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Abstract—Origami-inspired robots are automated machines that 

achieve deformation and function through folding. This letter 

models and characterizes two dielectric elastomer folding actuators, 

and proposes a new method for driving origami-inspired robots. 

Multilayer bending dielectric elastomer actuators (MBDEAs) and 

minimum energy structural dielectric elastomer actuators 

(MESDEAs) are placed at the creases to drive a rigid 

origami-inspired robot joint. We establish an analytical model of 

MBDEAs based on beam bending theory. This model establishes 

the relationships between the deformation angle and output 

moment of the MBDEA and the input electric field intensity 

according to the design parameters. In addition, a design model of 

MESDEAs with the rectangular hollow area is presented for the 

equilibrium deformation angle and maximum output moment. The 

analytical model of MBDEAs for the deformation angle and the 

design model of MESDEAs are both preliminarily verified by 

experiments. Finally, we realize the drive of the joint based on 

MBDEAs and MESDEAs. The design and model are evaluated 

through experiments. This work paves the way for subsequent 

motion control of origami-inspired robots and further expands the 

application fields of dielectric elastomer actuators (DEAs). 

 
Index Terms—Origami-inspired robots, multilayer bending 

dielectric elastomer actuators, minimum energy structural 

dielectric elastomer actuators, dielectric elastomer actuators. 

 

I. INTRODUCTION  

RIGAMI-INSPIRED robots have shown great prospects in 

service, medical treatment, space exploration, and other 

fields [1]. Origami-inspired robots are automated 

machines that achieve deformation and function through 

folding. The origami-inspired robot transformed from 

two-dimensional sheets into three-dimensional structures 

through folding joints. And the three-dimensional origami 

structures can be reconfigured by programming, and 
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volumetrically changed from resting state to various desired 

shapes [2]. Origami folding joints, called hinges, are very 

important for origami-inspired robots and determine the 

movability and the build-in compliance of the origami-inspired 

robot [3]. The shape changes of the origami-inspired robot are 

determined by the folding pattern and embedded actuators. 

Many actuators have been used in origami-inspired robots, such 

as pneumatic [4]-[7], magnetic [8]-[11], cable [12]-[15], and 

active materials [8], [16]-[20]. 

Self-actuating origami-inspired robots driven by smart 

materials, such as electroactive polymers (EAPs), shape 

memory alloys (SMAs) or shape memory polymers (SMPs), 

have simple structures and flexible deformation. Combining 

origami structures with smart materials can make full use of 

their advantages, realize the conversion of origami structures 

from “folded” to “self-folded” and make the deformation of 

origami-inspired robots more “intelligent”. Most existing 

studies apply thermal-active materials to origami folding joints. 

However, it is difficult to control the temperature field quickly 

and accurately, and there are efficiency problems in the heating 

and cooling process, which obviously limits the application of 

origami-inspired robots. Dielectric elastomer (DE), a kind of 

EAP, can produces deformation under the electric field. 

Compared with other smart materials like SMA, SMP and 

conductive films, DEs have many advantages such as large 

deformation, rapid response and their working conditions are 

easy to achieve [21]. Therefore, they show great prospects in 

driving origami-inspired robots. However, there are few studies 

on applying DEs to origami-inspired robots. Generally, a 

dielectric elastomer actuator (DEA) consists of a DE film with 

compliant electrodes covering on both sides. When an electric 

field works on the compliant electrodes, the DE film will 

compress in thickness and extend in plane [22]. According to 

DEA’s actuation principle, various actuators have been made 

[23]-[31]. Among them, DEAs based on multilayered 

unimorph and minimum energy structure do not need rigid 

support, are simple to fabricate and can achieve folding motion, 

so they are more suitable for folding hinges. 

In this letter, DEAs based on multilayered unimorph and 

minimum energy structure are called multilayer bending 

dielectric elastomer actuators (MBDEAs) and minimum energy 

structural dielectric elastomer actuators (MESDEAs), 

respectively. The deformation angle and output moment are 

two important performance indicators of actuators, especially 

in the driving aspect of origami-inspired robots. The 

deformation angle and output moment of MBDEAs and 

MESDEAs are related to many of their design parameters, so it 

is necessary to investigate the design methods for both DEAs. 
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Balakrisnan et al. applied the model developed by Devoe et al. 

[32] to EAP-based bending actuators with at most two active 

layers [33]. The model did not consider the DE material’s 

electromechanical response or the effect of the number of 

active layers on actuator’s performance. Ahmed et al. 

developed sets of nondimensional expressions for curvature, 

displacement at the tip and blocked force induced by the 

electric field, considering various design parameters (thickness, 

layers’ number, Young’s modulus, and electric field intensity, 

etc.) to guide the experimental design and fabrication of 

multilayered EAP actuators, and used P(VDF–TrFE–CTFE) to 

verify the analytical model by experiments [18]. Kai et al. 

presented a multilayer membrane element based on absolute 

nodal coordinate formulation for multilayer DEAs’ dynamic 

modeling, considering the coupling of rigid-body motion and 

large deformation to the electric field [34]. In addition, O’Brien 

et al. used a hybrid Arruda–Boyce strain energy function to 

characterize DEMES behavior [35], [36]. Rosset et al. used the 

minimum energy principle (sum of DE film’s strain energy, the 

electrostatic energy and the frame’s bending energy) to model 

and design a MESDEA [37]. Above models [34]-[37] all used 

energy density equations of hyperelastic materials to 

characterize DE’s constitutive behaviors. However, it is 

difficult to accurately measure the mechanical parameters in 

energy density equations due to DE’s viscoelasticity. Wang et 

al. proposed that DE film’s moment to the elastic frame is 

proportional to its volume in the hollow area and verified it, 

then presented a design method of MESDEAs with the double 

semicircular hollow area [38]. 

Here, two dielectric elastomer folding actuators namely 

MBDEAs and MESDEAs, are modeled and characterized for 

origami-inspired robots. And DEAs are integrated for the first 

time to drive a rigid origami-inspired robot joint. We establish 

an analytical model of the MBDEA’s deformation angle and 

output moment and use VHB F9473PC for experimental 

verification. In addition, a design model of MESDEAs with 

rectangular hollow areas for the equilibrium deformation angle 

and maximum output moment is presented. 

II. MODELING 

A. Origami-inspired Robot Joint 

To explore the application potential of DEAs in 

origami-inspired robots, we select a rigid origami-inspired 

robot joint for experimentation. Fig. 1 shows the structure of 

the joint which is composed of two sheets and three legs. The 

folding sheets can be made from 3D-printed resin or laser-cut 

plastic sheets, with soft materials such as silicone at the creases. 

The joint can produce telescopic and bending deformation, and 

has three degrees of freedom, as shown in Fig. 1. 

Fig. 2 shows the prototype of the origami-inspired robot joint. 

The crease together with its adjacent hexagonal sheet and 

pentagonal sheet is defined as an origami folding hinge in this 

letter. The telescopic displacement and bending angle of the 

joint depend on the three legs.  To control the deformation of 

the joint, we use MBDEAs and MESDEAs placed at the creases 

to directly drive the origami folding hinges, as shown in Fig. 2. 

The folding sheets are made by 3D printing with a thickness of 

0.7 mm. The side length a of the two hexagonal sheets and the 

length l of the legs’ pentagonal sheets are both 50 mm. The six 

sheets of each leg are connected by tapes, and the three legs are 

connected with the two hexagonal sheets by shrink films. The 

joint is initially elongated. Besides, the driving voltage of DE is 

large (kV level), so a high voltage power supply (EMCO 

Q101-5) is used to connect the compliant electrodes. 

 

Fig. 1. Three states of the origami-inspired robot joint. 

 

Fig. 2. The DEAs driven Origami-inspired robot joint. 

B. Modeling of MBDEAs 

1) Working Principle of MBDEAs 

The MBDEA consists of active and passive layers. The role 

of the passive layer is to hinder the deformation of the active 

layer when it intends to stretch under an electric field. And the 

strain imbalance will result in MBDEA’s bending deformation, 

as shown in Fig. 3(a). The active layer is one layer of DE film 

with compliant electrodes covering on both sides and the 

passive layer is also a flexible material (such as PDMS, scotch 

tape, or DE without covering electrodes, etc.). The deformation 

angle and output moment of the MBDEA depend on many 

factors, including: the type, size and number of layers of the DE 

and passive layer. 

2) Analytical model of MBDEAs 

The analytical model of MBDEAs is based on beam bending 

theory and considers the nonlinear relationship between the 

induced stress and the applied electric field. The multilayer 

system includes passive layers and DEs, and the electrodes are 

ignored because of their small thickness. The section of the 

MBDEA is shown in Fig. 3(b). When the MBDEA bends, the 

relationship between strain 𝜀 and height y is: 

 ε(y) = 𝜀0
′ +

𝑦

𝜌
= 𝜀0

′ + 𝑦𝜅; −𝑡𝑝 ≤ 𝑦 ≤ ℎ𝑛 (1) 

where 𝜀(𝑦) represents the strain at height y, 𝜀0
′  is the strain 

when y=0, 𝜌 is MBDEA’s curvature radius, 𝜅  is MBDEA’s 

curvature, 𝑡𝑝 is the thickness of the passive layer, and ℎ𝑛 = 𝑛𝑡𝑎 

is n-layer DEs’ height. For the passive layer, 

 𝜎𝑝 = 𝑌𝑝𝜀𝑝 = 𝑌𝑝(𝜀0
′ + 𝑦𝜅); −𝑡𝑝 ≤ 𝑦 ≤ 0 (2) 
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where 𝑌𝑝 is the elastic modulus of the passive layer, 𝜎𝑝 is the 

normal stress on the passive layer’s section. Also, the normal 

stress on the section of DE is: 

 𝜎𝑎 = 𝑌𝑎(𝜀0
′ + 𝑦𝜅 − 𝑀𝑎𝐸2);  0 ≤ 𝑦 ≤ ℎ𝑛 (3) 

 𝑀𝑎 =
𝜇𝜀0𝜀𝑟

𝑌𝑎
 (4) 

where 𝜎𝑎 is the normal stress on the section, 𝑌𝑎 is DE’s elastic 

modulus, 𝑀𝑎 is DE’s electrostrictive coefficient [39], which is 

calculated by (4), 𝜇  is DE’s Poisson’s ratio, 𝜀0  is the 

permittivity in vacuum with the value of 8.854 × 10−12 F m⁄ , 

and 𝜀𝑟 is DE’s relative permittivity which depends on the type 

of material. When there is no external force or moment 

applying to the MBDEA, its resultant force and moment are 

both zero: 

 ∫ 𝜎 𝑑𝐴 = 0
ℎ𝑛

−𝑡𝑝
 ⟹ ∫ 𝜎𝑝𝑑𝐴 + ∫ 𝜎𝑎𝑑𝐴 = 0

ℎ𝑛

0

0

−𝑡𝑝
 (5) 

 ∫ 𝜎𝑦 𝑑𝐴 = 0
ℎ𝑛

−𝑡𝑝
 ⟹ ∫ 𝜎𝑝𝑦𝑑𝐴 + ∫ 𝜎𝑎𝑦𝑑𝐴 = 0

ℎ𝑛

0

0

−𝑡𝑝
 (6) 

Substituting (2) and (3) into (5) and (6), then the expression of 

𝜅 is obtained: 

 𝜅 = [
6𝑛𝛼𝛽(𝑛+𝛼)

4𝑛𝛼3𝛽+4𝑛3𝛼𝛽+𝛼4𝛽2+𝑛4+6𝑛2𝛼2𝛽
]

𝑀𝑎𝐸2

𝑡𝑎
 (7) 

where n is the number of layers of DE, 𝛼 =
𝑡𝑝

𝑡𝑎
, 𝛽 =

𝑌𝑝

𝑌𝑎
, E is the 

external applied electric field intensity and its relationship with 

voltage V is 𝐸 =
𝑉

𝑡𝑎
, and 𝑡𝑎 is the thickness of the DE.    

 

(a) Bending principle 

 

(b) Section diagram 

Fig. 3. MBDEA’s bending principle and section diagram. 

Then the deformation angle 𝜃 at the end of the MBDEA is: 

 𝜃 = 𝜅𝐿 (8) 

where L is the length of the MBDEA. Regarding the MBDEA 

as a purely curved beam, the electric field applied to the 

MBDEA can be converted into an equivalent bending moment, 

so the output moment of the MBDEA is, 

 𝑀 =
𝑌𝐼

𝜌
= 𝑌𝐼𝜅 (9) 

where YI is MBDEA’s equivalent bending stiffness, 

 𝑌𝐼 = 𝑏 ∫ 𝑌(𝑦)𝑦2𝑑𝑦
ℎ

2

−
ℎ

2

=
𝑏𝑌𝑎𝑡𝑎

3

3
(

𝑛3+3𝑛𝛼2+𝛼3𝛽+3𝑛2𝛼𝛽

4
)  (10) 

where b is MBDEA’s width. 

Note that some assumptions are made when deriving the 

above equations: (1) at room temperature, change of DE’s 

elastic modulus is small [40], and is regarded as a constant for 

the convenience of analysis; (2) the MBDEA deforms 

uniformly and the induced curvature stays constant on the 

bending curve of the entire actuator; (3) the section is still plane 

after deformation; (4) the radius of curvature is very large 

relative to the MBDEA’s thickness. 

C. Modeling of MESDEAs 

1) Working principle of MESDEAs 

The MESDEA is composed of a DE film with compliant 

electrodes covering on both sides (the active layer), two 

stiffeners and one elastic frame. The structure is shown in Fig. 

4(a). First, we biaxially pre-stretch the DE film, and apply 

compliant electrodes to both sides of the film according to the 

hollow area’s shape, then we paste the elastic frame and 

stiffeners on different sides of the film. Fig. 4(b) shows the 

completed MESDEA. Part of the pre-stretched film’s strain 

energy is converted into the elastic frame’s bending energy. 

The MESDEA eventually settles at the minimum energy state. 

And the MESDEA folds only about the y-axis because the 

stiffeners increase its bending stiffness about the x-axis. When 

the electrodes are powered on, the film will compress in 

thickness and extend in plane. It will offset some of the internal 

stress of the pre-stretched film, thereby breaking the current 

equilibrium state of the MESDEA. As shown in Fig. 4(b), the 

MESDEA will fold a certain angle about the y-axis toward 

plane direction because of the bending moment of elastic frame 

and stabilize in another equilibrium state. 

 

Fig. 4. The MESDEA’s structure and working principle. 

2) Design Model of MESDEAs 

According to the MESDEA’s working principle, different 

from MBDEA, the angle of the MESDEA at the initial 

equilibrium state is the maximum deformation angle. And in 

the initial state, if a voltage is applied to release the internal 

stress of the pre-stretched DE, the maximum output moment of 

MESDEA is the restoring moment of the elastic frame. The 

maximum deformation angle and maximum output moment of 

the MESDEA are two basic indicators, and are both determined 

by its initial state. Therefore, it is necessary to propose a design 

model for the initial state of the MESDEA. 

The MESDEA’s structural dimensions are shown in Fig. 5, 

and the shape of the elastic frame’s hollow area is rectangular. 

When MESDEA is in equilibrium, the film’s moment 𝑀𝑓𝑖𝑙𝑚 to 

elastic frame is equal to the elastic frame’s bending moment 
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𝑀𝑓𝑟𝑎𝑚𝑒 . Due to the viscoelasticity and hyperelasticity of DE 

and the special saddle surface formed by the film, its moment at 

different deformation angles 𝜃  cannot be directly expressed 

analytically when the MESDEA does not reach the equilibrium 

state. However, 

 𝑀(𝜃) = 𝑀𝑓𝑖𝑙𝑚(𝜃) + 𝑀𝑓𝑟𝑎𝑚𝑒(𝜃) (11) 

where 𝑀(𝜃)  is the MESDEA’s output moment at different 

deformation angles. To obtain 𝑀𝑓𝑖𝑙𝑚(𝜃) , we can use the 

equivalent moment calibration method [41] to measure 𝑀(𝜃) 

and the elastic frame’s bending moment 𝑀𝑓𝑟𝑎𝑚𝑒(𝜃). 𝑀(𝜃) is 

measured during the change of MESDEA from the planar state 

to the bending equilibrium state. 𝑀𝑓𝑟𝑎𝑚𝑒(𝜃)  is measured 

during the change from the bending state to the planar state 

after removing the DE film in the hollow area. In this way, we 

can get 𝑀𝑓𝑖𝑙𝑚(𝜃)  through (11). When MESDEA is in 

equilibrium, the elastic frame’s bending moment is also equal 

to the DE film’s moment to the elastic frame, which is, 

 𝑀𝑚𝑎𝑥 = 𝑀𝑓𝑟𝑎𝑚𝑒(𝜃𝑒) = 𝑀𝑓𝑖𝑙𝑚(𝜃𝑒) (12) 

where 𝑀𝑚𝑎𝑥  is the maximum output moment and 𝜃𝑒  is the 

equilibrium angle of the MESDEA. 

In addition, for MESDEAs, with the same deformation angle, 

pre-stretch ratio and hollow area shape, the ratio of DE film’s 

moment to its volume in hollow area is constant [38], that is, 

 𝑀𝑓𝑖𝑙𝑚 = 𝑘𝑉𝑓𝑖𝑙𝑚 (13) 

 𝑉𝑓𝑖𝑙𝑚 = 𝑙𝑏ℎ = 𝑙𝑏𝑛ℎ𝑓𝑖𝑙𝑚 (14) 

where k is a constant, 𝑉𝑓𝑖𝑙𝑚 is the volume of DE films in the 

elastic frame’s hollow area, n is the number of films’ layers, 

and ℎ𝑓𝑖𝑙𝑚  is one-layer pre-stretched film’s thickness. 

According to (15), if 𝑀𝑓𝑖𝑙𝑚−1(𝜃) and 𝑉𝑓𝑖𝑙𝑚−1 of a MESDEA 

are known, the 𝑉𝑓𝑖𝑙𝑚−2  of another MESDEA with the 

equilibrium deformation angle of 𝜃2 and the maximum output 

moment of 𝑀𝑚𝑎𝑥−2  can be calculated, and then other size 

parameters of the MESDEA can be designed. 

 
𝑀𝑓𝑖𝑙𝑚−1(𝜃2)

𝑀𝑚𝑎𝑥−2
=

𝑀𝑓𝑖𝑙𝑚−1(𝜃2)

𝑀𝑓𝑖𝑙𝑚−2(𝜃2)
=

𝑉𝑓𝑖𝑙𝑚−1

𝑉𝑓𝑖𝑙𝑚−2
 (15) 

Now, a sample MESDEA is selected and its 𝑀𝑓𝑖𝑙𝑚−𝑠(𝜃), 𝑙𝑠, 

𝑏𝑠 and 𝑛𝑠 are recorded. We intend to design a MESDEA whose 

equilibrium deformation angle is 𝜃𝑑 and the maximum output 

moment is 𝑀𝑚𝑎𝑥−𝑑 = 𝑀𝑓𝑟𝑎𝑚𝑒−𝑑(𝜃𝑑) = 𝑀𝑓𝑖𝑙𝑚−𝑑(𝜃𝑑) . 

According to (13) and (14): 

 
𝑀𝑚𝑎𝑥−𝑑

𝑀𝑓𝑖𝑙𝑚−𝑠(𝜃𝑑)
=

𝑉𝑑

𝑉𝑠
=

𝑙𝑑

𝑙𝑠
∙

𝑏𝑑

𝑏𝑠
∙

𝑛𝑑

𝑛𝑠
 (16) 

The subscript ‘s’ represents the parameters of the sample 

MESDEA, while the subscript ‘d’ represents the parameters of 

the designed MESDEA. Therefore, we can design the 

MESDEA’s 𝑙𝑑 , 𝑏𝑑  and 𝑛𝑑  through (16). Besides, the elastic 

frame’s bending moment at different folding angles 𝜃 is: 

 𝑀𝑓𝑟𝑎𝑚𝑒(𝜃) =
𝐸(𝑤−𝑏)𝑡3𝜃

12𝑙
 (17) 

where E is the elastic frame’s elastic modulus. When the 

designed MESDEA is at initial equilibrium deformation angle,  

 𝑀𝑚𝑎𝑥−𝑑 = 𝑀𝑓𝑟𝑎𝑚𝑒−𝑑(𝜃𝑑) =
𝐸(𝑤𝑑−𝑏𝑑)𝑡𝑑

3𝜃𝑑

12𝑙𝑑
 (18) 

Determine 𝑡𝑑  according to optional elastic frames, and then 

calculate 𝑤𝑑  by (18). The elastic frame’s length 𝐿𝑑  and 

stiffeners’ thickness 𝑠𝑑 do not affect the designed MESDEA’s 

𝜃𝑑  and 𝑀𝑚𝑎𝑥−𝑑 , so we can determine the two parameters 

according to actual requirements. Thus far, all of the designed 

MESDEA’s parameters (𝑙𝑑 , 𝑏𝑑 , 𝑛𝑑 , 𝑡𝑑 , 𝑤𝑑 , 𝑠𝑑  and 𝐿𝑑 ) are 

determined. With these parameters, the MESDEA whose 

equilibrium deformation angle is 𝜃𝑑 and the maximum output 

moment is 𝑀𝑚𝑎𝑥−𝑑  can be fabricated. In summary, with a 

sample MESDEA’s 𝑉𝑓𝑖𝑙𝑚  and 𝑀𝑓𝑖𝑙𝑚(𝜃) , the MESDEA that 

meets the required indicators (the equilibrium deformation 

angle 𝜃𝑒  and maximum output moment 𝑀𝑚𝑎𝑥 ) can be 

designed. 

 
L: the elastic frame’s length; w: the elastic frame’s width; t: the elastic frame’s 

thickness; s: the stiffener’s thickness; l: the hollow area’s length; b: the hollow 

area’s width. 

Fig. 5. The MESDEA’s structural dimensions. 

III. EXPERIMENTS AND RESULTS 

A. Effects of Design Parameters Inferred from MBDEA’s 

Model 

We intend to first investigate the effect of the number of 

active layers on MBDEA’s deformation angle and output 

moment through the analytical model. Select VHB F9473PC 

coated with compliant electrodes on both sides as the active 

layer, VHB F9473PC without coated electrodes as the passive 

layer, and carbon grease as the compliant electrodes. The 

design parameters of the MBDEA are shown in Table Ⅰ. The 

relationship between the MBDEA’s deformation angle 𝜃 , 

output moment M and input electric field intensity E obtained 

from (8) and (9) are shown in Fig. 6. 
TABLE Ⅰ 

DESIGN PARAMETERS OF THE MBDEA 

Description Symbol Value 

Number of active layers n 1, 3, 9 

Thickness ratio of the passive 

layer to the active layer 
𝛼 1 

Ratio of elastic modulus of the 
passive layer to the active layer 

𝛽 1 

Electrostrictive coefficient of DE 𝑀𝑎 4.16 × 10−17  m2 V2⁄  

Thickness of DE 𝑡𝑎 0.26 mm 

Elastic modulus of DE 𝑌𝑎 0.5 MPa [40] 

Length of the MBDEA L 20 mm 

Width of the MBDEA b 15 mm 
 

Fig. 6 shows that as the number of active layers increases, the 

deformation angle of the MBDEA decreases while the output 

moment increases. And both the deformation angle and output 

moment are nonlinear with the electric field intensity. In 

addition, according to (8), the deformation angle of the 
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MBDEA is proportional to its length; according to (9), the 

output moment of the MBDEA is proportional to its width. 

 
 (a) Deformation angle  (b) Output moment 

Fig. 6. MBDEA’s analytical curve. 

B. Experimental Exploration of MBDEAs 

We only explore the deformation of MBDEAs in this letter. 

From (7) and (8), it can be known that after materials are 

determined, the deformation angle of MBDEA is related to the 

number of active layers n, length L and electric field intensity E. 

When the active layers’ number and length of the MBDEA are 

3 and 36 mm, and two pieces of paper with length of 15 mm are 

pasted on one side to ensure the MBDEA only folds along the 

length direction at the crease. Then the crease’s length is 6 mm, 

which is L in the analytical model. Through extensive 

experiments, we find that VHB F9473PC is broken down when 

the electric field intensity is approximately 29 MV/m. Then we 

set the range of electric field intensity within 27 MV/m. The 

experimental data and analytical curve are shown in Fig. 7(a). 

In addition, when n=1 and the crease’s lengths are 3 mm and 6 

mm respectively, the experimental and analytical results are 

shown in Fig. 7(b) and (c); when n=2 and the crease’s length is 

10 mm, the results are shown in Fig. 7(d). 

Comparing Fig. 7(a) and (c), it can be seen that the folding 

angle of the MBDEA decreases as n increases. From Fig. 7(b) 

and (c), the folding angle increases as L increases and the 

relationship is almost linear. The effects of n and L on the 

folding angle of the MBDEA are consistent with the analysis. 

In addition, comparing Fig. 7(c) and (d), shows that the 

experimental results and analytical curves of the two MBDEAs 

are close. This is because although the n of the MBDEA in Fig. 

7(d) is twice that of the MBDEA in Fig. 7(c), its L is 1.67 times 

that of the MBDEA in Fig. 7(c). The effect of decreasing 

folding angle caused by increasing the number of active layers 

is offset by increasing length. Besides, the error between 

experimental data and analytical curve is small when the 

intensity of electric field is low, and gradually increases when 

the electric field intensity increases. This is because in the 

derivation of the analytical model, it is assumed that the 

stress-strain relationship of DE is linear, but in fact, when 

MBDEA gradually bends, the strain of DE increases and its 

elastic modulus 𝑌𝑎 decreases [42]. According to (4), (7) and (8), 

the decrease in 𝑌𝑎  leads to an increase in 𝑀𝑎 , which in turn 

leads to an increase in 𝜅 and 𝜃. Moreover, in the bending of 

MBDEA, from (7) and (8), the decrease in DE’s thickness 𝑡𝑎 

and increase in length L also lead to the increase in 𝜃. All these 

aspects cause the angle error to increase with increasing input 

electric field intensity. 

Then, the MBDEAs whose n=3, L=6 mm are used to drive 

the origami-inspired robot joint. Based on the deformation 

characteristic of MBDEAs, they are placed on the four creases 

between the pentagonal sheets and the triangular sheets of one 

leg. Fig. 7(e) shows the change of the origami folding hinge 

after MBDEAs are powered on. When the driving voltage is 7 

kV, that is, the input electric field intensity is 27 MV/m, the 

angle change of the origami folding hinge is 4°. However, Fig. 

7(a) shows that the same MBDEA’s folding angle is 25° with 

an input electric field intensity of 27 MV/m, which is much l- 

arger than it is in the joint. This is because the output moment of 

MBDEAs is too small to overcome the folding resistance 

created at the creases when the joint bends. 

 
 (a) n=3, L=6 mm  (b) n=1, L=3 mm 

 
 (c) n=1, L=6 mm  (d) n=2, L=10 mm 

 
(e) 

Fig. 7. Experiments of the MBDEA and origami-inspired robot joint. (a-d) 

Comparisons of experimental data and analytical curves. (e) Drive of the 
origami-inspired robot joint. 

C. Experimental Exploration of MESDEAs 

In the experiments of MESDEAs, VHB 4910 is selected as 

DE, carbon greases are selected as compliant electrodes, PET is 

used as the elastic frame, and stiffeners are made by 3D printing. 

To verify the design model in Section Ⅱ C, a sample MESDEA 

(Fig. 8(a)) is selected and its parameters are shown in Table Ⅱ. 

We intend to design a MESDEA whose equilibrium 

deformation angle is 90° and its maximum output moment is 

about twice the sample MESDEA’s. We first take 𝑏𝑑, 𝑙𝑑 and 

𝑛𝑑 as 20 mm, 35 mm and 3, then, 

 
𝑀𝑚𝑎𝑥−𝑑

𝑀𝑚𝑎𝑥−𝑠
=

𝑀𝑓𝑟𝑎𝑚𝑒−𝑑(𝜃𝑑)

𝑀𝑓𝑟𝑎𝑚𝑒−𝑠(𝜃𝑠)
=

𝑀𝑓𝑖𝑙𝑚−𝑑(𝜃𝑑)

𝑀𝑓𝑖𝑙𝑚−𝑠(𝜃𝑠)
=

𝑀𝑓𝑖𝑙𝑚−𝑑(90°)

𝑀𝑓𝑖𝑙𝑚−𝑠(90°)
=

𝑉𝑑

𝑉𝑠
=

𝑙𝑑

𝑙𝑠
∙

𝑏𝑑

𝑏𝑠
∙

𝑛𝑑

𝑛𝑠
= 2.1  (21) 
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The designed MESDEA’s maximum output moment is 2.1 

times the sample MESDEA’s. When the sample and designed 

MESDEAs are at initial equilibrium deformation angles, 

 
𝐸(𝑤𝑑−𝑏𝑑)𝑡𝑑

3𝜃𝑑

12𝑙𝑑
= 2.1 ×

𝐸(𝑤𝑠−𝑏𝑠)𝑡𝑠
3𝜃𝑠

12𝑙𝑠
 (22) 

which is, 

 
(𝑤𝑑−20)𝑡𝑑

3

35
= 0.0049 (23) 

TABLE Ⅱ 

THE SAMPLE AND DESIGNED MESDEAS’ PARAMETERS 

The sample MESDEA The designed MESDEA 

Pre-stretch 

ratio 
400%×200% 

Pre-stretch 

ratio 
400%×200% 

𝜃𝑠 90° 𝜃𝑑 90° 

𝑊𝑠 30 mm 𝑊𝑑 30 mm 

𝑡𝑠 0.18 mm 𝑡𝑑 0.26 mm 

𝑙𝑠 25 mm 𝑙𝑑 35 mm 

𝑏𝑠 20 mm 𝑏𝑑 20 mm 

𝑛𝑠 2 𝑛𝑑 3 

𝐿𝑠 50 mm 𝐿𝑑 55 mm 

𝑠𝑠 0.7 mm 𝑠𝑑 0.7 mm 

There are optional PET sheets whose thickness is 0.26 mm, 

so take 𝑡𝑑 = 0.26 mm and is substituted into (23) to get 𝑤𝑑 =
29.76 mm. Then we take 𝑤𝑑 = 30 mm for the convenience of 

fabrication. As a result, 𝑀𝑓𝑟𝑎𝑚𝑒−𝑑 𝑀𝑓𝑟𝑎𝑚𝑒−𝑠⁄ = 2.15, and the 

error is only 2.38% compared to the expected ratio of 2.1. The 

final designed MESDEA’s parameters are shown in Table Ⅱ, 

and its initial deformation angle is shown in Fig. 8(b). As seen 

from Fig. 8, with the design model in Section Ⅱ C, the designed 

MESDEA’s initial deformation angle (right) is also 90°, which 

is the same as that of the sample MESDEA (left), meeting the 

expected purpose. 

 
Fig. 8. The initial deformation angles of two MESDEAs. 

On the other hand, it is necessary to explore its 

electrodeformability for driving origami-inspired robots. Also 

due to the viscoelasticity and hyperelasticity of DE and its 

special saddle surface shape, the analytical expression for 

MESDEA’s angle 𝜃 and its driving voltage V cannot be given. 

Therefore, we obtain 𝜃(𝑉) by fitting experimental results. The 

folding angles of the designed MESDEA at different driving 

voltage and its fitting curve are shown in Fig. 9(a). The 

MESDEA has a maximum angle change of 60° at a driving 

voltage of 5.4 kV. We think that with the pre-stretch ratio of 

400% × 200%, DE has already the maximized stress relief at 

5.4 kV, and increasing the driving voltage cannot further 

relieve the stress on the length. Therefore, when the driving 

voltage is 5.4 kV, the moment of DE to the elastic frame is the 

smallest, and the output moment of the MESDEA is the largest. 

Finally, we use the designed MESDEA to drive the 

origami-inspired robot joint. Based on MESDEAs’ 

deformation characteristic, we put two MESDEAs on the 

creases of the origami folding hinges. Note that the leg used this 

time is different from that used before. Fig. 9(b) shows the 

angle change of the origami folding hinge when MESDEAs are 

powered on. When the input voltage is 5.4 kV, the origami 

folding hinge’s angle change is 23°. Likewise, Fig. 9(a) shows 

that the angle of the MESDEA changes by 60° at 5.4 kV, which 

is larger than it is in the joint. This is also due to the MESDEAs’ 

insufficient output moment. 

 
(a) 

 
(b) 

Fig. 9. Experiments of the MESDEA and origami-inspired robot joint. (a) The 
folding angles of the MESDEA at different driving voltage and its fitting curve. 

(b) Drive of the origami-inspired robot joint. 
 

IV. DISCUSSION 

In light and small origami-inspired robots, it will be an 

inevitable trend to apply smart materials to drive them. Ahmed 

et al. [30] used MBDEAs for the first time to achieve simple 

actions of paper-based origami structures, namely close of the 

crocodile jaw and conversion of two stable shapes of the water 

bomb. However, there have been no studies applying DEAs to 

origami structures since then. In this letter, we integrate not 

only MBDEAs, but also MESDEAs for the first time to drive a 

rigid origami-inspired robot joint, proving the application 

prospects of DEAs in driving origami-inspired robots. Through 

analysis and experimentation, MBDEAs and MESDEAs that 

meet the deformation requirements for origami-inspired robots 

are designed. The angle changes of both DEAs after power-on 

can be greater than 60°, meeting the basic folding requirements 

of most origami-inspired robots. In addition, the MBDEA’s 
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deformation characteristic is from straight to folding, while it is 

from folding to straight for the MESDEA. Therefore, their 

folding occasions are opposite and complementary. In 

subsequent driving experiments of the origami-inspired robot 

joint, the angle changes of the origami folding hinges driven by 

the two DEAs are not large, indicating that both DEAs’ 

moments are insufficient. However, both DEAs can increase 

their output moments by increasing the active layers’ number 

and optimizing the size, while ensuring their folding angles 

roughly unchanged. The MBDEA can increase its output 

moment by increasing the number of layers and width of DE 

films, and their effect of reducing the deformation angle can be 

counteracted by increasing the length of the crease; the 

MESDEA can improve its moment by increasing the volume of 

pre-stretched DE in hollow area, also its effect of increasing its 

initial equilibrium angle can be counteracted by increasing the 

elastic frame’s width and thickness. In addition, four MBDEAs 

can only change the origami folding hinge by a maximum of 4°, 

while two MESDEAs can change it by a maximum of 23°, 

showing that the driving force of MESDEAs is much greater 

than that of MBDEAs. Therefore, MBDEAs are more suitable 

for driving light and small origami-inspired robots made of 

flexible materials such as paper, and MESDEAs can be applied 

to stiff origami-inspired robots. 

On the other hand, there are relatively few publications about 

the design methods of MBDEAs and MESDEAs. Energy 

density equations of hyperelastic materials are used in [34]-[37] 

to characterize DE’s constitutive behaviors for modeling 

MBDEAs or MESDEAs. Uniaxial or biaxial tensile 

experiments are required to fit the parameters in energy density 

equations. However, the tensile force is related to its loading 

time due to DE material’s viscoelasticity. Therefore, energy 

density equations determined by tensile experiments generally 

cannot actually describe the characteristics of DE. Ahmed et al. 

[18] developed sets of nondimensional expressions for 

curvature, displacement at the tip and blocked force induced by 

the electric field to guide the design and fabrication of 

multilayered EAP actuators, and used P(VDF–TrFE–CTFE) to 

verify the model by experiments. However, their actuators and 

model contain adhesive layers, which are more complicated to 

fabricate and analyze. The analytical model established in this 

letter is based on beam bending theory and neither uses any 

energy density equation nor needs to consider the effect of 

adhesive layers because of the stickiness of DE film itself. The 

parameters of DE used in the model such as the elastic modulus 

and thickness can directly refer to the official data of 3 M 

company. Therefore, the fabrication and analytical model of 

MBDEAs are simple to implement. For MESDEAs, there are 

two commonly used hollow areas, namely rectangular and 

double semicircular. Wang et al. [38] presented a design 

method for MESDEAs with the double semicircular hollow 

area. Actually, when the lengths, widths of the hollow area and 

numbers of DE layers are equal, the output moment of the 

MESDEA with rectangular one is larger. Therefore, this letter 

proposes a design model for MESDEAs with the rectangular 

hollow area, which is simple and practical. The model also does 

not need any energy density equation and only needs one 

sample MESDEA to implement, and the sample MESDEA can 

be homemade or selected from published studies. It should be 

noted that the MBDEA’s model is used to analyze changes of 

its deformation angle and output moment under the electric 

field, while the MESDEA’s model is for the design of its initial 

state after fabrication to obtain the equilibrium deformation 

angle and maximum output moment. Both models can guide 

the experimental design and fabrication of MBDEAs or 

MESDEAs. 

It is necessary to summarize some limitations of the current 

work and point out future research directions. First, the ideal 

angle change of the origami folding hinge is at least 60°, but it 

is only 23° here, indicating that the current output moment of 

MESDEAs is small. According to the model in this letter, we 

will continue to optimize the design of MESDEAs to meet the 

deformation requirements of origami-inspired robots. Limited 

by their small driving force, MBDEAs are suitable for driving 

origami-inspired robots made of flexible materials such as 

paper. Second, the experiments mainly focus on the quasi-static 

deformation of both DEAs and do not verify their output 

moment in the models. And without 𝑀𝑓𝑖𝑙𝑚−𝑠(𝜃) of the sample 

MESDEA, only MESDEAs with the same equilibrium 

deformation angle as the sample can be designed. DEA’s 

output moment and dynamic characteristics need to be studied 

for future control of origami-inspired robots. Finally, this letter 

only selects one origami-inspired robot for bending 

experiments to preliminarily verify the prospect of DEAs in the 

driving field of origami-inspired robots. We hope to combine 

DEAs with different origami structures to make versatile 

origami-inspired robots for more practical scenarios in the 

future. 

V. CONCLUSION 

In this letter, we model and characterize two dielectric 

elastomer folding actuators and provide a new method for 

driving origami-inspired robots. MBDEAs and MESDEAs are 

integrated for the first time into a rigid origami-inspired robot 

joint to drive folding hinges. We explore the factors that affect 

the performances of the two DEAs and present their models. 

Using MBDEA’s analytical model, its deformation angle and 

output moment at different electric field intensities can be 

obtained according to the design parameters (the number of 

layers of DE, the length and width of the MBDEA). Through 

MESDEA’s design model, we can design the MESDEA with 

different initial deformation angles or maximum output 

moments with one sample MESDEA. Based on our models, 

corresponding DEAs can be designed according to the folding 

requirements (deformation angle and driving moment) of 

different origami-inspired robots. The driving experiments of 

the origami-inspired robot joint show that the origami folding 

hinge driven by MBDEAs changes by 4° with an input voltage 

of 7 kV, while the other origami folding hinge driven by 

MESDEAs changes by 23° with an input voltage of 5.4 kV, 

proving that DEAs have great prospects in driving 

origami-inspired robots. Also, DEA-driven origami-inspired 

robots may further expand their applications. 
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