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Abstract  12 
Recently, various soft actuators with biologically inspired motions have emerged in the field of 13 
robotics. The present study focuses on the development of a multi-balloon dielectric elastomer 14 
actuator (DEA) to provide a traveling wave motion for the linear transportation of an object. The 15 
multi-balloon actuator is designed on the basis of a pneumatic rubber actuator and a DEA, which 16 
itself consists of a dielectric membrane mounted on a silicone air chamber. An actuator that is 17 
inflated by pre-charged air pressure induces a rapid response speed and large deformations using 18 
only electric power; thus, it does not require the bulky external system which is essential for 19 
conventional pneumatic actuators. A multi-balloon actuator made of only soft materials was 20 
successfully fabricated by screen printing, rubber casting, and plasma treatment processes.  21 
Throughout the experiment, the maximum displacements of the balloon actuator with respect to 22 
height and width were obtained at an air pressure of 12.2 kPa. Importantly, the multi-balloon 23 
actuator’s components assembled and interacted with each other and could successfully transport 24 
an object linearly via a traveling wave. In the object transfer experiment of this study, the linear 25 
velocity reached 0.97 mm/s with an initial air pressure and the applied voltage maintained at 13.3 26 
kPa and 7.5 kV, respectively. The potential applicability of this system as a portable robot is 27 
demonstrated by replaying the traveling wave motions using a multi-balloon actuator. In the future, 28 
this design can be applied to portable small-scale robots and annelid robots with high reliability 29 
and body compliance.  30 
 31 
 32 
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1. Introduction 37 
Soft actuators, consisting of flexible materials such as rubbers, gels, or polymers, are attracting 38 

attention for their advantage over conventional rigid actuators owing to their flexible mechanisms 39 
which can move and change adaptively. A typical biomimetic motion employed by soft actuators 40 
is the traveling wave operation. It has been applied to a variety of soft actuators in different 41 
materials and configurations such as magnetostrictive inchworms [1], pneumatic snake robots [2], 42 
piezoceramics [3], annelid robots [4], and artificial muscles [5]. 43 

Among soft actuators, pneumatic rubber actuators have been introduced to produce large 44 
deformations and high forces [6]-[7]. For these reasons, various types of soft-bodied actuators that 45 
generate traveling or peristaltic wave motion have been reported. For example, the pneumatic 46 
rubber actuator, which consists of multiple air chambers, has been proposed to assist colonoscope 47 
insertion [8]. In addition, a planar-type pneumatic actuator using several rubber balls was 48 
developed for transportation in planar dimensions [9]. These pneumatic actuators can be driven 49 
periodically by controllable air pressure in each segment. However, pneumatic actuators 50 
additionally rely on bulky mechanical devices such as compressors, tanks, regulators, and gas 51 
sources. These external factors can limit the flexibility and practical applications when applied to 52 
portable systems. In addition, there are limitations on the actuating frequency owing to a slow 53 
response rate. 54 

Alternatively, dielectric elastomer actuators (DEAs), a type of electroactive polymer actuator, 55 
have fast response times, high energy density, and quiet operation [10]. For these reasons, DEAs 56 
have been applied in various fields such as biomimetics [11], bending actuator using triangular 57 
dielectric elastomer minimum energy structure (DEMES) [12], and artificial muscles [13]. 58 
Typically, DEAs consist of a dielectric elastomer (DE) membrane coated on both sides with 59 
compliant electrodes. The strain of the elastomer membrane is induced by a Coulomb force when 60 
voltage is applied to the electrodes. However, the elastomer membrane should be pre-stretched to 61 
allow it to generate large deformations. Most DEAs are stretched using mechanical rigid elements 62 
[14]-[15], which limits the direction of motion and lowers the system’s flexibility.  63 

Another way to increase strain is to use pneumatics [16] or hydraulics [17] to create inflated 64 
structures. They have potential in various applications such as locomotive robot [18], multi-65 
directional dome actuator for space [19], fluid pumps [20], soft tactile interfaces [21], and 66 
hemispherical speakers [22]. When air or water pressure is pre-applied to a membrane, the shape 67 
of DEA is deformed like balloon, and can perform out-of-plane motions, which can also result in 68 
complex non-linear deformations [23]. Typically, inflated DEAs are made from acrylic elastomers 69 
that can experience snap-through instability and therefore exhibit a good performance in terms of 70 
deformations when activated. An improvement in the area strain from 158% to 1,692% has been 71 
reported [24]-[26]. However, after triggering mass inflation, the amount of air in the chamber 72 
needs to be changed to implement a reversible and repeatable motion. In addition, a rigid frame is 73 



still required to fix the shape of the DEA. For these reasons, there are limitations in implementing 74 
DEAs as portable small-scale robots.  75 

For much more complex actuation, DEAs consisting of multiple segments have been developed 76 
previously as follows. For examples, Poole et al [27] reported a crawling actuator using multi-77 
stack dielectric elastomers consisted of a silicone dielectric elastomer. Although they introduced 78 
multiple folded stacks to generate traveling-wave by sequential actuation of their segments, the 79 
maximum locomotion velocity of 2.1 mm/min was obtained that is insufficient values in 80 
commercial terms. It means that folded stacks cannot produce relatively large voltage-induced 81 
deformations. Jung et al [28] presented a multi-segment robot by employing DEAs inserted in a 82 
rigid frame and provided three degree of freedom (3-DoF) motion. These earthworm robots 83 
provided stable motions with maximum velocity of 2.5 mm/s. However, it showed the limitation 84 
of flexible motion compared to the stack design. In addition, Henke et al [29] developed fully soft 85 
skin-like structures robot that can perform locomotion and transportation. They can perform 86 
different operation by changing electrodes configuration and voltage application strategies, but 87 
each active area produces relatively small deformations. 88 

In the present study, a new design and fabrication process for a multi-balloon actuator is 89 
introduced to generate traveling wave motion while maintaining a flexible body. We developed a 90 
multi-balloon actuator, which is independently driven by electrical signals and made of soft 91 
materials, and developed a control logic for the linear transportation of an object. The remainder 92 
of this paper is structured as follows. First, the basic operating mechanism of the balloon actuator 93 
is addressed. Next, the design concept and the fabrication method of the multi-balloon actuator are 94 
presented. Finally, we present the details of the experimental apparatus and the evaluation results 95 
regarding the deformation behavior and the traveling wave motion of the 3–balloon actuator. 96 
 97 
2. Design and fabrication of multi-balloon actuators 98 
2.1. Balloon-like Design 99 

The basic characteristics of the perpendicular and planar stains of a non-stretched DEA are 100 
described below. The actuation principle of DEAs is illustrated in Fig. 1. When a high voltage is 101 
applied to the electrodes, the Maxwell stress that is generated compresses the membrane in the 102 
transverse direction, thus expanding in the planar direction. For a linearly elastic membrane, the 103 
transverse strain is expressed as follows: 104 

𝜀! =	
𝑒"𝑒#𝐸$

𝑌 																																																																								(1) 105 

where 𝜀! is the transverse strain, er is the relative permittivity of the polymer, e0 is the permittivity 106 
of free space, E is the applied electric field strength, and 𝑌  is the Young’s modulus. Most 107 
elastomers are incompressible, and the planar strain 	𝜀%(= 𝜀&)	can be written as follows: 108 



𝜀% 	= 	
1

*1 + 𝜀!
− 1																																																														(2) 109 

where 𝜀%  and 𝜀&  represent the planar strains of the horizontal components. The strain curve 110 
simulated analytically along the thickness and planar directions is shown in Fig. 2. The 111 
specifications of the silicone elastomer (ELASTOSIL® FILM 2030, WACKER) are listed in Table 112 
1. Considering the membrane with an electrode area of 18×18 mm2 and thickness of 200 μm, the 113 
expansion area and thickness reduction obtained by the analytical method are 13.1 mm2 and 8 μm, 114 
respectively. It is noted that the displacement along the thickness direction is too small to be 115 
utilized. 116 
 117 

 118 

Fig. 1. Structure and actuation principle of a DEA 119 
 120 

 121 
Fig. 2. Strain curve simulated along the thickness and planar directions 122 

 123 
 124 



Table 1.  Specifications of the silicone membrane 125 
Variable Value 

Elastic modulus (MPa) 1.09 
Initial thickness (μm) 200 
Relative permittivity 2.8 

 126 
In the present study, the concept of a balloon-like inflated actuator was introduced to obtain 127 

large motions in the height and width directions, as shown in Fig. 3. When activated, the balloon 128 
immediately inflates due to the expansion of the area of the membrane, thus increasing its height 129 
and width. In addition, the membrane that has been pre-expanded with air pressure significantly   130 
increases the size of a voltage-triggered deformation. Because the pre-stretch percentage of the 131 
membrane is determined by the air pressure, motions in the width and height directions can be 132 
controlled prior to actuation. 133 

  134 

 135 
Fig. 3. Schematic view of 1−balloon actuator: (a) Initial state; (b) Pressurized state; and (c) 136 
Activated state 137 
 138 

Fig. 3 depicts the initial state, pressurized state, and activated state of the 1–balloon actuator. 139 
After coating the electrode on the square-shaped membrane, it was mounted in the chamber, as 140 
shown in Fig. 3(a). When air pressure is applied, the elastomeric membrane forms a balloon. The 141 
expansion is accompanied by thinning of the membrane, as shown in Fig. 3(b). The volume of air 142 
enclosed inside the balloon and the chamber is fixed when the valve is closed. Subsequently, a 143 
voltage is applied to the membrane thickness to induce further expansion, as shown in Fig. 3(c). 144 
To implement a traveling wave in a multi-balloon actuator, an interference between adjacent 145 
balloons is required. Therefore, the width dm must be greater than the gap between each segment 146 
df for the pressurized state. 147 
 148 
 149 



2.2 Traveling wave actuator 150 
The proposed multi-balloon actuator with at least two balloons was designed to create the 151 

traveling wave motion, as shown in Fig. 4. It mainly consists of an electrode-patterned elastomer 152 
membrane and an air chamber. The elastomer membrane is coated with electrodes and acts as an 153 
actuator to provide a high response rate, flexible movement, and reliability. It should be noted that 154 
each electrode segment is spaced at even intervals and forms an independently controllable balloon. 155 
The air chamber can be used to create a flexible body frame and enable each segment to inflate 156 
with identical air pressures. In addition, the rubber chamber is sufficient to sustain the tensile force 157 
caused by the deformation of the elastomer membrane. The air hose is connected to the air chamber 158 
to apply the initial air pressure to the membrane and is then disconnected prior to actuation. The 159 
configurations or sizes of the actuators can be changed depending on the shape of the chamber and 160 
the electrode patterns, as desired.  161 

 162 

 163 
Fig. 4. Schematic diagram of the designed 3–balloon actuator: (a) Actuator parts; and (b) Cross 164 
section during a pressurized state 165 



 166 
After the pressurized elastomer membrane was stretched from the balloon surface, each balloon 167 

was sequentially activated by voltage. The activated balloon provides displacements in the height 168 
and width directions so that the interference between adjacent balloons achieves a traveling wave 169 
motion. The transportation behavior of the 3–balloon actuator is shown in Fig. 5. The continuous 170 
deformation of the activated balloons by voltage application induces a driving force, which enables 171 
an object to transport linearly, as shown in Fig. 5(a). Because the air pressure and the center 172 
position of the balloon are deformed in real time due to the shape change of the balloons, it is 173 
necessary to know the deformation characteristics. 174 

The control system that applies a delicate voltage signal to each balloon segment is shown in 175 
Fig. 5(b). To be activated, the elastomer membrane of the 3-balloon actuator has different electrode 176 
pattern on both sides. The outer electrode is connected to the ground, whereas the inner electrodes 177 
are independently connected to the single-pole double-throw relays via a high voltage generator. 178 
The output characteristics of the 3–balloon actuator depend on the driving voltage signal from the 179 
microcomputer, which utilizes three power relays (K81C245, TE Connectivity Aerospace) to 180 
switch the state of the applied voltage and the short circuit state. If the relay is deactivated, both 181 
electrodes of the segment are connected to the ground. As a result, the segment membrane is 182 
discharged, and the balloon is deactivated. Besides, when two balloons are activated at the same 183 
time, the part they are in contact with is always equal to the ground so that they could keep 184 
insulated. The peristaltic wave signal that is applied to each segment is shown in Fig. 5(c). 185 

 186 



 187 
Fig. 5. Transportation behavior of the 3–balloon actuator: (a) Transportation process; (b) Electric 188 
circuit for the control system; and (c) Peristaltic wave signal applied to each segment 189 
 190 
2.3. Material properties 191 

As mentioned above, the proposed actuator induced by DEA requires large strains, a low 192 
modulus, and a high response rate. Considering strains based on the Voigt model and the stress-193 
derived Maxwell model [20], a polymer with a low viscosity and high Young’s modulus is 194 
desirable. In addition, the stress softening and aging effects of the polymer should be considered 195 
to continuously maintain repetitive actuation. 196 

In the present study, a silicone elastomer membrane (ELASTOSIL® FILM 2030, WACKER) 197 
was selected considering the response time and stable motion. Because silicone elastomers have a 198 
relatively low viscoelasticity compared to acrylic and polyurethane materials, they can be operated 199 



at a higher frequency. Silicone elastomer shows little tendency for stress softening and aging 200 
effects, resulting in a stable repeatable operation without failure. Although strain-softening 201 
elastomers such as acrylic materials tend to decrease in Young’s modulus notably after pre-202 
stretching, the silicone elastomer does not show the same strong tendency [30]. 203 

In addition, a compliant electrode must be strongly attached to the silicone elastomer and 204 
printed with a low thickness. When the thickness of the elastomer membrane and the electrode 205 
layer are equal, the composite rigidity increases, which limits the drive deformation of the actuator. 206 
A silicone-based carbon paste (ELASTOSIL® LR 3162 A/B, WACKER) was selected in the 207 
present study.  208 
 209 
2.4. Fabrication 210 

A series of processes are presented to construct the entire soft actuator, as shown in Fig. 6(a). 211 
The fabrication process of the 3–balloon actuator is divided into three major steps: 1) Screen-212 
printing of DEAs; 2) Mold casting of the air chamber; and 3) Plasma treatment for bonding. The 213 
specific production process is as follows: 214 
1) Screen-printing of DEAs 215 

i) Mix the two-component electrode grease and isooctane in a ratio of 1:1:1.25 to adjust the 216 
viscosity  217 

ii) Place the electrodes on a dielectric elastomer membrane using a screen-printing device 218 
iii) Dry at 50 ℃ and evaporate the solvent completely 219 
iv) Repeat ii) and iii) on the other side of the membrane 220 

  2) Mold casting of an air chamber 221 
i) Mix the two-component silicone rubber in specified proportions 222 
ii) Pour the mixture into a mold that is the size of an air chamber using a 3D printer 223 
iii) Remove the hardened air chamber from the mold 224 

3) Plasma treatment for bonding 225 
i) Bond the electrode-printed membrane to the air chamber with plasma processing 226 

equipment  227 
ii) Make electrical connection with copper tapes and seal the actuator 228 

The electrode-coated elastomer membrane, the molded air chamber, and the fabricated 229 
prototype actuator are shown in Fig. 6(b). 230 

As mentioned earlier, most traditional DEAs operate with pre-stretching that is initially provided 231 
as a manual process, which can introduce a significant uncertainty in their performance and 232 
stability. However, the proposed method can improve the stability of the DEA dynamics because 233 
the uncertainty caused by the pre-stretching process is resolved by concrete adhesion prior to 234 
inflation. Therefore, the proposed fabrication method has the advantages of eliminating 235 



unnecessarily strong parts, improving the stability of the actuator dynamics, and enhancing the 236 
adaptability to a variety of actuator configurations. 237 

 238 

 239 
Fig. 6. Fabrication process of a 3–balloon actuator: (a) Schematic diagram of manufacture flow; 240 
and (b) Snapshots of a screen-printed DEA, molded air chamber, and fabricated 3–balloon actuator  241 
 242 
 243 



3. Experiments and discussions  244 
3.1. Experimental apparatus and method 245 
3.1.1. Deformation characteristics 246 

The experimental apparatus for the multi-balloon actuator is shown in Fig. 7. After supplying 247 
air pressure to expand it into a multi-balloon structure, the amount of air was fixed when closing 248 
the valve. The voltage signal generated by the microcomputer was amplified using a high-voltage 249 
power supply (HEOP-10B2, Matsusada Precision Inc.). The deformation of the balloons was 250 
tracked and recorded using a video camera and a laser displacement sensor, respectively. In 251 
addition, the air pressure in the chamber was measured using a pressure sensor and recorded on an 252 
oscilloscope.  253 

 254 

 255 
Fig. 7. Experimental apparatus for n–balloon actuator 256 

 257 
3.1.2 Actuation force 258 

Another experiment of actuation force was performed for the balloon actuator as shown in Fig. 259 
8. To evaluate the achievable force between its surface and the object to be linearly transported, 260 
the X-axis force on the top of the balloon surface was measured after being activated several times. 261 
An obstacle was introduced to implement the movement when the balloon collides with an 262 
adjacent balloon after the voltage application. A T-shape cylinder indenter connected with a 263 
loadcell (Nano 17, ATI Industrial Automation) was attached to perform little indentation so that 264 
the generated force in the X-axis direction can be measured without slipping. The force data were 265 
recorded using a data acquisition device (NI USB-6343, National Instrument). The internal air 266 
pressure and applied voltage were recorded using the measurement devices mentioned above. 267 
 268 



 269 
Fig. 8. Force measurement setup for the balloon actuator 270 

 271 
3.2. Deformation characteristics of 1–balloon actuator 272 

To evaluate the driving performance of the 1–balloon actuator introduced in this study, we 273 
conducted several experiments. The specifications of the multi-balloon actuator, such as the size 274 
of the gap between each segment and the thickness of the elastomer membrane, were determined 275 
using the obtained results. In addition, to avoid premature failure, a high dielectric breakdown 276 
strength was required. Because the actuator depends strongly on the thickness of the elastomer 277 
membrane, DEAs with three different thicknesses (50, 100, and 200 μm) were fabricated and tested.  278 

Although the width of each balloon actuator must be inflated so that there is sufficient 279 
interference between adjacent segments, the actuators used in this study with thicknesses of 50 and 280 
100 μm experienced dielectric breakdown prior to meeting this condition. As a result, we 281 
demonstrate that DEAs with thicker membranes can produce sufficient strains to obtain traveling 282 
waves in the proposed design concept. Therefore, DEAs with a thickness of 200 μm were selected 283 
for the present experiments.  284 

The measurement was performed with the following three items: 1) A change in shape before 285 
and after electrical operation; 2) A height displacement with respect to initial pressure; and 3) An 286 
increase in the width relative to the initial width. The results for the volume differences of the 287 
electric stimulus of the balloon actuator under an air pressure of 12.2 kPa are provided in Figs. 9 288 
and 10. Note that the shape of the inflated balloon was transformed into an ellipse, and the position 289 
of the center moved along the Z-axis during actuation. 290 

 291 
 292 



 293 
Fig. 9. Photograph of the 1–balloon actuator at the initial pressure of 12.2 kPa: (a) 0 kV; and (b) 294 

9 kV 295 
 296 

 297 
Fig. 10. Comparisons of the balloon actuator at the initial pressure of 12.2 kPa (black arrow 298 
indicates the change in the center of the ellipses) 299 
 300 

The motion characteristics of pre-stretching, controlled by the initial pressure, were evaluated. 301 
The height displacements of the balloon actuator measured at the applied voltages of 8 kV and 9 302 
kV are shown in Fig. 11. The height displacement gradually decreased after peaking near the initial 303 
pressure of 12.2 kPa. The maximum height displacements obtained were 1.57 mm and 2.28 mm 304 
for the applied voltage of 8 kV and 9 kV, respectively.  305 

Fig. 12 shows the change in the width of the balloon actuator with respect to the initial pressure 306 
for different voltages. For the inflated balloon actuator with an initial width of 21.1 mm, a width 307 
change of 1.64 mm was obtained when the applied voltage was 9 kV. For the pressurized balloon 308 
with an initial width of 22.3 mm, the width change was 1.05 mm under the condition of a voltage 309 
of 8 kV. This confirms that the width deformation has the maximum value within the initial 310 
pressure of 12.2 kPa. Although the area strain of the balloon surface increased by pre-stretching, 311 
these results indicate that the relationship between displacement and pressure is non-linear. 312 

 313 



  314 
Fig. 11. Height displacement of the balloon actuator with respect to initial pressure for 8 kV and 315 
9 kV 316 
 317 

 318 
Fig. 12. Width change of the balloon actuator with respect to initial width for 8 kV and 9 kV 319 
 320 
3.3. Actuation force of 1–balloon actuator 321 

The actuation force test was performed for the balloon actuator of the inflated state to an air 322 
pressure of 13.2 kPa. Specifically, at the pressurized state, the obstacle and indenter were located 323 
on the side and top of the balloon, respectively. After activated, the balloon expanded further and 324 
was pushed by the obstacle, compressing the indenter so that force was measured. Fig. 13 shows 325 
the recorded force when the balloon was actuated with different voltages. As shown in the figure, 326 
the X-axis force linearly increases as voltage increases. It is noted that the maximum force in the 327 
X-axis direction has about 550 mN. 328 



 329 
Fig. 13. X-axis force of the balloon actuator with respect to voltage at the pressure of 13.2 kPa 330 

 331 
3.4. Motion tracking of 3– balloon actuator 332 

In the present study, a 3–balloon actuator with an interval of 1 mm between the balloons was 333 
developed. The electromechanical actuation of the individual segment induced the three balloons 334 
to interfere with each other to obtain a traveling wave motion. In addition, each balloon was able 335 
to produce a frictional force between its surface and the object, thus transporting an object linearly. 336 
The deformation induced by the force between the activated balloons was evaluated. The 337 
possibility of generating a traveling wave in the desired direction was observed by a continuous 338 
measurement using a two-way voltage application. The obtained deformations in a working 339 
process of the 3–balloon actuator under an applied voltage of 7.5 kV and air pressure of 14.6 kPa 340 
are provided in Fig. 14. 341 

Fig. 15 shows the locations of the markers, the voltage waves applied to the three segments, 342 
and the tracking results for an applied voltage of 7.5 kV and air pressure of 13.2 kPa. As shown in 343 
the figure, each marker is plotted on the top of the balloons, and its position is captured in the 344 
photograph, while a voltage signal was applied in either the forward (A→B→C) or backward 345 
(C→B→A) direction. Each state is indicated in response to an applied voltage signal from an 346 
inactive state (indicated by 0) to an active state (indicated by 1-5).  347 

When a sequential electrical stimulus is applied along the forward direction, as shown in Fig. 348 
15(a), markers A and B are pushed in the negative X-direction by the activation, thus causing the 349 
contacted object to advance backward. For interfering segments, such as the markers in A (states 350 
1-2) and markers in B (states 3-4), movement in the down-left direction is observed. Alternatively, 351 
segment C of the 3–balloon actuator cannot contribute to the transport of the object as there are no 352 
successive segments that are active and capable of interacting further. Furthermore, a small 353 
movement along the negative Z-direction that is induced by pressure drops with internal volume 354 



increases was observed for markers A and B. However, these changes were negligible compared 355 
to the voltage-induced displacement, and the interaction between the balloons was sufficient.  356 

When voltage is applied in the backward direction, as shown in Fig. 15(b), the movement of 357 
markers B and C indicates that the top of the balloon is positively pushed in the X-direction by the 358 
activation. Taken together, these experimental results demonstrate the effectiveness of the 359 
designed transportation principle using the 3–balloon actuator.  360 

 361 

 362 
Fig. 14. Snapshot of the 3–balloon actuator deformation with an applied voltage of 7.5 kV and 363 
pressure of 14.6 kPa 364 



 365 
Fig. 15. Marker position on each segment and tracking results with an applied voltage of 7.5 kV 366 
and pressure of 13.2 kPa: (a) Forward voltage signal; and (b) Backward voltage signal 367 



 368 
In the previous experiments, the air hose and air supplier were connected to control the initial 369 

air pressure. With the larger internal space of the actuator, including the mechanical elements, the 370 
pressure drop could be suppressed as the voltage-induced volume increased during operation. To 371 
prove the possibility of a portable multi-balloon actuator without an air hose, an experiment using 372 
a 3–balloon actuator was conducted. Tracking tests were performed after setting the pressurized 373 
actuator to an internal pressure of 13.2 kPa, without additional volumetric elements. Fig. 16 shows 374 
the behavior of the pressure and the marker position with different volumes under an applied 375 
voltage of 7.5 kV and a pressure of 13.2 kPa. The internal volumes in the previous and present 376 
experiments were 24.93 cm3 and 10.21 cm3, respectively. We found that the air hose-free actuator 377 
was also capable of performing repeated traveling wave motions. The pressure over time and the 378 
marker tracking showed little difference when compared at different volumes. The pressure 379 
changes associated with voltage-induced deformation did not have a significant effect on traveling 380 
wave generation without the additional devices. Therefore, the developed actuator can perform 381 
well in portable applications. 382 

 383 



 384 



Fig. 16. Behavior of pressure and the marker position with different volumes under an applied 385 
voltage of 7.5 kV and a pressure of 13.2 kPa: (a) Internal pressure over time; and (b) Marker 386 
position tracking  387 

 388 
3.4. Transportation of 3–balloon actuator 389 

 The main test for the 3–balloon actuator was the evaluation of its ability to perform linear 390 
transportation and the velocity of that transportation. To verify the ability of the 3–balloon actuator 391 
to perform linear transportation, a paper target was employed as an object. Although it was not 392 
possible to determine the exact pressure value that achieved the maximum strain, in this 393 
experiment, the initial pressure was set at 13.3 kPa so that the balloons could sufficiently interact 394 
with each other. The transportation test was recorded with a video camera. Fig. 17 shows snapshots 395 
of the paper transportation tests when each balloon was activated sequentially in the forward and 396 
backward directions. These results demonstrate that the paper was successfully moved in the 397 
desired direction. The maximum velocity was 0.97 mm/s at an applied voltage of 7.5 kV, 1 Hz. 398 

 399 

 400 
Fig. 17. Snapshots of the paper transported by the 3–balloon actuator with a pressure of 13.3 kPa 401 
and a voltage of 7.5 kV, 1 Hz: (a) Forward voltage signal; and (b) Backward voltage signal 402 
 403 

Fig. 18 shows the resulting linear velocity exhibited by the 3–balloon actuator, given different 404 
air pressures. The falling curve indicates a good correspondence in the descending curves of the 405 
displacement–pressure for the 1–balloon actuator. Although the peak of the curve was not obtained 406 
in the present test, the pressure of 13.3 kPa seems to slightly exceed the optimum pressure from 407 
the previous experimental results. That is, to achieve higher rates of speed, it is essential to obtain 408 
high strain rates. In addition, the recorded velocities in the two actuated cycles were qualitatively 409 
consistent. 410 



 411 
Fig. 18. Transportation velocity for 3–balloon actuator at a voltage of 7.5 kV, 1 Hz 412 

 413 
4. Conclusion  414 

A novel multi-balloon actuator based on a silicone elastomer was developed to generate a 415 
traveling wave motion for the linear transportation of an object. By designing a 3–balloon actuator 416 
with flexible and reproducible motion, a control method for the linear transportation of objects is 417 
introduced. The actuator consists of an electrode-patterned polymer combined with an elastic body 418 
that replaces the conventional rigid frame using the proposed fabrication process. Several 419 
experiments were performed to verify the performance of the developed actuator. The results are 420 
summarized as follows: 421 

The maximum deformation of the balloon was obtained in a specific pressure range of 12.2 kPa. 422 
When we used a piece of paper as a moving object, a transportation velocity of 0.97 mm/s was 423 
obtained using an initial air pressure and an applied voltage of 13.3 kPa and 7.5 kV, respectively. 424 
The present air-hose-free actuator generated a traveling wave motion with little difference from 425 
the version with a hose, although the internal space configuration was changed by removing the 426 
air supply equipment while operating at the same air pressure. From the tracked motions of a multi-427 
balloon actuator, the effectiveness of the novel actuation method was demonstrated, with the 428 
possibility of its application as a portable robot. The proposed fabrication method shows the 429 
possibility of constructing a variety of soft actuators with microscale size, that are lightweight, and 430 
have stable dynamics. 431 

This actuator still has room for improvement in terms of actuation frequency, which is currently 432 
fixed at 1 Hz. Due to the rapid response speed of DEAs, the actuator can produce much faster 433 
transportation by increasing the frequency. It may be achieved by additional experiments to 434 



demonstrate the displacement-frequency curve and determine the maximum value. In addition, a 435 
theoretical model will be addressed, thus enables a variety of configurations for balloon DEAs 436 
with desired shapes. 437 

Improvements regarding the energy density are still required for the real robot implementation. 438 
Compared to the inflated elastomer membrane that functions as actuator, the mass (or volume) of 439 
the rubber become non-negligible when considering the energy density. However, in the present 440 
stage, the rubber is essential to from the balloon structure and the optimum study to maximize 441 
energy density does not performed. These issues will be challenging tasks for the further 442 
development of the traveling wave actuator as the future works. 443 
 444 
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