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Supplementary Table 1. Bending angle and actuation speed in previous studies of 

underwater robots based on DEAs. 

Reference Bending 
angle [º] 

Actuation 
speed [º/s] Note 

Li et al. [1] 10.2 ~102.0 Actuation speed is estimated from the driving frequency. 
Cheng et al. [2] N/A N/A  

Christianson et al. [3] ~34.0 ~13.6 Bending angle and actuation speed are estimated from the tip 
deflection and the driving frequency. 

Kusama et al. [4] 21.8 ~21.8 Actuation speed is estimated from the driving frequency. 
Li et al. [5] 6.3 ~6.3 Actuation speed is estimated from the driving frequency. 

Wang et al. [6] 48.0 ~74.0 Actuation speed is estimated from the driving frequency. 

Shintake et al. [7] ~12.6 ~12.6 Bending angle and actuation speed are estimated from the tip 
deflection and the driving frequency. 

Wang et al. [8] 40.0 ~80.0 Actuation speed is estimated from the driving frequency. 
Zhang et al. [9] 5.0 ~50.0 Actuation speed is estimated from the driving frequency. 
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Supplementary Figure 1. Schematic illustrations of the actuator model. (a) Longitudinal 

view and cross-sectional view of the actuator. (b) Side view of the actuator in the bent state. (c) 

Cross-sectional view of the actuator structure considered in the model. 

 

Supplementary Note 1. Actuator model 

To predict the behavior of the proposed actuator and to facilitate its design, an analytical model 

was developed. The bending angle was determined by minimizing the total potential energy, 
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following the approach of previous studies [10,11]. The total potential energy considered in the 

model consists of strain energy, electrostatic energy, and bending energy. 

 

As shown in Supplementary Figure 1a, the structure consists of an OPP film, a top elastomer 

layer, an intermediate elastomer layer containing the chamber filled with water, and a bottom 

elastomer layer. When a voltage is applied to the actuator, the bottom layer is compressed in 

the thickness direction and expands in the longitudinal direction. On the other hand, the OPP 

film is non-stretchable and restricts the elongation. Due to the presence of the OPP film, the 

deformation in the thickness direction of the top elastomer layer is considered negligible. 

Therefore, in the model, the active layer is defined as the domain of the bottom elastomer layer 

sandwiched between the chamber and the surrounding water, as indicated by the orange region 

in Supplementary Figure 1a. The other parts are considered passive layers. Let 𝑙𝑙0 be the initial 

length along the longitudinal direction at the center of the bottom elastomer layer in the 

thickness direction, and 𝑙𝑙 be its length after voltage application. Defining the stretch ratio in the 

longitudinal direction as 𝜆𝜆1, the deformation of the bottom elastomer layer can be expressed as 

follows: 

 

𝑙𝑙 = 𝑙𝑙0𝜆𝜆1 (1) 

 

Since the elastomer is incompressible and its volume remains constant before and after 

deformation, the stretch ratios in the width and thickness directions, denoted as 𝜆𝜆2  and 𝜆𝜆3 , 

respectively, satisfy the following relationship: 

 

𝜆𝜆1𝜆𝜆2𝜆𝜆3 = 1 (2) 

 

The actuator is constrained from bending deformation and elongation in the width direction by 

the PET frames, so 𝜆𝜆2 = 1. From Equation (2), each stretch ratio is given as follows. 

 

𝜆𝜆1 =
𝑙𝑙
𝑙𝑙0

, 𝜆𝜆2 = 1, 𝜆𝜆3 =
1

𝜆𝜆1𝜆𝜆2
=

1
𝜆𝜆1

(3) 

 

Assuming that the actuator bends into an arc shape as shown in Supplementary Figure 1b, the 

length of the bottom elastomer layer can be expressed using the radius of curvature 𝑅𝑅 from the 

center of the arc to the OPP film and the central angle 𝜃𝜃 as follows: 
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𝑙𝑙 = �𝑅𝑅 + ℎ𝑝𝑝 + ℎ𝑐𝑐 +
ℎ𝑎𝑎
2
� 𝜃𝜃 

= 𝑙𝑙𝑜𝑜𝑜𝑜𝑜𝑜 + �ℎ𝑝𝑝0 + ℎ𝑐𝑐0 +
ℎ𝑎𝑎0𝜆𝜆3

2
�𝜃𝜃 

= 𝑙𝑙𝑜𝑜𝑜𝑜𝑜𝑜 + �ℎ𝑝𝑝0 + ℎ𝑐𝑐0 +
1
2
ℎ𝑎𝑎0

𝑙𝑙0
𝑙𝑙
� 𝜃𝜃 

↔  𝑙𝑙2 − �𝑙𝑙𝑜𝑜𝑜𝑜𝑜𝑜 + �ℎ𝑝𝑝0 + ℎ𝑐𝑐0�𝜃𝜃�𝑙𝑙 −
1
2
ℎ𝑎𝑎0𝑙𝑙0𝜃𝜃 = 0 (4) 

 

Here, 𝑙𝑙𝑜𝑜𝑜𝑜𝑜𝑜 represents the length of the OPP film, which is used as the reference length during 

deformation since it is non-extensible. Although 𝑅𝑅 is defined to the upper surface of the OPP 

film, the thickness of the OPP film ℎ𝑜𝑜𝑜𝑜𝑜𝑜  is neglected because it is much smaller than the 

thickness of the elastomer layers. The variables ℎ𝑝𝑝0, ℎ𝑐𝑐0, and ℎ𝑎𝑎0 denote the initial thicknesses 

of the top elastomer layer, intermediate layer, and active layer, respectively, before voltage 

application, while ℎ𝑝𝑝, ℎ𝑐𝑐, and ℎ𝑎𝑎 represent their thicknesses after voltage application. However, 

as the model assumes that only the active layer is subjected to electrostatic compression, the 

thickness of the top elastomer layer and intermediate layer are considered to be constant. 

 

In the model, the strain energy is considered only in the active layer (the orange region in 

Supplementary Figure 1a), which is the region subjected to electrostatic compression. This 

corresponds to the chamber region in the longitudinal direction of the actuator. The Yeoh 

hyperelastic model ([12]) is used to calculate the strain energy. The strain energy density 

function is expressed as follows: 

 

𝑊𝑊 = �𝑐𝑐𝑖𝑖(𝐼𝐼1 − 3)𝑖𝑖
3

𝑖𝑖=1

(5) 

 

where 𝑐𝑐𝑖𝑖  are material constants, and 𝐼𝐼1 = 𝜆𝜆12 + 𝜆𝜆22 + 𝜆𝜆32. Let 𝑤𝑤𝑐𝑐  be the width of the chamber 

region. From Equation (5), the strain energy can be expressed as follows: 

 

𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑣𝑣𝑣𝑣𝑣𝑣 ∙ 𝑊𝑊(𝜃𝜃) 

= 𝑙𝑙0𝑤𝑤𝑐𝑐0ℎ𝑎𝑎0�𝑐𝑐𝑖𝑖(𝜆𝜆12 + 𝜆𝜆22 + 𝜆𝜆32 − 3)𝑖𝑖
3

𝑖𝑖=1

(6) 
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The electrostatic energy at an applied voltage 𝑉𝑉 is defined as follows: 

 

𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = −
1
2
𝐶𝐶𝑉𝑉2 

= −
1
2
𝜀𝜀0𝜖𝜖𝑟𝑟

𝑙𝑙𝑤𝑤𝑐𝑐
ℎ𝑎𝑎

𝑉𝑉2 

= −
1
2
𝜀𝜀0𝜖𝜖𝑟𝑟

𝑙𝑙0𝜆𝜆1𝑤𝑤𝑐𝑐0𝜆𝜆2
ℎ𝑎𝑎0𝜆𝜆3

𝑉𝑉2 

= −
1
2
𝜀𝜀0𝜖𝜖𝑟𝑟

𝑙𝑙0𝑤𝑤𝑐𝑐0𝜆𝜆1
2

ℎ𝑎𝑎0
𝑉𝑉2 (7) 

 

where 𝐶𝐶 is the capacitance, 𝜀𝜀0 is the permittivity of free space, and 𝜀𝜀𝑟𝑟 is the relative permittivity 

of the elastomer. The electrostatic energy is considered negative because it represents the work 

done on the actuator by the external source. 

 

In the model, the bending energy is considered for the passive layers, namely the top elastomer 

layer, the intermediate elastomer layer filled with water, and the inactive domain of the bottom 

elastomer layer. As the chamber is filled with water and the volume of water remains constant 

and incompressible, the chamber section is also assumed to behave as an elastomer. To calculate 

the bending energy, the second moment of area was determined. For this purpose, the cross-

section was modeled as a U-shape, as shown in Supplementary Figure 1c, which corresponds 

to the cross-section without the active domain. The cross-section is divided into three regions: 

two regions of type A and one region of type B. The area 𝐴𝐴𝐴𝐴, centroid in the thickness direction 

𝐺𝐺𝐴𝐴, and second moment of area 𝐼𝐼𝐴𝐴 for region A are defined as follows: 

 

ℎ𝐵𝐵0 = ℎ𝑝𝑝0 + ℎ𝑐𝑐0 

 

𝐴𝐴𝐴𝐴 = 𝑤𝑤𝑚𝑚0 × (ℎ𝐵𝐵0 + ℎ𝑎𝑎0) 

 

𝐺𝐺𝐴𝐴 =
1
2

(ℎ𝐵𝐵0 + ℎ𝑎𝑎0) (8) 

 

𝐼𝐼𝐴𝐴 =
𝑤𝑤𝑚𝑚0 × (ℎ𝐵𝐵0 + ℎ𝑎𝑎0)3

12
(9) 
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The area 𝐴𝐴𝐵𝐵, centroid in the thickness direction 𝐺𝐺𝐵𝐵, and second moment of area 𝐼𝐼𝐵𝐵 for region B 

are defined as follows: 

 

𝐴𝐴𝐵𝐵 = 𝑤𝑤𝑐𝑐0 × ℎ𝐵𝐵0 

𝐺𝐺𝐵𝐵 =
1
2
ℎ𝐵𝐵0 (10) 

𝐼𝐼𝐵𝐵 =
𝑤𝑤𝑐𝑐0 × ℎ𝐵𝐵0

3

12
(11) 

 

The centroid in the thickness direction 𝐺𝐺𝑈𝑈for the entire U-shaped structure, including both 

regions A and B, was determined based on the moment balance. The total area 𝐴𝐴𝑈𝑈 is the sum 

of the areas of A and B. 

 

𝐴𝐴𝑈𝑈 = 2𝐴𝐴𝐴𝐴 + 𝐴𝐴𝐵𝐵 

𝐴𝐴𝑈𝑈 × 𝐺𝐺𝑈𝑈 = 2𝐴𝐴𝐴𝐴 × 𝐺𝐺𝐴𝐴 + 𝐴𝐴𝐵𝐵 × 𝐺𝐺𝐵𝐵 

𝐺𝐺𝑈𝑈 =
2𝐴𝐴𝑆𝑆 × 𝐺𝐺𝐴𝐴 + 𝐴𝐴𝐵𝐵 × 𝐺𝐺𝐵𝐵

𝐴𝐴𝑈𝑈
(12) 

 

Using the parallel axis theorem, the second moments of area of regions A and B around their 

respective centroids, 𝐺𝐺𝐴𝐴  and 𝐺𝐺𝐵𝐵 , were transformed to the centroidal axis of the U-shaped 

structure  𝐺𝐺𝑈𝑈 . Based on Equations (8), (9), (10), and (11), the following expressions are 

obtained: 

 

𝐼𝐼𝐴𝐴′ = 𝐼𝐼𝐴𝐴 + 𝐴𝐴𝐴𝐴 × (𝐺𝐺𝐴𝐴 − 𝐺𝐺𝑈𝑈)2 (13) 

𝐼𝐼𝐵𝐵′ = 𝐼𝐼𝐵𝐵 + 𝐴𝐴𝑠𝑠 × (𝐺𝐺𝑈𝑈 − 𝐺𝐺𝐵𝐵)2 (14) 

 

Based on Equations (13) and (14), the second moment of area for the U-shaped cross-section, 

𝐼𝐼𝑈𝑈, is given by the following expression: 

 

𝐼𝐼𝑈𝑈 = 2𝐼𝐼𝐴𝐴′ + 𝐼𝐼𝐵𝐵′ (15) 

 

From the second moment of area calculated in Equation (15), the bending energy can be 

calculated as follows: 
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𝑈𝑈𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
1
2
𝐾𝐾𝜃𝜃2 

=
1
2
𝑌𝑌𝐼𝐼𝑈𝑈
𝑙𝑙
𝜃𝜃2 (16) 

 

where 𝐾𝐾  is the rotational spring constant, and 𝑌𝑌  is the Young's modulus of the elastomer. 

The total potential energy of the actuator is the sum of Equations (6), (7), and (16): 

 

𝑈𝑈𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑈𝑈𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (17) 

 

Minimizing Equation (17) is equivalent to solving the following equation: 

 
𝜕𝜕𝑈𝑈𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝜕𝜕𝜕𝜕

= 0 (18) 

 

Accordingly, the bending angle of the actuator with respect to the applied voltage can be 

determined. Table 2 summarizes the values of the parameters used for the design and prediction 

of the actual device. 

 

Supplementary Table 2. Parameters used in the analytical model of the actuator. 

Dimensions  
 OPP film thickness ℎ𝑜𝑜𝑜𝑜𝑜𝑜 20 µm 
 OPP film length 𝑙𝑙𝑜𝑜𝑜𝑜𝑜𝑜 60 mm 
 Top elastomer layer thickness ℎ𝑝𝑝0 0.5 mm 

   Intermediate elastomer layer thickness ℎ𝑐𝑐0 0.5 mm 
   Chamber width 𝑤𝑤𝑐𝑐0 20 mm 
   Margin width 𝑤𝑤𝑚𝑚0 5 mm 
   Bottom elastomer layer thickness ℎ𝑎𝑎0 0.5 mm 
Material property  
   Elastomer  
     Dielectric constant 𝜀𝜀𝑟𝑟 3.21*1 

     Material constant 𝐶𝐶1 0.014070  MPa*2 

     Material constant 𝐶𝐶2 −1.8493 × 10−4 MPa*2 
     Material constant 𝐶𝐶3 4.042 × 10−6 MPa*2 
     Young’s modulus 𝑌𝑌 0.26 MPa*3 

 Other parameters  
   Permittivity of free space 𝜀𝜀0 8.85 × 10−12 F/m 
*1 Dielectric constant of VHB4905 at 1 kHz, taken from Ref. [13]. 
*2 Yeoh model material constants of VHB4905, taken from Ref. [14]. 
*3 Young’s modulus of VHB4905, taken from Ref. [15]. 

 



  

9 
 

 
Supplementary Figure 2. Dimensions of the actuator components. (a) Intermediate 

elastomer layer defining the chamber and tube insertion region. (b) PET frame used to reinforce 

the actuator and constrain lateral deformation. (c) OPP film used as a flexible but non-

stretchable constraint layer. 
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