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This study presents the development of a balloon-type dielectric elastomer actuator (DEA) 
that utilizes the Maxwell stress generated by applying voltage between electrodes. DEAs 
have been recognized for their superior responsiveness, durability, and energy efficiency, 
making them a promising candidate for applications such as artificial muscles. We fabricated 
two types of DEA using a latex balloon as the elastic material and carbon grease as the 
electrode to generate inflating and squashed deformations. We conducted experiments to 
measure and analyze the two types of deformation while varying the size or inner pressure 
of the balloon and the voltage magnitude. We found that the voltage magnitude affected the 
magnitude of the deformation in the actuator with inflating deformation, but not in the 
actuator with squashed deformation. Additionally, we estimated the applied Maxwell stress 
in the actuator. The developed actuators were capable of producing movements that imitate 
the behavior of organisms, such as the pufferfish. 
Key words: Soft actuator, DEA, Balloon, Maxwell stress 

 
 

1. Introduction 
  Soft actuators have gained significant attention 
due to their flexibility and ability to generate a 
variety of movements such as crawling [1, 2], 
jumping [1, 3], grasping [3, 4], and bending [5]. 
Compared to conventional rigid actuators, soft 
actuators can move delicately, resulting in low noise 
levels and high adaptability to the surrounding 
environment. With their lightweight and soft bodies, 
soft actuators are expected to find applications in the 
medical and aerospace fields. They can be driven by 
various inputs, including pneumatic [2, 4, 5], 
magnetic [6-15], thermal [16, 17], and electrical 
[18-31] methods. In this study, we focus on 
electrically-driven soft actuators and have 
developed dielectric elastomer actuators (DEAs) 
due to their superior responsibility, durability, and 
energy efficiency [29]. 
  DEAs are typically composed of a thin film 
possessing dielectric properties, sandwiched 
between two deformable electrodes as shown in Fig. 
1. When a high voltage is applied between the 
electrodes, the resulting attractive force, known as 
the Maxwell stress, causes the dielectric film to 
deform elastically, becoming thinner while 
extending in the planar direction. 

In this study, we experimentally analyze the 
deformation of a balloon-type DEA. While previous 
studies have developed DEAs generating bending 
[25] and stretching [26] deformations, our actuator 
produces inflating and squashed deformations using 
natural rubber latex balloons as the material. The 
actuators are fabricated by placing an electrode 
inside a latex balloon and subsequently inflating it. 
We measure the resulting deformations when a high 
voltage is applied, and estimate the applied Maxwell 
stress to the actuator based on the results. 
 
2. Developed Balloon-type DEA 

This section describes the materials and methods 
used to fabricate and actuate the balloon type DEA. 

Fig. 1. Principle of DEA operation 
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The actuator was fabricated using a latex balloon 
made from natural rubber (Pioneer Balloon) and 
antistatic grease (Sunhayato, GE-L201) as the 
electrode. High voltages were applied to the 
actuators using an AC/DC high voltage generator 
(Advanced Energy Industries, TREK 610E). 

Two types of actuators were fabricated in this 
study: inflated and squashed. To fabricate the 
actuator with inflating deformation, carbon grease 
was applied to the inside and outside of a latex 
balloon that was then inflated as shown in Fig. 2. 
For the actuator with squashed deformation, the 
carbon grease was coated only inside the balloon, 
and the balloon was placed on a metal substrate and 
connected to a high voltage generator. Schematic 
setups of the both actuators are shown in Figs. 3 and 
4, respectively. In both cases, the Maxwell stress 
between the carbon grease inside and outside the 
balloon resulted in the desired deformation. 

To measure the deformation, we varied the size 

(or inner pressure) of the balloon and the magnitude 
of the voltage applied to the actuator. The 
measurements and analyses of the deformation were 
performed using a video. The video images were 
processed by an image processing software 
(ImageJ) and a markerless pose estimation software 
based on a machine learning system with deep 
neural networks (DeepLabCut). The Maxwell stress 
applied to the actuator was estimated based on the 
deformation results and discussed in the following 
section. 
 
3. Experiment 
3.1. Actuator with inflating deformation 

The actuator with inflating deformation was 
operated at different voltages while varying the 
diameter of the balloons. The actuated balloons are 
shown in Figure 5. The voltage range applied was 
from 0 to 5 kV. Once the voltage was initiated, the 
carbon grease on the surface of the actuator 
expanded in area, resulting in a noticeable 
deformation that increased slightly as the voltage 
was increased.  The relationship between the 
deformation and the voltage is shown in Fig. 6. As 
the voltage increased, the Maxwell stress also 
increased, resulting in a corresponding increase in 
the deformation. At high voltages, the actuator 
sometimes experienced a dielectric breakdown as 
the short diameter decreased. This breakdown could 
be attributed to the Maxwell stress further thinning 
the dielectric film, which was already reduced due Fig. 2. Actuator creation process 

Fig. 3. Structure of the actuator with inflating 
deformation 

Fig. 4. Structure of the actuator with squashed 
deformation 

Fig. 5. Deformation of the actuator with 
inflating deformation. The diameter of the 
balloon was 50 mm (upper), and 55 mm 
(lower) 
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to the balloon's enlargement. meter of the balloon 
increased due to the occurrence of electrical 
breakdown. This dielectric breakdown can be 
considered to have been caused by the Maxwell 
stress further thinning the film thickness, which was 
reduced by the balloon’s enlargement. 

 
3.2. Actuator with squashed deformation 
3.2.1. Characteristics of balloons 
  Prior to performing the experiment of the actuator 
with squashed deformation, we conducted an 
experiment to measure the deformation properties 
of the latex balloons. This experiment involved 
applying a vertical force to a balloon placed on an 
electrical balance and measuring the load. The 
deformation was measured for each internal 
pressure of the balloon, and the results are shown in 
Fig. 7. As shown, the deformation decreases as the 
internal pressure of the balloon increases. 
  When a vertical load is applied to a balloon, the 
force 𝐹𝐹𝐹𝐹 is given by the following equation: 

𝐹𝐹𝐹𝐹 = 𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋2

4
Δ𝑝𝑝𝑝𝑝          (1) 

where 𝐷𝐷𝐷𝐷  is the contact diameter, and Δ𝑝𝑝𝑝𝑝  is the 

pressure difference between inside and outside of a 
balloon. The relationship between the vertical force 
to a balloon and the contact diameter determined 
this theoretical equation, and qualitatively similar as 
the experimental results. 
 
3.2.2. Deformation measurement 
  The results of applying voltages of 0-5 kV while 
varying the internal pressure of the balloon are 
shown in Fig. 8. The measured contact diameter 
between the metal substrate and the balloon for each 
case is shown in Fig. 9. The deformation was 
smaller at 1 kV. The deformation would not reach 
the peak value because the Maxwell stress was too 
small. For voltages of 2 kV and above, there was 
little difference in the size of the deformation due to 
voltage, indicating that the deformation of this 
actuator was independent of the applied voltage. 
The reason for the lack of deformation at an internal 
pressure of 6 kPa would be due to nonlinear 
deformation of the natural rubber. The rubber would 
be stiffer just before reaching an internal pressure of 
6 kPa. 
  The contact diameter results obtained and the 
perpendicular force applied when a voltage is 
applied were estimated using equation (1). Figure 
10 shows the case of the applied voltage of 5 kV. 
The vertical force was decreasing where the internal 
pressure of the balloon exceeds 4 kV. This is 
considered to be due to the nonlinearity of rubber 
elasticity. 
 
4. Conclusion 
 We produced balloon type DEA that cause 

inflating and squashed deformation. We created two 
types of actuators that differed in the inner pressure 

Fig. 6. Deformation of the actuators. The 
diameter of the balloon was 50 mm (upper), and 
55 mm (lower) 

Fig. 7. Change of contact diameter of the balloon 
on the substrate 
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of the balloon and applied voltage, and we measured 
the deformation for each type. In the actuator with 
inflating deformations, we observed a slight 
variation in the amount of deformation with 
increasing voltage. For the actuator with squashed 
deformation, we noted a negligible difference in 
deformation magnitude despite applying varying 
voltage levels. Also, the value of Maxwell stress 
could be estimated by comparing the deformation 
when a vertical load was applied with that when a 
voltage was applied. These actuators could produce 
movements that mimic organisms such as pufferfish. 
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