heat were applied using wireless transmission. Herein, we analyzed three types of stimuli: (i) thermal blowing, (ii)
irradiation with infrared light, and (iii) electromagnetic energy transmission. In the third case, an electromagnetic field induced
an electric current in a wire coil embedded in an elastomeric body, thus providing Joule heating to induce fluid evaporation.
The bending curvature and force generated during bending were examined under various operational conditions, which enable
one to select the optimal operating mechanism of UTPSAs for a specific environment. Specifically, diverse operating
capabilities of UTPSAs are expected to be useful in dynamic environments, e.g., rescue situations. In addition, as a potential

application, a crawler-configured UTPSA was fabricated, and its operation was demonstrated.

1. Introduction

In the research community, soft robots have received con-
siderable attention as a novel type of biocompatible robots
made of soft, flexible, and biocompatible materials [1, 2].
Unlike conventional rigid robots, which possess six degrees
of freedom, soft robots can possess additional degrees of
freedom [3]. Therefore, they can imitate various biological
systems with multiple degrees of freedom [4]. In addition,
soft robots capable of changing their shapes according to
environments can help effectively handle fragile objects [5].
Moreover, they are durable, can withstand strong impact
without losing their basic motion, and do not require com-
plicated computer calculations [6].

Studies of soft robots focus on two topics: (i) soft materials
constituting the robot body and (ii) working mechanisms

enabling deformation/movement [7]. The soft materials are
electroactive polymers [8, 9], thermoresponsive elastomers
[10], pH- or solvent-responsive gels [11-13], paper [14],
carbonaceous materials [15], and fluids [16, 17]. The actua-
tion mechanisms of these robots are performed using soft
actuators that can be triggered by external stimuli, e.g., elec-
tric or magnetic field, temperature variation, chemical reac-
tions, and pressure changes [18-21]. Although several
studies focused on soft actuators, the actuators need to be
further enhanced for commercial feasibility because they
require high energy consumption [8], external auxiliary
equipment [22, 23], and specific environments to perform
effectively [16, 24].

An et al. developed a novel thermopneumatic soft actua-
tor to address the aforementioned issues [7, 25]. The actua-
tor can perform continuous movements based on the
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volume expansion/contraction that occurs during the phase
change of the fluid inside the actuator body (e.g., a volatile
fluid) triggered by thermal energy. However, it had limita-
tions: slow movements and operation for a few cycles. More-
over, as an external heater chamber was required, the
actuator was inefficient in terms of space utilization and
energy consumption.

Thus, two in-depth studies were conducted to address
the limitations of the thermopneumatic soft actuator based
on materials and structures [26, 27]. First, the body and
internal phase change materials were modified. Faster and
more durable performance was achieved by adding nanoma-
terials to the body material considering high thermal con-
ductivity. Moreover, the replacement of the internal fluid
capable of phase change at low temperatures improved the
speed of the soft robot. Second, a heating wire was inserted
into the thermopneumatic soft actuator to develop a heat
source in the actuator body, thereby eliminating the need
for an external heater and maximizing energy efficiency.

This study is aimed at improving the performance of
thermopneumatic soft actuators based on a different per-
spective, which was not considered in the aforementioned
studies. We developed an untethered nanotextured thermo-
pneumatic soft actuator (UTPSA) that can be activated by
various heat transfer methods. Herein, convection and radi-
ation, which are generated by thermal blower and infrared
light, respectively, were considered for remote heat transfer.
In addition, a system that generates heat inside a UTPSA
based on electromagnetic induction was implemented. Fur-
ther, we demonstrated that the UTPSA can be operated
using three types of wireless stimuli—thermal blowing,
infrared light, or an electromagnetic field. Then, the perfor-
mance of the UTPSA was comprehensively examined by
placing obstacles between the UTPSA and stimulus source.
Finally, a crawler-configured UTPSA was fabricated, and
its performance was evaluated. The source used in the pres-
ent actuator was smaller and easier to control remotely than
those used in other studies [28-30]. The developed UTPSA
that can select an optimal operating mechanism for a spe-
cific situation can be effectively used in dynamic environ-
ments, e.g., rescue situations.

2. Results and Discussion

2.1. Untethered Thermopneumatic Soft Actuator (UTPSA).
Figure 1(a) depicts the proposed UTPSA comprising six
layers: (I) Ecoflex body, (II) liquid storage, (III) blocking,
(IV) heater wire, (V) Ecoflex body, and (VI) passive. The
UTPSA fabrication process is detailed in Section S1 of the
Supplementary Information section. The Ecoflex bodies
(the first and fifth layers) constitute the skeleton of the
UTPSA, which includes the encapsulated liquid/vapor. The
liquid storage layer comprises polyacrylonitrile nanofibers
(PAN NFs), which possess numerous interfiber pores.
Therefore, it can absorb a large amount of fluid (Novec
7000) [7]. Novec 7000 is a liquid with a low boiling point
(approximately 34°C). Accordingly, a large volume change
inside the UTPSA can be achieved based on the phase
change of Novec 7000 under relatively minor heating. Novec
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7000 is stored in the liquid storage layer and used to operate
the UTPSA. A blocking layer is placed on top of the NF mat
(the third step in Figure Sla) to prevent the PAN mat from
moisture caused by the Ecoflex layer formed at the fifth step
(Figure Sla). The heater wire layer is used to apply Joule
heating to the Novec 7000 via external electromagnetically
generated electric current. The stiff passive layer enables the
UTPSA to deform (or expand) anisotropically (Figure 1(b))
[25, 26], whereas a UTPSA without such a passive layer
deforms (or expands) isotropically, similar to a balloon
(Movie S1). Figure 1(b) shows the actuating mechanism of
the UTPSA. As the temperature (T) of the fluid (i.e., Novec
7000 inside the UTPSA) exceeds the liquid-vapor phase
change temperature (T;), a phase change occurs from the
liquid to the vapor state, thereby significantly expanding
the UTPSA volume. The expansion of the UTPSA leads to
the unidirectional bending of the UTPSA owing to the
presence of the passive layer.

To evaluate the actuating performance of the UTPSA
with regard to its output bending force, a force gauge was
placed perpendicular to the bending direction of the UTPSA
(Figure 1(c)). In addition, the displacements between the
three locations (x, and y,, n=1,2,3) on the body of the
UTPSA were measured to determine the degree of bending
(Figure S2). For example, variations in the displacements
were converted into curvature values, and the bending rate
was obtained using the curvature values over time. These
methods are detailed in Section S2 of the Supplementary
Information.

Figure 1(d) shows the operation of the UTPSA based on
three different types of wireless stimuli: thermal blowing,
infrared light, and electromagnetic field. Thermal blowing
was performed using a heating gun, infrared light was
applied using a high-intensity lamp, and an electromagnetic
field was generated using a wireless charging module
(Section S1.4). All the stimuli can propagate in the air; how-
ever, not through the obstacles (left-hand side images of
Figure 1(d)). For instance, thermal blowing cannot penetrate
transparent or opaque obstacles (a glass with a thickness of
3.75mm and an alumina substrate with a thickness of
0.635mm were used as transparent and opaque obstacles,
respectively). Infrared light could not supply sufficient
energy to the UTPSA when an alumina obstacle was used.
The electromagnetic field can penetrate the obstacles that
possess low conductivity (e.g., glass, alumina, wood, and
concrete) [31]. Thus, it can be used to supply energy
remotely to the UTPSA under various obstacles. When the
UTPSA was sufficiently exposed to any of these stimuli, the
encased fluid was heated (by thermal blowing, infrared light,
or electromagnetic induction), and a phase change was
induced in the fluid. This caused volume expansion, which
resulted in an anisotropic expansion of the UTPSA, facilitat-
ing bending motion (right-hand side images of Figure 1(d)).

An activated (or bent) UTPSA can return to its initial
inactive state via vapor condensation caused by natural or
artificial cooling. Figure 1(e) presents the curvature change
of the UTPSA as its internal pressure varies. As the internal
pressure increased from 0 to 1.04bar, the corresponding
curvature of the UTPSA increased slightly from 0 to 5m™.
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FIGURE 1: (a) Overall structure and (b) the working principle of the UTPSA. (c) Measurement of the output force and curvature of the
UTPSA and (d) UTPSA operation triggered by three different types of wireless stimuli. (¢) Change in the curvature of the UTPSA with

the internal pressure.

However, a significant increase in the curvature was
observed (from 5 to 46m™) beyond 1.04bar (after which
the pressure remained almost constant), resulting in faster
bending motion than that observed in the initial curvature
range of 0-5m™".

Figure 2(a) presents a calorimetric comparison of the
different types of fluid, considering the specific heat required
to achieve the boiling temperature Q, and latent heat
required for evaporation Q,. Ethanol, which is widely used
as a phase change material in soft actuators [32, 33], was
analyzed to confirm the benefits of Novec 7000. Low thermal
energy is required to evaporate Novec 7000, and its boiling
point (34°C) is also low. This enabled the most efficient vol-
ume expansion of the UTPSA (practically at room tempera-
ture), under the three wireless stimuli. Furthermore, Novec
7000 is electrically stable, nontoxic to human skin [34, 35],
and promising for body-attachable or wearable soft robotics
[36]. In addition, as Novec 7000 possesses higher vapor pres-
sure than ethanol (Figure 2(b)), higher pressure can be gen-
erated (and thus higher output force and curvature) with less
thermal energy.

2.2. Operation of the UTPSA under Wireless Stimuli.
Figure 3(a) shows the experimental setup for the wireless
operation of the UTPSA via thermal blowing using a heat
gun. The experiments were performed at 26°C (room tem-
perature) in open air. The thermal gun was located at

20, 40, 60, and 80cm from the UTPSA, and the changes
in the UTPSA were observed (Section S1.6). Under ther-
mal Dblowing, the temperature around the UTPSA
increased for approximately 40s, after which it became
constant at 119, 87, 66, and 42°C for distances of 20, 40,
60, and 80 cm, respectively (Figure 3(b)). In open environ-
ments, the farther the distance between the heat gun and
UTPSA, the less effective the heat gun because of an unre-
lated external wind could become dominant. This might
result in temperature fluctuations in the 80cm case, and
it should be carefully considered while designing UTPSA
applications. After an obstacle was placed between the heat
gun and UTPSA, there was no change in the temperature
of the UTPSA (Figure S3).

The experimental setup for UTPSA activation using
infrared light is shown in Figure 3(c). A lamp was installed
at a distance of 5-50 cm (in increments of 5c¢m) from the
UTPSA. Figure 3(d) illustrates the variation in irradiance
intensity with an increase in the distance. The maximum
irradiance measured by the solar meter was 4000 W-m™
at 5cm. The irradiance intensity gradually decreased from
4000 to 3888, 2571, 2229, 1637, 1152, 909, 623, 495, and
322 W-m™ as the distance increased. When the glass was
positioned between the lamp and UTPSA, the overall irra-
diance intensity decreased by approximately 40% com-
pared to that observed without the obstacle. This was
attributed to light absorption or reflection by the glass
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FIGURE 2: (a) Specific heat required to increase the temperature of each fluid from 25°C to its boiling point (orange). The panel also lists
the boiling point of each fluid. Latent heat generated by fluid evaporation (cyan). (b) Change in the vapor pressure of two volatile fluids

with the temperature.

[37]. When an alumina substrate was used as an obstacle, it
reduced the irradiance by 82%-97% compared to that for
the case without the obstacle.

Figure S4a presents the temperature around the light
lamp when the glass obstacle is present. As the glass
possessed low reflectance (<10%) with respect to infrared/
visible light, the temperature increase around the lamp
induced by the reflected light was not high [38]. By
contrast, a higher temperature rise was observed when
alumina was used as an obstacle because of its high
reflectance (>80% with respect to infrared/visible light
[39]) (Figure S4b). Figure S5 illustrates the transmittance
profiles of each type of obstacle, which are consistent with
the results presented in Figure 3(d) and Figure S4.
Consequently, only the light through the glass obstacle is
absorbed by the UTPSA, increasing the temperature of the
internal fluid. It induces the phase change and volume
expansion of the fluid and allows the UTPSA to operate.

Figure 3(e) depicts the setup for the short-distance
remote operation of the UTPSA using a wireless charging
module consisting of two coils: (i) a transmission coil con-
nected to a power supply to generate an electromagnetic
field and (ii) a receiving coil that converts the electromag-
netic field into electricity and supplies an electric current
directly to the UTPSA. In this case, the wireless power trans-
mission was generated via magnetic induction using a com-
mercial, reliable, economic wireless module. The distances
between the two coils were set to 0, 0.6, 1.2, and 1.8cm.
When the receiving coil transmitted electromagnetic energy
to the UTPSA via electromagnetic induction, Joule heating
occurred owing to the heating wire embedded in the
UTPSA. Accordingly, the temperature of the internal fluid
in the UTPSA increased, and its volume began to expand
owing to evaporation. Finally, the UTPSA began to bend
as in the other two cases. Figure 3(f) presents the energy
conversion efficiency as a function of the distance between

the two coils (transmitter and receiver). The input voltage
Vinpu Was fixed at 12V using an Arduino module, whereas
the input supplied current I, and input power P,
changed according to the coil distance. The mutual induc-
tance between the two coils affects not only an input current
but also an output current. As the distance increased, both
Pipw and the electromagnetically induced output power

P yiput (measured at the receiver coil) gradually decreased.

An almost constant energy conversion efficiency
(= Poytput/Pinput X 100%) was observed up to a distance of
1.5cm  (Figure 3(f)). Once the distance increased to
1.8 cm, negligible electromagnetic energy could be trans-
mitted, resulting in a significantly decreased efficiency (by
approximately 20%). The correlation between the effi-
ciency and distance is consistent with the study of Lho
[40]. Although the working distance based on the module
used in this study was limited to 1.8 cm, it can be further
increased by improving the operating conditions and coil
design [41, 42]. Solid obstacles (i.e., glass and alumina) neg-
ligibly affect the electromagnetic field in contrast to thermal
blowing and infrared light. The infrared images of the heat-
ing wire connected to the receiver coil are shown in
Figure 3(g) (cf. Figure S1). As the distance between the coils
increased to 1.2cm, the heating wire temperature was
almost constant at >34°C but decreased to approximately
30°C at 1.8 cm.

2.3. Performance of the UTPSA during Bending Actuation.
Figure 4(a) illustrates the change in the curvature of the
UTPSA with respect to the distance between the thermal
blowing source and UTPSA. A cycle of bending and
straightening motions was observed for each distance. The
stretching (or unfolding) motion was performed by dischar-
ging the internal vapor using a suction motor (Figure S1) to
shorten the process of converting the vapor to liquid.
However, this study is aimed at remotely inducing a
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FIGUre 3: Experimental setups for the analysis of UTPSA operations considering (a) thermal blowing, (c) infrared light, and (e)
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power of the wireless module.

bending motion using various types of stimuli. The times
required to complete a cycle were 88, 145, 305, and 455s
when the nozzle distances were 20, 40, 60, and 80cm,
respectively, demonstrating that the high heat flux enabled
the UTPSA to respond faster when the distance was
shorter. The maximum curvature value of all the cases was
approximately 48 m™', beyond which is difficult to achieve
using a UTPSA (as evident from Figure 1(e)). Figure 4(b)
shows the corresponding force derived from the bending
UTPSA using the setup shown in Figure 1(c). Although the
maximum bending curvature was similar regardless of the
distance, the force derived from the UTPSA decreased as
the distance increased. The maximum force decreased
from 900 to 840, 600, and 520mN as the distance
increased from 20 to 40, 60, and 80cm, respectively. At
some point, the side of the passive layer remained
stationary, while the opposite side swelled. In other words,
although the internal pressure of the UTPSA increased, the
curvature and force did not change.

Similarly, the change in the curvature while using infrared
light was examined for various distances between the lamp
and UTPSA (Figure 4(c)). The times required for a cycle at

5,10, 15, and 20 cm were 124, 179, 266, and 336 s, respectively,
which seems faster compared to the thermal case but slower
considering the distance value, and the maximum curvature
values were 49, 46, 45, and 44 m"’, respectively, which is simi-
lar to the previous case (approximately 48m™). As shown in
Figure 4(d), the corresponding maximum force decreased
from 800 to 600, 480, and 280 mN as the distance increased.
The decreasing rate of force according to the distance was
much larger compared to the thermal case.

Figure 4(e) depicts the change in curvature with time
for the UTPSA operating in a bending-straightening
motion using an electromagnetic field. The distances
between coils were 0, 0.6, 1.2, and 1.8 cm, which are much
shorter compared to other cases; in this case, the times
required for a single cycle were 313, 328, 351, and 371s,
respectively, i.e., the time was nearly constant regardless
of the increase in the distance between the coils. The maxi-
mum curvature values were similar: 46, 45, 42, and 40m™" at
0, 0.6, 1.2, and 1.8 cm, respectively. The change in the bending
force of the UTPSA as a function of time is illustrated in
Figure 4(f). The maximum force associated with bending
decreased from 610 to 565, 270, and 196 mN at coil distances



International Journal of Energy Research

—=— Electromagnetic

(g)

—=— Electromagnetic

(h)

FiGure 4: Continued.

60
1000 4
= 800
g 40 Z
o E 600
=] L
= |53
£ 20 2 400
&
200
0 0 T T
0 120 240 360 480 0 120 240 360 480
Time (s) Time (s)
Distance (cm) Distance (cm)
20 —=— 60 20 —=— 60
—=— 40 —=— 80 —=— 40 —=— 80
() (b)
60
1000 -
= 800
\El 40 4 Z
© E 600 4
£ g
£ 20 B 4001
O
200 - J..,"’..-'-v\
0 T T T 0 r T T
0 120 240 360 480 0 120 240 360 480
Time (s) Time (s)
Distance (cm) Distance (cm)
5 15 5 15
10 20 10 -2
(c) (d)
60
1000
= 800
é 40 A Z.
s E 600
E 20 4 £ 400 ~
o
200 A
0 : . . 0 T : :
0 120 240 360 480 0 120 240 360 480
Time (s) Time (s)
Distance (cm) Distance (cm)
0 — 1.2
06 18 0 ~ 12
i : — 0.6 —-=— 1.8
(e) (f)
60
60
o HTE\ 40
= 40 4 =
s e
= =
g g
Z 20 4 £ 20
3 =)
&} O
0 — . 04
0 120 240 360 480 0 480
Time (s)
Thermal
Infrared Thermal
Infrared



International Journal of Energy Research

60

40 +

20 A

Curvature (m™)

0 300 600 900 1200

Time (s)

1500

—— Thermal

60
‘g 40 A
K
2
g
5 20 -
©)]
0 : T . v !
0 360 720 1080 1440 1800
Time (s)

Infrared

()

Expansion

~ One cycle
= 40
H
2
£
£ 20
©)
0 —f T T T
0 700 1400 2100 2800 3500
Time (s)
—— Electromagnetic
(k)

FIGURE 4: Changes in the (a) curvature and (b) force of the UTPSA as a function of distance under thermal blowing. Changes in the (c)
curvature and (d) force of the UTPSA as a function of distance under infrared light. Changes in the (e) curvature and (f) force of the
UTPSA as a function of distance under an electromagnetic field. Changes in the curvature of the UTPSA depending on the obstacle: (g)
glass and (h) an alumina substrate. The cyclic performance of the UTPSA triggered by unobstructed (i) thermal blowing, (j) infrared

light, and (k) electromagnetic field.

of 0, 0.6, 1.2, and 1.8 cm, respectively. Although the change in
the distance was much smaller compared to other cases, the
decrease in force with respect to distance was the highest
among the three types of stimuli.

Figures 4(g) and 4(h) illustrate the UTPSA performance
depending on the obstacle type. Changes in the curvature of
the UTPSA were analyzed when glass or alumina substrates
were placed in the middle of the delivery path of each stimulus
source (Figure 1(d) and Figure S3). Figure 4(g) shows the case
where a glass substrate is used as an obstacle. Thermal energy
was unable to penetrate the glass substrate, making the
operation of the UTPSA using thermal blowing impossible.
By contrast, the UTPSA operation using infrared light was
possible with the glass obstacle, exhibiting a maximum
curvature of 39m™". In comparison to the case with no

obstacle, the curvature decreased by approximately 15%,
whereas the time required for one cycle increased by 85%
(from 124 to 229s). For the electromagnetic field case, the
maximum value of the curvature was 40m™', which was
reduced by 11% compared to the case without an obstacle,
whereas the time required for one cycle increased to 287s
(12% increment).

Figure 4(h) illustrates the UTPSA operation when an
alumina substrate is used as an obstacle. For the thermal
blowing and infrared light cases, the UTPSA did not operate
properly because the stimuli could not penetrate the ceramic
obstacle (cf. Figures 3(b) and 3(d)). By contrast, for the elec-
tromagnetic field case, the UTPSA could operate despite the
alumina substrate obstacle. Compared with the case without
an obstacle, the UTPSA performance was degraded by 13%
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with a maximum curvature of 39m™, whereas the operat-
ing time required for one cycle increased to 316s (4%
increment). As the dielectric obstacle is not a significant
obstruction in the path of the propagation of the electro-
magnetic field, the UTPSA can operate normally. How-
ever, the electromagnetic field can be significantly
hindered by the electromagnetic interference effects of fer-
romagnetic or conductive materials [43]. Figures 4(i)-4(k)
illustrate the UTPSA performance over 10 cycles without
an obstacle. For the thermal blowing, infrared light, and
electromagnetic field cases, the distances between the stim-
ulus source and UTPSA were 40, 10, and 0.6 cm, respec-
tively. During the 10 cycles of bending motion, the
performance was stable.

A comprehensive evaluation of the bending performance
of the UTPSA is illustrated in Figure 5 with regard to (i) max-
imum curvature, (ii) operational remote distance, (iii)
response time, (iv) obstacle adaptability, (v) output bend-
ing force, and (vi) power consumption. This comparison
was performed using commercial equipment for each
mechanism of the same UTPSA. The maximum curvature
corresponding to the maximum bending of the UTPSA
(cf. Figures 4(a), 4(c), and 4(e)) decreased in the order
of thermal blowing (494m™), infrared light (49.0m™),
and electromagnetic field (45.8m™). The operational wire-
less distance, which indicates the maximum distance at
which the UTPSA can operate, decreased in the order of
thermal blowing (80 cm), infrared light (20cm), and elec-
tromagnetic field (1.8 cm). The response rate (the bending
rate), which was evaluated by dividing the maximum cur-
vature with the time required for one cycle, exhibited a
descending order, ie., thermal blowing (0.56 mts,
infrared light irradiation (0.4m™s™"), and electromagnetic
field (0.15m™s) (cf. Figures 4(a), 4(c), and 4(e)). The
electromagnetic field was the best among the three stimuli

tested in terms of obstacle adaptability. With respect to
the output force resulting from bending, the correspond-
ing values decreased in the order of thermal blowing
(900 mN), infrared light irradiation (800 mN), and electro-
magnetic field (610 mN) (cf. Figures 4(b), 4(d), and 4(f)).
The power consumption of the operating UTPSA
decreased in the order of thermal blowing (1600 W),
infrared light irradiation (275W), and electromagnetic
field (12W). The results indicated that there is no single
best performer and the operating environment must be
considered to select an appropriate stimulus to operate
the UTPSA.

2.4. Application of UTPSA. To demonstrate its potential use,
a UTPSA-based crawler was fabricated and evaluated
(Figure 6). The fabrication process is detailed in Section
S1.5 in the Supplementary Information file. Figures 6(a)
and 6(b) depict the movement of the crawler, which com-
prises two stages: (i) straightened state and (ii) crouched
state. Figure 6(a) illustrates the straightened state of the
crawler on the ground when no external force is applied.
Following the application of a wireless stimulus, the UTPSA
crawler started to bend and transitioned to the crouched
state. The left-hand side image in the middle row of
Figure 6 illustrates the application of force during the infla-
tion stage. During its bending motion (Figures 6(a) and
6(b)), a compressive force occurred and pulled the front
and rear edges of the crawler to the center. Simultaneously,
blades obliquely attached to the part under the crawler
exerted different frictional forces according to the direction
of motion. This orientation-dependent friction was attrib-
uted to the interlock in a specific direction between the obli-
que blades and uneven substrate (ground), which is a type of
ratchet effect [44]. The crawler did not operate without the
orientation-dependent friction (cf. without blades, Movie
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FIGURE 6: Movements of the UTPSA-based crawler: (a) initial straightened state, (b) crouched state, and (c) straightened state after moving
forward. The travel distance of the crawler under different wireless stimuli: (d) thermal blowing, (e) infrared light, and (f) electromagnetic field.

S2). The force required to move the crawler forward was
0.15N, whereas a force of 0.7 N was required for the back-
ward direction. This crawling movement did not occur when
the crawler was slightly inflated because the crawler’s com-
pressive force could not overcome the rear frictional force
(0.7N). Moreover, the overinflated UTPSA could not
improve its movement, thus generating a compressive force,
which exceeded the frontal frictional force (0.15N). It made
the crawler pull the legs to the center (Movie S2).

The crawler in the crouched state returned to its initial
state through deflation. The right-hand side illustration in
the middle row of Figure 6 shows the forces acting on the
crawler during deflation. Through the deflation process, a ten-
sile force from the center to the edges of the crawler was gen-
erated, causing the crawler to straighten. At this time, the rear
blades facing down exerted a higher frictional force than the
front blades facing up. Consequently, the front side of the
crawler moved forward, and its rear side remained at rest
(Figure 6(c)). By repeating this cycle, the crawler can keep
moving forward, akin to the movement of a caterpillar [45].

Figures 6(d)-6(f) show the travel distances of the front,
center, and rear parts of the crawler depending on different
stimuli (cf. Figure S6 and Movie S3). Figure 6(d) shows the
results obtained using thermal blowing. The time required
and travel distance for a single cycle comprising bending
and stretching were 123s and 2.7cm, respectively. The
crawling speed and moving efficiency were 0.02cm-s™' and
0.06cm-W "h™, respectively. Note that the moving
efficiency defined here as the distance covered by the
crawler divided by the corresponding energy supply to the
source. Figures 6(e) and 6(f) present the results
corresponding to infrared light and electromagnetic field
stimuli, respectively. The corresponding required times,
travel distances, crawling speeds, and moving efficiencies for
a single cycle of the infrared light and electromagnetic field
were 170 and 2905, 2 and 1.4cm, 0.01 and 0.005cm-s™, and
0.181 and 0.75cm-W™"h’", respectively. The travel
performance of the crawler, depending on the stimuli, was
consistent with the results of the actuation performance
depicted in Figure 5.
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3. Conclusion

Untethered nanotextured thermopneumatic soft actuators
(UTPSAs) capable of inflation owing to the partial evapora-
tion of the fluid in their elastomeric cavity can bend if one
wall is made stiffer than the other, which causes self-
buckling of the entire system, resulting in a bent configura-
tion. The most suitable working fluid to encase in the cavity
of the elastomeric body appears to be Novec 7000 because it
possesses a low boiling point and high vapor pressure. The
partial evaporation of the working fluid can be triggered by
one of the following three wireless stimuli: (i) thermal blow-
ing, (ii) irradiation with infrared light, and (iii) transmission
of electromagnetic energy (which induces a current to cause
the Joule heating of a wire embedded in the elastomeric
body). The efficiencies of the first two stimuli were compre-
hensively examined as a function of the distance between the
stimulus source and UTPSA, and that of the third stimulus
was examined as a function of the distance between the coils.
In the case of thermal blowing, the UTPSA operation can be
quantified as follows: the bending-stretching cycles were
completed in 88, 145, 305, and 455s when the distances
between the heat gun and UTPSA were 20, 40, 60, and
80 cm, respectively. In the case of infrared light irradiation,
they were completed in 124, 179, 266, and 336s when the
distances between the lamp and UTPSA were 5, 10, 15,
and 20 cm, respectively. In the case of electromagnetic field
induction, the time periods were 313, 328, 351, and 371s
when the distances between the generating and receiving
coils were 0, 0.6, 1.2, and 1.8 cm, respectively. In the pres-
ence (or absence) of an obstacle (a transparent glass shield
or opaque alumina shield), the stimuli efficiency varied.
The results revealed the less affected stimulus considering
the presence of an obstacle and can help select the most
appropriate stimulus for a specific operating environment.
Moreover, a UTPSA in the form of a crawler, whose motion
is similar to that of a caterpillar, was manufactured. Its mul-
ticycle crawling motion was related to a ratchet-like effect
generated by the blades (installed in the front and back) in
contact with the ground. As a result, a UTPSA can select
an optimal operating mechanism for a specific environment
and thus be useful under dynamic environmental condi-
tions. However, for industrial applications, features such as
movement speed, exerted force, and stable control distance
need to be further analyzed and improved.
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Supplementary Materials

Details of the experimental procedure/setup, the method for
calculating the curvature, results of light transmission through
the obstacles, and motion of the UTPSA/crawler are provided
in the supplementary materials. Figure S1: (a) UTPSA fabrica-
tion process and (b) the operating system. Figure S2: (a) mea-
surement of the curvature of the UTPSA based on the three-
point displacement. (b) Geometric equivalent. Figure S3:
experimental setup to evaluate the remote control of the
UTPSA when an obstacle is present between the stimulus
source and UTPSA. Figure S4: infrared images of a light lamp
with (a) glass and (b) alumina obstacles. The distance between
the lamp and each obstacle was 10 cm. Figure S5: transmit-
tance profiles of the glass and alumina obstacles within the vis-
ible and infrared wavelength range. Figure S6: experimental
setups for the crawler: (a) thermal blowing, (b) infrared light
irradiation, and (c) transmission of electromagnetic flux. Dual
sources were used to stimulate each half of the crawler (the
crawler was constructed using two UTPSAs). Movie SlI:
motion of UTPSA without a passive layer. Movie S2: motion
of the crawler without blades. Movie S3: motion of the crawler
depending on different stimuli. (Supplementary Materials)
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