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Abstract

Currently, pneumatic soft actuators are widely used due to their impressive adaptability, but they still face chal-
lenges for more extensive practical applications. One of the primary issues is the bulky and noisy air compressors
required to generate air pressure. To circumvent this critical problem, this work proposes a new type of air pressure
source, based on the vapor pressure at the gas—liquid equilibrium to replace conventional air pumps. Compared
with the previous phase transition method, this approach gains advantages such as generating gas even at low tem-
peratures (instead of boiling point), more controllable gas output, and higher force density (since both ammonia
and water contribute to the gas pressure). This work built mathematical models to explain the mechanism of con-
verting energy to output action force from electrical energy and found the aqua ammonia system is one of the opti-
mal choices. Multiple prototypes were created to demonstrate the capability of this method, including a pouch
actuator that pushed a load 20,555 times heavier than its dead weight. Finally, based on the soft actuator, an
untethered crawling robot was implemented with onboard batteries, showing the potentially extensive applications
of this methodology.

Keywords: artificial muscle, soft actuator, soft robot, untethered robot

Introduction

oft actuators are an emerging actuation method in the last

decades.! Unlike traditional electromagnetic motors that
use ferromagnetic materials,>> soft actuators are mainly fabri-
cated through soft materials such as silicone,"*® bringing
revolutionary improvement in the field of wearable devices,
inspection robots, manipulators, and medical roboti(:s,g’16
due to their advantages of outstanding adaptability."*~'® Until

now, many soft actuators have been developed based on
numerous mechanisms, such as being driven by fluid pressure,
shape memory alloys, ion polymer metal composite, electro-
static adhesion, and dielectric elastomer. '*19-2 Among them,
soft actuators driven by pneumatic pressure are dominant,’
since air is compressible, safe, and compliant, which is intrinsi-
cally adapted to soft actuators, and pneumatic systems have
the benefits of low cost, simple design, and high power to
weight ratio.”
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However, soft pneumatic actuators still face many chal-
lenges to more extensive practical applications. One of the
primary problems is the air pressure source. Currently, air
pressure is usually generated by air compressors, but they are
typically heavy, large, and noisy.?®*’ Air tanks are an alterna-
tive, but the operating duration is very limited if the weight
and size are constrained.”® Currently, soft robots with pneu-
matic actuators can hardly move without the air tube from the
air pumps, which limits the mobility and extensive applica-
tions of soft robotics.

Much effort has been put into removing this barrier, with
the heart of the matter is to find an alternative pneumatic
source.!1>2%3% Recently, various methods have been proposed,
including electrolysis,?” phase transition,'”**? and chemical
reactions,'” which can generate air pressure from the electrical
energy initially stored in batteries to avoid the mechanical
movements and components in the conventional air pumps.
Previously, various pneumatic soft actuators were implemented
based on various fluids (e.g., ethanol). However, there are still
imperfections for those phase transition actuations. First, the
pressure generated through those liquids is usually low when
the temperature is below the boiling point. Thus, most of those
actuators use temperatures larger than the boiling point (e.g.,
351.5 K for ethanol30). Second, most of those liquids are
organic liquids (e.g., ethanol and methanol). Due to the similar
solubility properties of the organics and the network properties
of soft materials, phase change liquids would dissolve in the
soft materials, which can lead to reduced drive capability and
limited lifetime. "7

Herein, this article proposes a new type of air pressure
source for soft pneumatic actuators—producing gas by heat-
ing aqua ammonia. In this system, the chemical reaction for
gas, lower solubility to generate gas, and the phase transition
of water all happens when the temperature rises, which pos-
sesses various advantages compared with the previous purely
phase-changing mechanism. First, since this aqua ammonia
system reaches a vapor-liquid equilibrium under each tem-
perature, a significant gas pressure difference can be achieved
by constantly breaking these equilibrium states through tem-
perature modulation (303-403 K) of Ni—Cr alloy heating
wires inside the container. Therefore, pneumatically-driven
soft robots can be actuated by the difference in gas pressure
generated, regardless of the temperature environment. Sec-
ond, more gas and pressure can be generated at the same tem-
perature theoretically since the gas comes not only from the
phase transition but also from the chemical reaction of ammo-
nia. Compared with the phase transition competitors, aqua
ammonia is promising in untethered pump-free soft robotics
because it can produce higher gas pressure at a lower temper-
ature with a lower energy consumption cost for the same vol-
ume of liquid. Compared with other pneumatic artificial
muscles, it has higher force density, as shown in Figure 1A.
Moreover, this system is balanced during a large range of
temperatures (while phase transition only occurs at the boil-
ing point), which means great controllability.

The contributions of this article are as follows. We propose
to integrate aqua ammonia into soft actuators to replace the
previous clumsy air pumps to generate air pressure. We build
mathematical models to understand the energy conversions
and balances (i.e., heat balance, chemical balance, and force
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balance) in this system. Then, we implement multiple proto-
types to show advantages such as great force/weight ratio and
controllability. One of our prototypes can push a load more than
20,555 times heavier than its own weight, which outperforms all
of the counterparts,*!>23%335% a5 shown in Figure 1A. The
velocity and force increase approximately linearly with the
electrical input, which can benefit the control of the soft actu-
ator. Finally, we also demonstrate that with these actuators,
an untethered soft inchworm robot with an onboard battery
can be implemented.

The following section introduces the principle and mathe-
matical analyses. The fabrication and assembly section
describes the fabrication procedure of the prototypes. The
experimental section characterizes the actuators and demon-
strates an untethered robot. Finally, a brief conclusion is
drawn.

Modeling and Analyses

To generate the gas and air pressure from aqua ammonia,
the mechanism contains four energy forms and three energy
conversions in sequence. As shown in Figure 1B, first, the
current flows through the heating wire and raises the tempera-
ture, and the electric energy is transferred into thermal
energy. Then, the heat is conducted into the solution system.
Part of the thermal energy is transferred into the chemical
energy of aqua ammonia during the decomposition of ammo-
nia monohydrate. Consequently, the ammonia gas is released,
increasing the vapor pressure inside the system, and the
chemical energy is transferred into the mechanical energy of
the vapor-liquid system. The models for these processes are
built as follows.

Heat balance

The actuator’s energy initially comes from electrical
power. The resistance R under the temperature 7' can be
expressed by the following equation:

R=Ry(1+a(T — Tp)), ()

where « is the temperature coefficient of resistance material,
and Ry is the initial resistance at temperature 7j. If the power
is supplied by a DC power supplier, the current can be calcu-
lated by Ohm’s law:

I=U/R, )

where U is the voltage of the power supplier. According to
Joule’s law and Fourier’s law,”! the heat generated by the
current flowing through the wire can be expressed as follows:

0=1IRt, 3)

where [ is the current flow through the heating wire, R is the
resistance of the heating wire, and ¢ is the heat time.

During the phase transition, the heat is divided into three
main components, which can be expressed as follows>:

0=0/+0,+ 0O, 4

where Q is the heat loss, Q,, is the heat required to increase
the temperature of the aqua ammonia, and Q, is the heat
required to decompose the aqua ammonia.
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FIG. 1. Basic properties and principle of the artificial muscle driven by the vapor pressure. (A) Comparison between
the pneumatic actuators driven by the vapor pressure of aqua ammonia and counterparts driven by air pressures gener-
ated by pumps and phase transition. (B) The energy flow in the artificial muscle is driven by the vapor pressor.

The simplest model of such an actuator is a cylinder.
From the center to the outside, there are heating wires, aqua
ammonia, and outer rubber. The heat is transferred from the
heating wires at the center to the external environment, as
shown in Figure 2A. The thermal resistances of the materials
can be expressed as follows:

o=3" 6. ®

where O; is the thermal resistance in the system. The first
thermal resistance for the heat convection between the heat-
ing wire and aqua ammonia is as follows:
1
0= —71—, (6)

hummo ndwi re

where %m0 1S the convection heat transfer coefficient of aqua
ammonia and d,,;, is the diameter of the heating wire. The
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FIG. 2. Modeling and analysis. (A) The temperature distribution of the artificial mule from the center to the surface.
(B) Average stable temperature of aqua ammonia as a function of input current. (C) Concentration of aqua ammonia
under different temperatures and pressures. (D) The gas pressure generated from aqua ammonia under different temper-
atures. (E) The artificial muscle’s output force at different temperature.

second thermal resistance is the one in the heat convection
between aqua ammonia and the inner wall of the rubber layer,

1
Or= ™

hammondrin ’
where d,;, is the diameter of the rubber layer’s inner wall.
The thermal resistance of the rubber layer,
1 ! d,
— In ,
21/ d”‘n

03 = ®)

where / is the heat conduction coefficient of rubber and d,,, is
the diameter of the outside of the rubber. The fourth thermal

resistance is the heat convection between the rubber layer and
air. Assuming the temperature of the air is constant,

1

5
OairTro

O,= (€))

where o,;, is the convection heat transfer coefficient of air.
Thus, the heat loss is

Tcore - Tw
O =——1-—1 (10)

]
where T,,. 1s the temperature of the heating wire, 7w, is the
temperature of the air, and / is the length of the actuator.

The heat generated by the heating wire is also used to heat
aqua ammonia to make the aqua ammonia temperature rise,
and the heat required to make the aqua ammonia change
temperature can be expressed as follows:
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Q,, =cmAT, (11)

where c is the specific heat capacity of the aqua ammonia, m
is the mass of the aqua ammonia, and AT is the aqua ammo-
nia’s temperature change.

The heat required for the aqua ammonia decomposition
reaction can be expressed as follows:

0, = AHn, (12)

where AH is the reaction enthalpy of the decomposition
reaction of aqua ammonia (24.01 kJ/m0153’54), and n is the
amount of ammonia produced by the reaction.

The amount of ammonia produced by the reaction can be
obtained from the ideal gas law, which can be expressed as
follows:

Vi poVo

S A 13
RT,  RT, (13)

where p; is the current air pressure, V; is the current gas vol-
ume, 7 is the current temperature, pg is the initial air pres-
sure, Vj is the initial gas volume, Ty is the initial temperature,
and R is the gas constant [8.314 J/(mol-K)5 5 ].

Based on the above equations, as shown in Figure 2B, the
stable temperature exponentially increases with the current,
and the temperatures of the heating wire and aqua ammonia
fluid are almost the same. In the estimation, the initial resist-
ance of the wire is 2 Q, according to our prototype in the
experiments.

Pressure generation of aqua ammonia

Ammonia in the solution system is present in the form of
ammonia molecules and ammonium salt ions simultaneously
in an amount of aqua ammonia. When heat flows into the aqua
ammonia system, the balance of hydration and dissolution of
ammonia molecules in the ammonia system is changed, and
more ammonia gas is released. As shown in Figure 2C, as the
temperature increases, more ammonia gas is generated due to
the following chemical reaction:

NH,OH=NH; + H,0. (14)

Higher temperatures result in more ammonia gas in the air
(due to more ammonia gas generated from the chemical
reaction and the lower dissolution of ammonia in water) and
more water vapor. Consequently, it leads to a higher pressure
in a closed container.

Although ammonia gas is weakly toxic, leakage barely
occurs for this well-sealed aqua ammonia system by a silicone
layer. Even considering the severest theoretical situation when
all produced gas is leaked to the external environment. Humans
are in danger when exposed to a 50 ppm ammonia gas concen-
tration environment,”®>” but the calculated peak value is only
21.59 ppm in a 5 X 5x3 m confined space and quickly drops
since ammonia gas does not accumulate in a ventilated environ-
ment such as the open or semi-open scenarios in demonstra-
tions. Moreover, unlike odorless Novec 7000 that are typically
used in previous actuators,'>° the pungent odor of ammo-
nia gas can alert for accidental leakage occurrence. Many
methods have been developed to calculate the vapor-liquid
equilibrium of a gas dissolution system. Previously, the

5

most widely used formula was Henry’s law,58 but it cannot
accurately describe the gas that undergoes hydration and dis-
sociation reactions (e.g., H,S and NH3). Here, we select the
nonrandom two-liquid method”® to build the analysis model.
For a multicomponent system, the partial pressure, and the
total pressure can be calculated by the following equation:

Ptotal = ZPI = ZP?xin (15)

where P; is the partial pressure of component 7, y; is the
activity coefficient of component i, and P{ is the saturated
vapor pressure of component i, which is described by the
Antoine function®

B
lgp? =A — ——, 16
ep; T4 C (16)

where A, B, and C are the fitted coefficients, which can be
acquired by experiments, and 7 is the temperature of the sys-
tem. For a system of two substances, the activity coefficient
can be written by the following equation:

Gy ? Gi2121
In(y,)=x3 |7 + , 17
(1) =x _ 21 (Xl +x2G21> it 17)
[ G2 : G121 ]
In(y,) =x3 |t + , 18
(2) = I 2 (Xz +X1G12> X1+ X7 | (18)

where x; is the liquid mole fraction of component i, and we
have,

G =exp(—0112), (19)

G21 zexp(—9121), (20)
812 — 822

=" 21

T12 RT (21)
821 — 811

=== 22

o1 RT (22)

where Gj; and t;; are interactive coefficients and interactive
energy between components i and j, and g; are the parame-
ters for interaction between components i and j (g;; = gji)-

The above model is verified by the experimental results,
as shown in Figure 2D, in which the theoretical results are
calculated by equation (16). The parameters, A, B, and C of
the Antoine equation are 4.90, 453.67, and —165.42, respec-
tively, according to our preliminary trials. Thus, by control-
ling the temperature, heating, and cooling, we can control
the direction of the aqua ammonia reaction and, therefore,
the air pressure (Supplementary Fig. S1).

Actuation

The pressured gas inflates the soft actuator, consequently
generating force and motion. The output force and motion
depend on various specifications of the soft actuators, such
as the volume, the material elasticity, and the shape of the
soft actuators.
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Here, we build the model based on the form of the
McKibben actuator as an example. The relationship between
the actuator’s output and internal air pressure at its initial
length can be derived as follows®':

2
Fd:n< .ro ) P[3c0s2cxo— 1]
sinol

(2c0s2a0(1 —e)? = 1)
(1- s)(l — cos?ap(1 — 8)2>

— (nr3P) | 2ho (23)

where F| is the output force of the McKibben actuator, P is
the internal gas pressure, ry is the initial radius of the actua-
tor, oy is the initial angle of the braided tube grid, and Ay is
the ratio of the initial shell thickness and radius (ho =1o/r0).
Based on this equation, we can find that the output force
exponentially rises with the air pressure. Meanwhile, the air
pressure increases as the temperature rises. The output force
rises with the temperature, as shown in Figure 2E. In this
estimation, the radius rq is 6 mm, and &g is 0.1, which corre-
sponds to the prototypes used in this work. Meanwhile, the
diameters can also affect the output force of the artificial
muscle according to the formula. All these parameters are
fixed in the force experiments to eliminate the effect of the
parameters.

Fabrication and Assembly

The fabrication of the actuator prototype is shown in
Figure 3. First, two ends of the heating wire made from nickel—
chromium alloy (length: 200 mm and diameter: 0.35 mm) were
wound on two bolts, respectively. Then, the heating wire was
inserted into a rubber tube (thickness: 0.15 mm; length: 200
mm; outer diameter: 10 mm). This rubber tube was then cov-
ered by a braided tube (10 mm diameter). After being injected
with aqua ammonia (mass concentration 25%, Shanghai Titan
Scientific Co., Ltd), the two ends of the rubber tube were
tightly bound by straps. Finally, the heating wires were con-
nected to the electrical power source and ready for actuation.

With the aqua ammonia, we also made a pouch actuator.
To create it, we first folded a thermoset film (polyethylene
[PE]). Then, we pressed and heated the edge of the thermoset
film and finally made a pouch into which we injected aqua
ammonia.

Experimental Results

Characterization

(A) Air pressure generated by aqua ammonia. To compare
the pressure generated by aqua ammonia, ethanol, and water,
we conducted experiments with the setup shown in Supple-
mentary Figure S2A. As shown in Figure 4A, the pressure
generated by the decomposition of aqua ammonia (mass con-
centration 25%, Shanghai Titan Scientific Co., Ltd.) increases
significantly. It is 10 times higher than that of ethanol (mass
concentration 99.7%, Shanghai Titan Scientific Co., Ltd.)
vapor pressure in the low-temperature region (<323 K) and
2.5 times higher in the higher-temperature region (more than
373 K, higher than ethanol boiling point of 351.5 K>°), respec-
tively. Ethanol is a typical substance for phase transition in the
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previous electrical-driven soft actuators.’***>** The results
also indicate that water vaporization partly contributes to the
increase in pressures for this aqua ammonia system. The visual-
ized comparison in Supplementary Video S1 and Figure 4B
exhibits a larger expansion rate and size of a balloon encapsu-
lating aqua ammonia heated by silicone oil (PMX-200, Shang-
hai Aladdin Biochemical Technology Co., Ltd.) under different
temperatures than that of a balloon inflated by ethanol vapor
from the same volume of solution.

(B) Contraction distance and velocity. We fixed one end
and freed the other to measure the contraction velocity of the
artificial muscle (200 mm in length and 10 mm in diameter).
The artificial muscle shrunk by supplying the artificial muscle
with a constant current of 1-3 A, and the free end’s displace-
ment was acquired by a laser displacement sensor (Panasonic
HG-C1100).

The contraction distance increased almost linearly during
the heating process, as shown in Supplementary Figure S3,
which can benefit the control of the actuator. The contraction
velocity rises, and the response time decreases with a higher
current. The maximum contraction velocity reaches 2.95 mm/s
when the current of 3 A is applied (Fig. 4C), comparable with
other phase transition-based actuators'’=%*7*® (Supplementary
Table S1). Since a constant voltage source, for example, bat-
teries, is frequently used to drive the actuator in practical appli-
cations, we also compare the contraction velocity of the
artificial muscle under different voltages in Supplementary
Figure S4. Similar to the current, the contraction velocity of
the artificial muscle increases, and the response time decreases
with the increase in voltage. Actuator with a fast velocity and a
quick response can be fulfilled by applying a higher current or
voltage. However, it should be noted that a large current may
cause a fuse to the heating wire, resulting in the failure of the
actuator.

(C) Force. To measure the output force, the artificial mus-
cle (150 mm in length and 10 mm in diameter) was fixed on
the two ends, one of which was connected to a load cell
(ZNLBS-20kg) (Supplementary Fig. S2B). Figure 4D charac-
terizes the mechanical behaviors of a McKibben actuator filled
with aqua ammonia under a constant current of 2 A, including
a linear increase of output force up to approximately 10 N
within 20 s at first, followed by a slow force growth in the
next minute, and finally breaks down due to the melting of the
silicone encapsulation layer where 18 N is recorded. In prac-
tice, the linear growth portion of the first 20 s can be used for
force output, and the actuator’s force output is more stable
during this interval. As predicted in the aforementioned
model, the output force of the artificial muscle is determined
by and increases with the applied current. On another McKib-
ben actuator made by the same parameters, a maximum output
force of 43.6 N under 5 A was measured after 20 s actuation.
Figure 4E shows good agreement between theoretical predic-
tions and experimental results. A peak value of the artificial
muscle in this work occurred in the demonstration, which is
49 N, 550 times its self-weight (8.9 g).

The pouch actuator, as a simple actuator, is a fundamental
building block of many artificial muscles and can also func-
tion as a stand-alone one in many scenarios'”*° Hence, it is
a perfect paradigm to illustrate the powerful force output
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FIG. 3. Fabrication process of the McKibben artificial muscle. (A) Connecting the wires to two bolts. (B) Inserting
the heating wire into the rubber tube and fastening one side by tape. (C) Injecting aqua ammonia into the rubber tube.
(D) Covering the artificial muscle with a braided tube. (E) Fixing the braided tube and connecting the wires to power
suppliers for actuation.

capabilities driven by the aqua ammonia system. Currently, electric heater, the pouch actuator inflates and pushes against
the maximum output force was found on a pouch actuator a force sensor of a testing machine (MTS Criterion Model
(3.6 g, 100 mm in length, 100 mm in width) made from PE  C42). The recorded maximum output force is nearly 740 N,
films (0.1 mm thick) filled with aqua ammonia. Driven by an 20,555 times its deadweight (Supplementary Fig. S5), which
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outperforms other counterparts*!>2%3%3330 and three times

in force density of the previous work® (Fig. 1A).

(D) Size. To investigate the size effect on the output force
and contraction distance of the artificial muscle, three different
lengths, 100, 150, and 200 mm, of artificial muscles with the
same radius were fabricated, filled with aqua ammonia of 40%
of the initial volume of the latex tube. As shown in Figure 4F,
as the length of the artificial muscle increases, its contraction
distance increases accordingly, and the contraction rate is about
15-20% of the length. The output force of the artificial muscle
did not show a significant increase with length, which can be
explained by equation (23), indicating that length does not
affect the output force of the McKibben artificial muscle.

(E) Power. To calculate the power consumption, a con-
stant current of 1-3 A was supplied to the artificial muscle
(150 mm in length and 10 mm in diameter) for 10 s, and the
actual voltage applied to the artificial muscle was measured
as shown in Figure 4G. The power consumption is approxi-
mately proportional to the square of the input current. The
highest calculated power in 10 s is 19.946 W under 3 A
actuation for the heating wire (2 ). The fluctuation in power
is due to the rapid contraction of the artificial muscle causing
instability in the resistance value of the heating wire.

(F) Repeatability. Moreover, we measured the repeatabil-
ity of the soft artificial muscle with the same setup. As
shown in Figure 4H, powered by a periodic 2 A current (20 s
on, 40 s off), the artificial muscle (165 mm in length and 10
mm in diameter) displayed a stable movement with a period
of 60 s for 48 cycles.

Demonstration

Two demonstrations display the various applications of
the chemical principle. First, a McKibben artificial muscle
(8.9 g) embedded with the aqua ammonia (3 g, 25%) and a
heating wire lifted a weight of 5 kg while shrinking 5% of its
initial length (24 cm) within 40 s under the electrical input of
10 V, 2.5 A, as shown in Figure 5A and Supplementary
Video S2. The force/weight ratio is 5505.1 N/kg.

We also created a pouch actuator (3.179 g, 100 mm long,
and 95 mm wide) made from PE films (0.1 mm thickness)
and filled the pouch with aqua ammonia (1.5 g, 25%). When
the pouch actuator was heated by an electric heater at the
temperature of 337 K, it grew and lifted the weight (5 kg,
force/weight ratio is 15408.8 N/kg) above it (Fig. SB and
Supplementary Video S3).

Next, we built an untethered soft robot, as shown in Fig-
ure 5C and Supplementary Video S4. The onboard power
control circuit made in this work was placed on the actuator.
For the mobile robots integrating the aqua ammonia actuator,
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we designed a mobile power module for the untethered
robotic application. A circuit that can drive the actuators
simultaneously was designed for onboard driving. Three bat-
teries (Panasonic 702535) connected in series powered the
actuator, and a 9V battery(6F22) powered the control circuit.
The heating wire in the actuator was connected to a high-
power thyristor (Panasonic, AQV252G2S) in series. An
onboard microcontroller (ATMEL, ATmega 328P) switched
the electricity on the heating wire through the thyristors on
and off. The weight of the mobile power module is 107 g. In
each actuation cycle, the wire was powered on for about 10 s
and then off for about 20 s. Correspondingly, the actuator
shrank and expanded. Consequently, the robot moved
successfully.

Conclusion

This work proposes to inflate the pneumatic actuators by the
vapor pressure at the gas—liquid equilibrium of aqua ammonia.
The models describing the energy conversion process from
electrical energy are built and verified by experiments. Based
on this mechanism, we fabricated several soft pneumatic actua-
tors with aqua ammonia. Experimental results show that the
vapor pressure increases with the temperature and the actuation
voltage. Higher voltage and larger current result in larger veloc-
ity and stronger output force. Powered on and off in order, the
actuator embedded with heating wires shrinks and expands, cor-
respondingly, and this working cycle can be repeated more than
50 times. With aqua ammonia, the soft pouch actuator can push
a load of more than 20,555 times heavier than its own weight.
Finally, we demonstrate an untethered soft crawling robot that
moves freely without any pipelines connected to pumps (com-
mon to previous soft pneumatic robots), which integrates the
soft actuator driven by the vapor pressure of aqua ammonia and
onboard batteries and controllers.

However, the performance shown in this article does not
fully demonstrate the performance of ammonia due to the limi-
tations of the thermal material, and ammonia should be able to
show even better results when higher power or more advanced
heating methods are used. The chemical balance can be easily
combined with optical and magnetic actuation, such as using
pure flexible high-frequency oscillators to promote the decom-
position of aqua ammonia, which may further improve the out-
put effect while reducing energy loss. Safer and more efficient
methods, such as the carbonic acid system, can be developed
similar to the ammonia system. Meanwhile, since there is an
accurate pressure—temperature relationship, the controllability
of this new type of actuator would show a great advantage. In
the future, pulse width modulation can be exploited to regulate
the driving current for better onboard control to realize precise
pressure actuation of soft robots.

>

FIG. 4. Experimental results of the artificial muscle driven by the vapor pressure of aqua ammonia. (A) Comparison
of the vapor pressure generated from aqua ammonia, ethanol, and water in a closed container. (B) Comparison of the
inflation of balloons filled with aqua ammonia and ethanol at different temperatures. (C) Contraction velocity of the
artificial muscle at different currents. (D) The variance of the temperature, current, and output force during the artificial
muscle operation. (E) The output force of the artificial muscle at different currents in 20 s. (F) Comparison of output
force and contraction displacement for different lengths of the artificial muscles. (G) Input voltage and power consump-
tion of the artificial muscle at different currents. (H) The repeatability of the artificial muscle (50 cycles).
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FIG. 5. Demonstration of the artificial muscle by heating aqua ammonia. (A) Pull up 5 kg weight. (B) Lift up 5 kg of

weight. (C) Crawling demo of the artificial muscle.
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