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it can produce various strength outputs, 
molding flexibility, and different material 
selection.

While these balloon actuators have var-
ious advantages, it has been a challenge to 
make the entire system flexible and com-
pact because the pumps are rigid, bulky, 
and transport a large amount of air to 
drive the balloon. Recently, a new system 
was proposed to drive a balloon actuator 
by generating gas through a chemical reac-
tion in the device without direct air trans-
port. This system uses a liquid as “fuel,” 
breaks it down into gas based on a chem-
ical reaction, and drives balloons by using 
the volume difference between liquid and 
gas. This makes it possible to obtain the 
energy required to drive the actuator from 

a small amount of liquid without requiring a large amount of 
electric power. However, this does not eliminate the need for a 
pump.

To solve this problem, several balloon actuators that do not 
require pumps have been proposed, such as those that vaporize 
organic solvents by heat, and those that directly infuse liquids 
by voltage. These are new systems that can infuse fluids or gen-
erate gases without a pump, and can achieve the same effect 
as pumping fluids without a pump. Although these methods 
successfully reduce pumps, all of these systems require a stable 
external electric power source. To solve these problems, finger 
pumps have been proposed as a method that does not require a 
power supply or external pump.[13–15] Finger pumps transfer liq-
uids by repeatedly pushing and releasing with a finger, and are 
mainly used for transferring and mixing liquids. However, it 
is difficult for such pumps to transfer large amounts of liquid, 
and the current limit of infusion volume is µL-sub-mL, making 
it difficult to drive large actuators.

In this study, we fabricated an infusion system by using a 
hand pump with a fluidic system, and demonstrated the imple-
mentation of a soft actuator that does not require external elec-
tric power, and is manually driven by gas generation based on 
a chemical reaction. In this mechanism, a hydrogen peroxide 
solution is infused by using a finger pump, and the liquid 
reacts with manganese dioxide as a catalyst to generate oxygen. 
Subsequently, the generated gas is used to inflate the balloon 
and obtain the driving force. A porous resin is used in the 
chemical reaction chamber to increase the contact area between 
the liquid and catalyst to improve the reaction efficiency. Addi-
tionally, a release valve was created inside the actuator to enable 
repetitive motion. The whole device with multiple types of func-
tional components can be fabricated with a single 3D printing 

Balloon-type actuators have attracted scientific attention because they allow 
easy control of the output intensity and a high degree-of-freedom regarding 
shape and movement. However, they require bulky external pumps and 
electric power suppliers. This makes miniaturization and wearable device 
fabrication difficult. Herein, a balloon soft actuator that does not require a 
pneumatic pump or electric power supplier, and that uses a finger-operated 
pump based on a fluidic circuit and catalytic reaction, is proposed. This 
device can be driven without electric power multiple times by applying a 
vent valve system to exhaust the generated gas. Further, it is applied to 
two different types of applications—soft robots and wearable devices—by 
optimizing their structure and material. In conclusion, the proposed device 
is expected to lead to the development of a broad range of soft actuators for 
stand-alone robots and wearable devices in the future.
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1. Introduction

In recent years, considerable research has been conducted on 
the fabrication of flexible and stretchable actuators. These actu-
ators are based on soft materials used as basal substrates, such 
as magnetic-responsive materials[1–3] and thermo-responsive 
gels,[4–6] liquid metals,[7,8] and flexible resins with piezoelectric 
properties.[9] Among these actuators, balloon-type actuators 
driven by pumping have been proposed for a variety of appli-
cations, including walking robots,[10] robot arms for grasping 
objects,[11] and rehabilitation devices that can be worn on the 
hands to support hand movements of disabled people.[12] Bal-
loon-type actuators can be driven by a rubber seal material 
in an arbitrary shape that changes by pumping gas or liquid 
into the device. The advantage of this type of actuator is that 
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process. This enables devices to be integrated, which previously 
had to be fabricated by integrating other technologies such 
as lithography. Based on this mechanism, a tentacle-inspired, 
soft gripper robot, and a grasp-assisting wearable device were 
fabricated.

2. Results and Discussion

Images of the fabricated device are shown in Figure 1; and 
Video S1 (Supporting Information). The device could expand 
and shrink multiple times through liquid decomposition and 
gas leakage. Figure 1i–iv shows the driving system of the device. 
This device contains a tank, pump, diode, reaction area, vent 
valve, and actuation part (Figure  1i). The device can be driven 
by pushing the pump with a finger. The pump can allow the 
flow of liquid in the forward direction, and the diode prevents 
backward flow. In this case, hydrogen peroxide was decom-
posed into oxygen by contacting manganese dioxide inside 
the porous structure of urethane resin (Figure 1ii). The porous 
structure can increase the contact area and reaction efficiency. 
Subsequently, the generated oxygen expands the balloon actu-
ator tip of the device. The diode system can prevent gas back-
flow (Figure 1iii). Oxygen gas can then be leaked by opening the 
vent valve (Figure 1iv). This valve can be opened by a finger, as 
well as the pump drive.

The structure of the device is illustrated in Figure 2A. The 
device was constructed by using a tank, diode, pump, reac-
tion sponge, balloon, and vent valve. This functionality was 
achieved by using a three-layered structure which included 
the pump, diode, and chemical reaction layers. In addition, as 
shown in Figure 2A; and Figure S1 (Supporting Information), 
the pumping layer was composed of two types of silicone resin 
with different hardness values. By attaining a difference in the 
hardness between the actuator and infusion/reaction part, the 
expansion caused by the gas can be concentrated at the balloon 
actuator part.

In this device, a mixture of KE-01603 (hard silicone) and 
Ecoflex 00–30 (soft silicone) is used for the mechanical part, 
and only Ecoflex 00–30 is used for the balloon part (Figure S1, 

Supporting Information). As shown in Figure S1 (Supporting 
Information), Ecoflex is a very soft and stretchable silicone 
resin and can stretch up to ≈6 times. There are several types 
of Ecoflex, such as numbered 00–10, 00–50, depending on 
their mechanical properties. The smaller-numbered Ecoflex 
resins deformed plastically, whereas the larger numbered Eco-
flex resins were stiffer and required more force to deform. 
With Ecoflex 00–10, 00–30, and 00–50, the force required to 
stretch the resin to twice its initial length was measured, and 
the length after released was measured (Table S1, Supporting 
Information). As can be seen from the table, the 00–10 bal-
loon has a large plastic deformation after release, which may 
affect repeated balloon stretching. The plastic deformation of 
the 00–50 balloon is small, but the force required to stretch 
the balloon is more than twice that of the 00–30 balloon. This 
implies that the internal pressure increases when the balloon 
is inflated; this might damage components other than the bal-
loon actuator (e.g., the diode and the hermeticity of the outer 
circumference). Considering both these factors, 00–30 was 
selected for the device material. However, if diode function is 
improved and pressure resistance is further enhanced, a harder 
resin such as 00–50, which does not cause plastic deformation, 
could be used for more stable and repeated operation.

Furthermore, Ecoflex has been reported to swell and change 
its properties in organic solvents,[16] and its chemical resistance 
to organic solvents is considered low. Silicone is reported to 
have high chemical resistance to hydrogen peroxide.[17] A chem-
ical-resistance test is not necessary when this device is operated 
without organic solvents.

This device uses a system for pumping liquids without 
external power (Figure  2B). It consists of a pump and two 
fluid diodes. The diodes are composed of independent thin-
film layers and functioned as cantilever diodes. When the 
pump is pushed, the liquid flows out toward the outlet. How-
ever, the liquid does not flow toward the inlet when the pump 
is released. This allows the liquid to be transported in a single 
direction by pushing and releasing the pump.

The infused hydrogen peroxide was decomposed into oxygen 
by using manganese dioxide as the catalyst. The chemical 
reaction chamber contained manganese dioxide (Figure  2C). 

Figure 1.  Electric powerless soft actuator based on gas–liquid decomposition reaction. The device functions as an actuator that does not require any 
external electric power or pumps. The device is driven by four steps: pumping hydrogen peroxide solution with a finger pump, generating gas through 
a catalytic reaction, driving a balloon-type actuator with the generated gas, and returning to its initial state by operating a vent valve.
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To increase the efficiency of the reaction between manganese 
dioxide and hydrogen peroxide, manganese dioxide was infil-
trated into the porous polyurethane resin. This allows the 
hydrogen peroxide solution to contact the manganese dioxide 
over a larger area and decompose it in a reaction with a high 
efficiency.

The oxygen generated by the chemical reaction expands 
the balloon actuator (Figure  2D). Any desired actuator charac-
teristics can be obtained by optimizing the balloon structure 
and material. After expanding the balloon, oxygen can leak by 
releasing the vent valve. Thus, the actuator can be returned to 
its initial state (Figure 2E). This valve has the ability to withstand 
the internal pressure of the balloon, maintain the expanded 
shape, and can be deformed by the fingers to leak the gas.

2.1. Properties of the Device

2.1.1. Powerless Infusion System

Figure 3A–C shows the pump characteristics. When the pump 
diameter was changed, the relationship between the pushing 
depth and pushing force was investigated, and the pushing 
depth and output pressure were investigated (Figure  3A). An 
object with a diameter of 12  mm was used for the pushing 
motion. Figure 3B shows the relationship between the pushing 

force and pushing depth. The graph shows that the pushing 
force decreases as the pump diameter increases. Figure  3C 
shows how the output pressure varies with the pushing depth. 
As shown in the graph, the output pressure increases as the 
pump was pushed deeper. In contrast, a pump with a diameter 
of 12  mm yielded the maximum output pressure. The peak 
diameter depends on the diameter of the object that pushes the 
pump (Figure S2, Supporting Information). In both cases, the 
maximum output pressure was less than 2.5  kPa. The diode 
characteristics are shown in Figure S3 (Supporting Informa-
tion). The graph shows that the fluid diode fabricated in this 
study can block reverse flow up to ≈20 kPa. This indicates that a 
diode can be used to ensure the infusion function of the pump.

Several electrically driven micropumps have been studied, 
including a peristaltic micropump with a piezoelectric ele-
ment,[18] and a micropump with microcomponents that rotates 
using laser irradiation.[19] These micropumps can be formed 
on very fine flow paths, and have high-flow-rate resolution (on 
the nanoliter order) in terms of the infusion volume. However, 
these electrically driven pumps require external power to drive 
them. This makes the system more complex and large. Finger 
pumps were fabricated by integrating the flow path and pump 
geometry using SU-8 lithography,[20,21] and the finger pump 
was mounted on a microfluidic system. While this fabrication 
method has the advantage of integrating the finger pump into 
a very fine channel structure by using SU-8 lithography, it is 

Figure 2.  System and mechanism of electric powerless soft actuator. A) Top view, cross section, and expanded view of the device. B–E) The main four 
functions of the device: manual infusion of hydrogen peroxide, decomposition of hydrogen peroxide, balloon inflation by generated oxygen, and gas 
leakage. B) Powerless infusion system, consisting of a finger pump and diodes, in which liquid can be transported by driving the pump with the fingers. 
C) Chemical reaction chamber: the infused hydrogen peroxide solution is decomposed into oxygen by manganese dioxide. D) Balloon actuator: the 
generated oxygen flows into a balloon made of sealed silicone resin and inflates it. The shape and material of the balloon can be optimized to achieve 
the desired inflation characteristics. E) Vent valve: the valve maintains the airtightness of the balloon, and can release the gas by applying pressure 
with a finger. This allows the balloon actuator to inflate and deflate freely and repeatedly.
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difficult to control the desired shape and size (especially height 
when it is in the order of millimeters) of the pump. There-
fore, a method for forming the pump was proposed by using 
a different processing method.[22] The pump was fabricated by 
using a 3D printer, and the flow paths were fabricated using 
photolithography. This enables the fabrication of pumps in the 

order of millimeters to centimeters; however, the flow path and 
pump are not integrated. This structure poses a problem of 
adhesion between the pump and flow path, which may affect 
the efficiency of the infusion.

In this study, the pump was fabricated by using 3D printing 
technology, and its height, shape, and diameter were controlled 

Figure 3.  Device characteristics. A) Measured pump performance. Pump diameter, push-down depth, push-down force, and output pressure were 
measured and compared. B) Relation between pump push-down depth and push-down force. The force required to push down decreases as pump 
diameter increases. C) Relation between pump push depth and output pressure. The output pressure increases proportionally as the pump is pushed 
deeper, while the maximum output pressure is observed at a pump diameter of 12 mm. This is dependent on the diameter of the object used for 
pushing. D) Measurement of reaction sponge performance. The sponge diameter, hydrogen peroxide concentration, and output pressure were meas-
ured. E) Comparison of chemical reaction rate by changing the sponge size; the larger the sponge size, the faster the reaction rate and output pressure 
will be. F) Comparison of chemical reaction rates at different concentrations of hydrogen peroxide solution. Oxygen generation occurred at a faster rate 
when highly concentrated hydrogen peroxide solution was used. G) Finite element model (FEM) analysis model of a balloon. The balloon shape was 
assumed to be a sphere, and part of the sphere was used in the analysis. The balloon was subjected to a specified ratio of expansion, and the internal 
pressure was analyzed. The balloon was inflated up to three times from the original balloon, and the internal pressure was analyzed. H) FEM analysis 
results. The graph shows that the balloon’s internal pressure peaks at an approximate applied stretch equal to 1.4 times, and then decreases slowly.
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as desired. In addition, the pump and flow channel were 
molded as one piece because the flow channel was fabricated 
by 3D printing. As shown in Figure  3A, the output pressure 
was measured by changing the pump diameter to investi-
gate pump performance. Figure  3B shows that the pump 
can be pushed deeper with a smaller force when the pump 
diameter is large. However, Figure  3C shows that there is an 
optimum value for the pump diameter at which the output 
pressure is maximized. This is because the pushing object 
pushes the rubber around the pump simultaneously if the 
object is too large, thus resulting in inefficient pumping and 
in the decrease of the output pressure. Therefore, the pump 
diameter at which the output pressure reached its maximum 
value varied depending on the diameter of the object, as shown 
in Figure S2 (Supporting Information). This indicates that it 
is necessary to optimize the pump diameter according to the 
user’s fingertip size when it is applied as a finger pump. The 
maximum pump output pressure in this study was ≈4 kPa, as 
shown in Figure  3C, and the pressing pressure was ≈5 N, as 
shown in Figure 3B. The finger pump with the SU-8 droplets[21] 
yielded an output pressure of 4 kPa at a push of ≈10 N. It can 
be observed that the pressing and output pressures can be con-
trolled by optimizing the pump shape.

A fluid diode with a flap function was fabricated by using 
silicone rubber modeling via 3D printing technology because a 
high-gas backflow prevention effect was required as the balloon 
expanded. Figure S3 (Supporting Information) shows that the 
diode in this study could block the backflow of gas at ≈20 kPa. 
However, the total diameter of this diode was ≈3 mm, which is 
much larger than that of the SU-8 diode mentioned above. This 
is because the accuracy of silicone rubber modeling and align-
ment is lower than that of SU-8 lithography, and miniaturiza-
tion of this mechanism is a future challenge.

Fluid diodes rectify the fluid by decreasing fluid resistance in 
one direction, and by increasing it in the other one. Many fluid 
diodes have been proposed to rectify microfluids. These can be 
classified into two main types: those with, and those without 
driving components. A fluid diode without driving components 
rectifies the fluid by optimizing the flow path structure.[23,24] 
These diodes have the advantages of easy fabrication and high 
durability because they have no driving components. However, 
they are limited to fluids that can be rectified because the rec-
tification function is maintained by the properties of the fluid 
itself. A driving component is indispensable for rectifying a 
wide variety of fluids. There are two types of driving methods, 
namely, active and passive. The use of an optical laser as an 
active rectifier diode,[25] which cannot only stop the backflow, 
but can also select multiple flow paths and pump objects 
through them, has been investigated. However, the system is 
large because it requires an optical laser as an external device, 
and the location where it can be used is restricted.

Passive diodes prevent fluid backflow by using a driving 
component with a flap structure that is driven as the fluid 
moves. A fluid diode using SU-8 lithography technology[26,27] 
and a flap-type microfluidic diode using polydimethylsiloxane 
(PDMS)[21,28] have been proposed. A diode equipped with this 
driving component has a very high-rectification effect, and is 
capable of rectifying and blocking the backflow of liquids as well 
as gases. The SU-8 fluid diode[27] has a gas backflow prevention 

effect of ≈20  kPa, even though it is a very fine diode with a 
liquid flow path width which is approximately equal to 300 µm. 
However, this diode allows a small amount of gas leakage in the 
reverse direction. In contrast, the PDMS fluid diode[28] almost 
completely suppressed backflow at pressures as high as 25 psi 
(≈172 kPa). This is due to the high-adhesion properties of sili-
cone rubbers, such as PDMS. By using these types of materials, 
a high rectification effect is obtained in exchange for the diffi-
culty of microfabrication.

2.2. Chemical Reaction System

Figure  3D–F shows the characteristics of the chemical reac-
tion. The relationship between time and outlet pressure was 
investigated when the chemical reaction chamber sponge 
diameter and hydrogen peroxide concentration were changed 
(Figure 3D). Figure 3E shows the output pressure variation as 
the catalyst sponge diameter was varied. As shown in the graph, 
the reaction rate increases as the sponge diameter increases. 
Figure  3F shows the relationship between the peroxide solu-
tion concentration and output pressure. The reaction efficiency 
increased as a function of the concentration of hydrogen per-
oxide solution, thus indicating a higher rate of increase in the 
output pressure.

In addition, the effect of the sponge hole diameter on the 
reaction rate was tested (Figure S4, Supporting Information). 
Sponges with four different hole diameters were prepared: 
nonporous, average pore diameter 5, 0.5, and 0.2  mm. The 
graph indicates that the reaction rate increases as the hole 
diameter decreases until 0.5 mm. This is because the increase 
in the contact between hydrogen peroxide and manganese-
dioxide powder as the hole diameter decreases. However, 
when the average porous diameter is 0.2 mm, the manganese-
dioxide powder blocks the pores of the sponge and the liquid 
cannot pass through sufficiently, resulting in a lower reaction 
efficiency. This indicates that the pore size must be reduced to 
obtain high reaction efficiency, but excessive miniaturization of 
the sponge pores affects the injection of the liquid in the device 
and reduces the reaction efficiency.

One of the larger demonstration balloon devices in this study 
required ≈10 mL of gas to drive the balloon. As it is difficult to 
transport this gas by using only a finger pump, this study used 
a gas–liquid decomposition reaction that can generate a large 
amount of output with a small amount of liquid infusion. The 
gas generation reaction is expressed by the following equation

H O H O
1

2
O2 2 2 2→ + 	 (1)

This reaction is a catalytic reaction, and the decomposition 
reaction occurs when a hydrogen peroxide solution and a cata-
lyst come into contact. Assuming that 1  mL of 10% hydrogen 
peroxide was completely decomposed, ≈600 mL of oxygen was 
generated in standard conditions. Therefore, several studies 
have been conducted on driving actuators powered by catalytic 
reactions of hydrogen peroxide decomposition. Platinum[29] 
and catalase[30] were used as catalysts to decompose a hydrogen 
peroxide solution to obtain oxygen. Platinum is a metal with 
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high-chemical and physical stability, but it is also very expen-
sive. Catalase has high biocompatibility, but is prone to degra-
dation over time.

Based on these factors, manganese dioxide was used as the 
catalyst for decomposition of hydrogen peroxide in this study. 
The efficiency of the reaction between manganese dioxide 
and hydrogen peroxide depends on the contact area between 
the solid and liquid. The reaction efficiency was higher when 
manganese dioxide was in powder form than when it was in 
solid form. However, it is difficult to maintain the powder 
in the device and contact the liquid. In this study, as shown in 
Figure 2C, urethane resin was formed into a porous structure 
and coated with manganese dioxide powder to ensure the con-
tact area between hydrogen peroxide and manganese dioxide 
powder. The porous structure was fabricated by using urethane 
resin because silicone resin has low wettability,[31] thus making 
it difficult to adhere the powder onto the silicone surface. As 
shown in Figure  2C, manganese particles adhere to the sur-
face of the porous urethane resin. Granulated sugar was used 
to form a porous structure with an average particle size of 
≈500 µm. Although there are other types of sugar, such as caster 
sugar with smaller particle sizes, sugar with larger particle sizes 
was used in this study to avoid disturbing the fluid flow.

In addition to the use of porous urethane and manganese 
dioxide powder to increase reaction efficiency, the size of 
porous urethane also affects reaction efficiency. As shown in 
Figure  3E, the reaction rate increases at increasing sponge 
diameters owing to the increased contact area between the 
hydrogen peroxide solution and manganese dioxide. If higher 
reaction efficiency is required, it is necessary to form a porous 
structure. The reaction efficiency is also affected by the concen-
tration of hydrogen peroxide, as shown in Figure 3F. The rate 
of decomposition reaction increased as the concentration of 
hydrogen peroxide increased. Therefore, it is necessary to use a 
high concentration of hydrogen peroxide to achieve faster reac-
tion; yet, a high concentration of hydrogen peroxide exceeding 
10% may have adverse effects on the human body. The concen-
tration must be selected according to the intended use.

2.3. Balloon Expansion Analysis

Finally, the expansion of the balloon section was analyzed 
by using a finite element method. The balloon shape was 
assumed to be spherical, and part of the balloon was analyzed 
(Figure 3G). The analysis was performed by applying a constant 
magnification to the balloon and calculating its internal pres-
sure at that time. As shown in Figure  3H, the internal pres-
sure peaked at ≈1.4 times the initial value, and slowly decreased 
subsequently.

As shown in Figure 3H, the internal pressure of the balloon 
increases owing to inflation, and then slowly decreases after 
reaching the peak. We assumed a rubber of uniform density 
and thickness, and its spring constant was k. Assuming that the 
rubber obeys Hooke’s law, the tension force on the spring is 
expressed as F – kx when the rubber is stretched by x from the 
initial state.

We considered herein a spherical balloon of initial radius r0 
expanded to radius r. For a band with an angle Δθ from the 

center of the sphere, this band extends from its original length 
of πr0 to a length of π r along the sphere. The tension F applied 
to this band at this time can be calculated by using the dimen-
sionless constant A as follows

0F Ak r r θ( )= − ∆ 	 (2)

This balloon was inflated from radius r to r + δr by consid-
ering the equilibrium of the work done by the rubber and the 
atmospheric pressure inside the balloon. If Pin is the air pres-
sure inside the balloon at balloon radius r, and P0 is the atmos-
pheric pressure, we define Pr as Pin – P0. Wp is the work done by 
the air inside the balloon against the rubber, expressed as

4

3
4p r

3 3 2
rW P r r r r rPπ π{ }( )= + ∆ − ≈ ∆ 	 (3)

Wb, is the work done by the rubber band at prospective angle 
δθ expressed as follows

2 2
b 0 0W Ak r r r

A k
r r rπ π θ

π
π π θ( ) ( )∆ = − ∆ ∆ = − ∆ ∆ 	 (4)

Integrating this over 0 – 2π gives the total work done by the 
rubber

2
b

0

2

0
2

0W
A k

r r rd A k r r r∫
π θ π( ) ( )= − ∆ = − ∆

π

	 (5)

If Wp = Wb

4 2 2
0r rP A k r r rrπ π ( )∆ = − ∆ 	 (6)

P
A k r r

r

A k

r

r

r
r

4 4

1
10

2
0π π∴ = − = −



 	 (7)

This is proportional to the following values when r 
approaches the initial radius (r0)

r
r r r

1 1

2

1

4
0

0

2

0

− −





+ 	 (8)

It is inversely proportional to r when r is sufficiently larger 
than r0. This indicates that the internal pressure of the balloon 
increases rapidly as a function of radius r to a maximum value 
in the range close to the initial radius; it then decreases gradu-
ally in inverse proportion to the radius in the range where r 
is greater than r0. However, this discussion is limited to the 
expansion range where Hooke’s law can be applied to the elas-
ticity of rubber. The rubber tension increased rapidly when the 
expansion was extreme at the point of rupture.

To compare the simulation results with the actual deforma-
tion, a device with design similar to that designed by the FEM 
simulation was fabricated and tested (Figure S5, Supporting 
Information). As shown in the graph, the actual balloon 
system exhibits a rapid increase in the internal pressure in the 
early stages of expansion and the pressure begins to decrease 
at ≈1.5 times the rate of expansion. However, the pressure drop 
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with increasing expansion rate in the actual test results was 
insufficient compared to the simulation results and the max-
imum pressure was lower than that in the simulation results. 
This can be attributed to the difference in shape between the 
balloon designed for the simulation and the actual device. The 
balloon designed for the simulation was assumed to be per-
fectly spherical both before and after inflation, and the film 
thickness was assumed to be constant. The actual device is 
made of two hemispherical shells bonded together; thus, the 
film thickness at the bonded area is different from those at 
the other areas. This difference in film thickness causes shape 
changes during expansion. This caused shape and thickness 
changes during expansion. The maximum pressure was lower 
than that in the simulation, and the subsequent pressure 
drop was slower than that in the simulation. Because of these 
characteristics of balloons, if one part of the balloon is rap-
idly inflated, the tension in the inflated part is reduced, and 
the gas will not flow into the other parts of the balloon. Opti-
mization of the structure is required uniform inflation of the 
balloon.

In addition, the airtightness of the balloon was measured 
(Figure S6, Supporting Information). The balloon was filled 
with air and left inflated for 24 h, and the change in internal 
pressure was measured. The graph indicates that the internal 
pressure drops to about half in 24 h. This can be attributed to 
the porous structure of Ecoflex, which has many holes on its 
surface and is highly gas permeable.[32] This causes the gas to 
leak out gradually, resulting in a decrease in the internal pres-
sure. This could be solved by using a less gas permeable resin 

such as polyurethane, but polyurethane resins are generally 
inferior to silicone resins in terms of processability. Therefore, 
it is more difficult to fabricate complex functional systems such 
as microfluidic channels and diodes. A simpler solution is to 
coat the surface with a substance having low gas permeability, 
such as a liquid metal or fluororesin film.

2.4. Tentacle Gripper Demonstration

A tentacle-shaped gripper device was fabricated by using an 
actuator device (Figure 4A; and Video S2, Supporting Infor-
mation). The actuator part of this device was lengthened in a 
straight line, and resins with different hardness values were 
used for the upper and lower surfaces (Figure  4B). As shown 
in Figure 4C, a reaction occurs when a hydrogen peroxide solu-
tion is supplied by a finger pump, and the generated oxygen 
expands and bends the balloon.

In addition, a measurement test was conducted to determine 
the bending angle of the tentacle in response to an increase in 
internal pressure (Figure S7, Supporting Information). It can 
be observed in the graphs that all the tentacle-type actuators 
bend exponentially as the internal pressure increases. This can 
be attributed to the fact that the internal pressure to expand the 
balloon decreases after a certain rate of expansion, as shown in 
Figure  3; and Figure S5 (Supporting Information). Therefore, 
we assumed that, once a certain expansion angle is exceeded, 
the required pressure to expand the balloon becomes less and a 
slight increase in internal pressure causes a large deformation. 

Figure 4.  Tentacle gripper device demonstration. A) Photograph of device. B) Computer graphic of tentacle device in operation. The balloon (made 
of two resins with different hardness) expands and bends in an arc when gas flows into the balloon. C) Photograph of device in operation. The inflow 
of hydrogen peroxide solution causes a chemical reaction that produces oxygen. The generated oxygen expands the balloon and bends the tip of 
the device. The device returns to its initial state by releasing the vent valve with a finger. D) Grasping an object with a tentacle device. The tip of the 
device deforms to wrap around the cylindrical object and grasped it. E) Grasping, moving, and releasing an object with a tentacle device. The tentacle 
device is used to grasp a cork cylinder, moves it to an arbitrary position, and then, opens again by releasing a valve. F) Comparison of driving force of 
the tentacle device when the gap height inside the balloon is changed. The driving force is proportional to the volume of inflowing gas; the higher the 
gap height is, the weaker the driving force will be.
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Comparing the data for different space heights inside the bal-
loon, it can be observed that the higher the space height, the 
greater bending is obtained at a lower pressure. Furthermore, 
the lower the space height, the greater is the internal pressure 
required for bending. However, as shown in Figure  4F, the 
output of the actuator is greater at lower space heights. This 
indicates that the balloon shape can be designed according to 
the required bending angle and output.

By opening the valve, the bent balloon returned to its initial 
state, and the same operation could be repeated several times 
(Figure S8, Supporting Information). In this experiment, liquid 
metal was applied to the inflating surface of a balloon, and 
the state of balloon inflation was measured by measuring the 
change in the electrical resistance of the liquid metal wiring as 
the balloon expands and contracts. Because only one side of the 
actuator inflates when it is inflated, the balloon’s inflation state 
can be measured by reading the deformation of the balloon 
surface on the side that is inflated. The graph shows that the 
balloon of the device can expand and contract stably multiple 
times.

As shown in Figure  4C, the tentacle-type actuator was bent 
into an almost complete circle via balloon expansion. Similar 
balloon-shaped bending actuators have been proposed in the 
past, i.e., a pneumatic bending soft actuator[33,34] and a bending 
soft actuator by voltage infusion.[35] While these actuators use 
a single material and enable bending motion by optimizing 
the structure, the tentacle-type actuator fabricated in this study 
uses a simple band shape as the balloon shape, and instead 
uses a hard material at the bottom to enable bending motion 
(Figure 4B). It has also been reported that the shape of the bal-
loon can be arbitrarily deformed by controlling the hardness of 
the material used at the bottom part.[36] Furthermore, as shown 
in Video S2 (Supporting Information), this tentacle, soft robot 
device can be driven underwater because it is realized without 
electric power.

Figure 4D shows the grasping of a cylindrical object by using 
this device. The balloon at the tip of the device was bent by 
the generated oxygen, and the object could be held and lifted. 
In addition, the tentacle grippers were used to grasp a rectan-
gular melamine sponge, plastic chess piece (knight), and table-
tennis ball (Figure S9, Supporting Information). This device 
can grasp objects of various shapes, such as squares, cylinders, 
and spheres. However, a shot glass weighing ≈80 g could not be 
grasped using this device. To grasp heavier objects, the size and 
material of the device must be optimized.

Figure 4E shows how the object is grasped and moved to an 
arbitrary position by using this device. By releasing the valve, 
the balloon returns to a straight shape and the object can be 
released again. The driving force of the device was measured 
by using the method is illustrated in Figure S10 (Supporting 
Information). The bending force of the actuator was measured 
by using a force gauge with respect to the height of the space 
inside the balloon. The graph shows that the bending force 
increased as a function of the height of the space inside the bal-
loon, and that the bending force was proportional to the volume 
of gas which flowed into the balloon (Figure 4F).

As shown in Figure 4F, the actuator generates a weak force 
equal to <1 N, while the conventional balloon actuator suc-
ceeded in lifting an object which weighed 1 kg.[37] These results 

indicate that balloon actuators can be optimized arbitrarily in 
terms of driving force, depending on the material and structure. 
Figure 4F; and Figure S5 (Supporting Information) shows that 
the height of the internal space of the tentacle balloon affects 
the driving force of the actuator. The higher the spatial height 
of the balloon is, the thinner the film thickness at the top of 
the balloon will be. Balloons composed of thin membranes can 
be easily bent at lower internal pressures, and the driving force 
becomes weaker. This indicates that a strong driving force of 
the actuator can be obtained when the balloon height is low and 
the top surface of the device is thick.

However, the thickness of the top surface of the balloon is 
limited. The limit depends on the diode and vent valve func-
tions, as well as on the adhesive ability between the membranes 
of the device. If the applied pressure exceeds the backflow pre-
vention function of the diode or vent valve, it will break, and 
gas will leak. The functionality of both the diode and valve was 
verified with an upper limit of 20 kPa; if a device is fabricated 
that requires an internal pressure exceeding this limit, it may 
malfunction. Another limitation is the adhesion between device 
membranes. The device consisted of three layers, and each 
of them was bonded by using Ecoflex 00–30. As the balloon 
expands, these membranes are subjected to forces in the direc-
tion of separation, and the adhesion between membranes can 
be damaged if the internal pressure of the balloon increases 
excessively. Therefore, the device structure must be optimized 
to satisfy these requirements.

2.5. Gripper Supporting Device

Based on this mechanism, we demonstrate the implementa-
tion of a device that can be attached to the fingertip to assist 
the user’s hand movement (Figure 5A; and Video S3, Sup-
porting Information). This device has an independent balloon 
actuator and infusion/reaction parts, and can be attached to 
the fingertip, as shown in Figure  5B. The operating prin-
ciple is shown in Figure  5C. Driving the pump with the fin-
gertip causes infusion of hydrogen peroxide solution, which 
is decomposed to oxygen in the chemical reaction chamber 
on the wrist. Subsequently, the generated oxygen flows into 
the balloon actuator on the fingertip and expands to grasp 
an object. This allows users with limited fingertip move-
ments owing to disabilities to assist their finger movements. 
The device was equipped with two liquid flow channels and 
reaction chambers, and each of them could be controlled 
independently.

The actual operation is illustrated in Figure 5D. The balloon 
was expanded by driving the pump, and the actuator was driven 
to fill the gap between the fingertips. This makes it possible 
to grasp objects. Releasing the vent valve causes the balloon 
to shrink, thus allowing the user to release the grasped object. 
As shown in Figure S11 (Supporting Information), the actuator 
expanded and contracted repeatedly and stably.

As shown in Figures S8 and S11 (Supporting Information), 
the actuator can be repeatedly driven ≈10 times. However, 
after 10 times, the balloon material undergoes plastic defor-
mation and does not fully inflate with the same amount of 
gas generation as initially. Table S1 (Supporting Information) 
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shows that Ecoflex 00–30 underwent plastic deformation of 
≈7.5% after one extension. This causes the deteriorated cycle 
stability. In contrast, Ecoflex 00–50 exhibited less plastic defor-
mation. However, Ecoflex 00–50 is harder than 00–30; the 
force required during extension is greater and may damage 
hermetically sealed parts, such as diodes. Therefore, to 
improve cycle stability, it is conceivable to optimize the struc-
ture to maintain higher hermeticity and backflow prevention, 
and then fabricate it with a hard resin that is less susceptible 
to plastic deformation.

The gripping force of the gripper was measured, as shown 
in Figure 5E. The gripping force was defined as the force that 
the balloon tip pushes against the object when the balloon was 
expanded, and was measured by a force gauge (Figure  5F). 
When the volume of gas which flowed into the balloon was 
increased, the balloon pushed the object strongly, and the grip-
ping force increased as the balloon diameter increased.

In addition, the repulsive force of the balloon was measured 
by applying pressure from the top surface during balloon infla-
tion (Figure S12, Supporting Information). As shown in the 
graph, the larger the diameter of the balloon, the greater is 
the repulsive force when pushed into the balloon to the same 
depth. From Figure 5F, it can be observed that the size of the 
balloon at the gripper tip affects the force to grasp the object. 
The larger the balloon, the stronger is the grasping force. How-
ever, the smaller balloon is suitable for grasping small and flex-
ible objects because it has less repulsive force. Therefore, the 
shape of the balloon can be optimized according to the object 
to be grasped, and the wearable actuator can be designed 
according to the purpose.

The larger balloon requires more gas generation to expand. 
The gas generation rate can be controlled by adjusting the 
sponge size, hydrogen-peroxide concentration, and pore diam-
eter, as shown in Figure 3E,F; and Figure S4 (Supporting Infor-
mation); a large balloon can be efficiently driven by optimizing 
them. In addition, this device is designed to be used with fin-
gers, and attachment of a balloon device that is much larger 
than the human fingertip may impair the user’s operability. 
Therefore, the balloon size at the tip of the device needs to be 
optimized based on the physical characteristics of the object to 
be grasped and the size of the user’s fingers.

As shown in Figure 5, a gripper-assisted device has already 
been proposed that uses air pressure to inject air and inflate 
balloons.[38] The device uses an air pump to inflate the balloon, 
and has excellent characteristics in terms of both the response 
speed and object grasping force. However, this device requires 
hard electronic substrates and pumps on the arm, and an 
external power supply is required to drive these components. 
The device fabricated in this study does not require a power 
supply, and is constructed entirely of soft materials. This can 
reduce discomfort considerably when applied as a wearable 
device.

The grasping force of the device shown in Figure  5F indi-
cates that the larger the balloon attached to the fingertip is, 
the stronger the grasping force will be. This should be opti-
mized by considering both the user’s finger size and required 
grasping force. The grasping force obtained with the 10  mm 
diameter balloon was ≈3 N at an inflow of 0.5 mL of gas; this 
was sufficient to grasp and lift a chess piece which weighed 
≈5 g, as shown in Figure 5D. In addition, as shown in Video S3 

Figure 5.  Gripper assisting device. A) Overview of device. B) Photographs of device attached on the wrist and fingers. C) CG image of device in opera-
tion. The hydrogen peroxide solution flows into the device when the pump is activated. The hydrogen peroxide is decomposed into oxygen based on 
a chemical reaction, and the generated oxygen expands the balloons at the fingertips to assist in grasping objects. Two balloons are used, and each 
of them can be controlled independently. D) Photograph of actuation state. The oxygen generated by a chemical reaction expands the balloons at the 
fingertips and assists object grasping. E) Gripping force measurement method. The gripping force was measured by using a force gauge. F) Relation 
between balloon size and gripping force. The gripping force of the gripper increased in proportion to the inflowing gas volume; the larger the balloon 
diameter is, the stronger the gripping force will be.
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(Supporting Information), the device successfully grasped and 
lifted a glass with a flat surface which weighed ≈80 g. This is 
because the balloon material Ecoflex 00–30 generates high 
friction.

To test the friction of the Ecoflex gripper, a portion (10 × 25 mm2) 
of the Ecoflex 00–30 was attached to several flat surfaces with dif-
ferent surface roughnesses, and the force required to pull it off 
horizontally was measured using a force gauge (Figure S13, Sup-
porting Information). As shown in the graph, the gripping force 
decreases for objects with rough surfaces. Objects with smooth 
surfaces require a force of ≈0.5 N to peel off. Because the material 
can be flexibly deformed and fits the object’s shape, the gripper 
can firmly grip the object. It also successfully grasped and lifted a 
flexible sponge which weighed ≈0.5 g without deforming it. This 
indicates that the device can grasp objects gently. This is because 
the gripping part of the device is made of flexible material that 
can be deformed to fit the object.

However, this device has a drawback in that the balloon 
material is fragile. Depending on the shape and mass of the 
object to be grasped, the balloon may tear and cease func-
tioning. Currently, the objects that can be grasped are flat glass 
and plastic; the device is still not suitable for grasping sharp 
and heavy metals. Another issue is the response time; it took 
≈15 s from the initial state to the fully inflated and grasped 
state. This response time can be improved by optimizing the 
pore size and structure of the chemical reaction chamber to 
increase the decomposition efficiency of hydrogen peroxide 
and increase the concentration of hydrogen peroxide, while 
ensuring the airtightness and safety of the device itself. In this 
study, a hydrogen peroxide solution with a concentration of 7% 
was used for safety reasons. High concentrations of hydrogen 
peroxide (30% or more) are dangerous because they oxidize the 
skin surface when they adhere to the skin. It would be possible 
to use highly concentrated hydrogen peroxide by introducing a 
structure that can prevent liquid leakage from the device with 
high precision. Because the concentration of hydrogen peroxide 
affects the reaction rate, optimization of other parts that affect 
reaction efficiency, such as the size of the reaction chamber and 
the diameter of the porous holes, is also necessary to maintain 
reaction efficiency when using a low-concentration solution.

3. Conclusion
In this study, four mechanisms were used: an infusion system 
that used a finger pump and a fluid diode without electricity, 
decomposition of liquid to generate gas by a chemical reaction 
chamber, driving of a balloon actuator by using the generated 
gas, and return to the initial state by using a vent valve. The 
actuator was designed to generate an output without external 
electrical power. The actuator can be applied to soft robots and 
wearable devices to assist people with disabilities. In compar-
ison to conventional power-driven soft robots, the actuator is a 
simple system that can be driven as a stand-alone device. The 
actuator does not require a pump or power source, and all com-
ponents, including the driving parts, can be made of soft mate-
rials. The concept of a battery-less actuator will also contribute 
to the future development of soft robots and wearable devices 
in terms of portability and convenience.

4. Experimental Section
The fabricated device was composed of two types of silicone resins 
with different hardness values. The mechanical part that performed the 
infusion and reaction was made of hard silicone to prevent deformation. 
The driving part that functions as a balloon actuator was made of simple 
Ecoflex 00–30, which is softer than the others. In addition, this device 
consisted of three layers, and an organic solvent solution of silicone 
resin was used to adhere to each layer. The material was then sprayed 
onto each layer. For the part where the chemical reaction occurred, a 
porous polyurethane resin was used to increase reaction efficiency. The 
reaction was performed by infiltrating a water dispersion of manganese 
dioxide into the porous resin.

A harder silicone resin was prepared by mixing KE-1603 and Ecoflex 
00–30. First, 10  g of KE-1603 (Shin-Etsu silicone) were mixed with 1  g 
of curing agent. Subsequently, 5 g of Ecoflex 00–30 Agent A and 5 g of 
Agent B were added and mixed together. Thus, a silicone resin harder 
than the simple Ecoflex 00–30 was obtained (hereafter referred to as 
KE-Ecoflex mixed resin). Spray adhesion was prepared by mixing 5 g of 
Ecoflex 00–30 A and 5 g of B and dissolving in 10 mL of hexane.

Figure S14 (Supporting Information) shows the fabrication method 
implemented in the porous urethane chemical reaction chamber. First, a 
mold was fabricated by using a 3D printer, and was filled with granulated 
sugar (Figure S14i, Supporting Information). Subsequently, a mixture of 
Gummy Cast (Craft Resin) A (5  g) and B (3  g) was injected from the 
top surface, vacuumed to 0.8 MPa for 5 min, and then cured at 70  °C 
for 30  min (Figure S14ii, Supporting Information). After curing, the 
resin was placed in distilled water and sonicated for 2 h to remove the 
granulated sugar and obtain a porous polyurethane resin (Figure S14iii, 
Supporting Information). After peeling it from the mold, the sponge 
sheet was cut to a diameter of 10 mm by using a punch (Figure S14iv, 
Supporting Information). Water dispersion of manganese dioxide 
powder was used as the catalyst for the chemical reaction. Manganese 
dioxide powder (4 g) was added to 10 mL of distilled water and dispersed 
in an ultrasonic bath for 10 min to obtain manganese dioxide dispersion. 
The reaction sponge was prepared by infiltrating it with manganese 
dioxide water dispersion and drying it at 70 °C for 60 min (Figure S14v, 
Supporting Information).

Figure S15 (Supporting Information) shows the fabrication method 
for the actuator device. Figure S15i–iii (Supporting Information) shows 
the fabrication method of the pump layer. First, a pump layer mold was 
fabricated by the 3D printer, KE-Ecoflex mixed resin was poured into the 
infusion mechanism area, Ecoflex 00–30 was poured into the balloon 
actuator area, and was then cured at 70  °C for 30  min (Figure S15i, 
Supporting Information). Second, the liquid inlet to the tank and vent 
hole were punched, and a circular sheet of KE-Ecoflex resin was attached 
to the valve by Sil-poxy (Figure S15ii, Supporting Information). This 
completed the pumping layer. Subsequently, the valve area was masked 
with polyimide tape, and the top surface was spray-coated with spray 
adhesive solution (Figure S15iii, Supporting Information).

Figure S15iv,v (Supporting Information) shows the fabrication method 
of the diode layer. The diode layer mold was fabricated by using a 3D 
printer, and the KE-Ecoflex resin mixture was poured into it (Figure S15iv, 
Supporting Information). The diode layer was obtained by peeling it off 
from the mold (Figure S15v, Supporting Information). Figure S15vi–ix 
(Supporting Information) shows the fabrication method of the reaction 
layer. First, a mold with the reaction layer shape was fabricated by 
using a 3D printer. KE-Ecoflex mixed resin was poured into the infusion 
mechanism area, Ecoflex 00–30 was poured into the balloon actuator 
area, and was then cured at 70 °C for 30 min (Figure S15vi, Supporting 
Information). Second, the driving part of the diode layer was masked 
with polyimide tape and the spray adhesive was sprayed onto the 
surface (Figure S15vii, Supporting Information). Third, the diode layer 
was attached and cured at 70 °C for 15 min, and the reaction sponge was 
attached to the reaction layer with Sil-Poxy (Figure S15viii, Supporting 
Information). Finally, a pump layer coated with spray adhesive solution 
was attached to the top of these layers and cured at 70 °C for 20 min to 
fabricate the device (Figure S15ix, Supporting Information).
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