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3D Printable and Fringe Electric Field Adhesion enabled Variable 
Stiffness Artificial Muscles for Semi-active Vibration Attenuation  

Chen Liu,a Bo Li,*b Zhuoyuan Li,b Chongjing Cao,c Xing Gao,c Ketao Zhang*a and Hualing Chen*b 

Soft robots are able to generate large and compliant deformation in an unconstructed environment, but their operation 

capability is limited by low stiffness. Thus, developing the function of variable stiffness while preserving its compliance is a 

challenging issue. This study proposes a new variable stiffness artificial muscle, as a complementary component for the soft 

robot, using the principle of fringe electric field adhesion. Taking inspiration from the mechanism of multi-layer structure in 

biological muscle, the artificial muscle is composed of patterned conductive layers and interlayers and is 3D printable by 

direct ink writing (DIW). To further demonstrate the application, a vibration absorber by stacking this artificial muscle is 

proposed, whose natural frequency is tunable by the varying stiffness. The advantages of the fringe electric field-enabled 

variable stiffness (FEVS) artificial muscles include lightweight and irrelevance of the stiffness to the thickness of the interlayer, 

which can be beneficial to soft robots to achieve variable stiffness and semi-active vibration attenuation without extra 

weighting load.

1. Introduction 

Soft robots have an inherent softness that entails higher 

degrees of flexibility and adaptability to the environment 

comparing to rigid-bodied robots. To further advance soft 

robotics, it necessitates the new development of soft actuators 

for soft robots. By integrating soft functional materials, i.e., 

electroactive polymers1 or gels2, these actuators are capable of 

large deformation3, 4. There are several types of soft actuators, 

which can be classified by the physical principle as pneumatic 

actuator5, 6, electrical actuator7, hybrid bio-material actuator8, 

optical actuator9, 10, etc. Consequently, the so-developed soft 

robots have been demonstrated with capabilities of biomimetic 

motions, i.e. crawling, swimming, and flying11-15. Through the 

success of design and analysis, the soft robot is able to be 

engineered to execute operations by partly replacing 

conventional rigid-bodied robots16.  

Meanwhile, their applications are limited due to the softness 

when high force transmission is needed. Low stiffness in the soft 

material limits performance of soft grippers in certain 

operations17, 18. For instance, soft robots have been adopted in 

the medical application as invasive surgery, but their lack of high 

stiffness fails to provide mechanical support for further 

operation. Thus, developing new soft robots that encompassing 

both flexibility and variable stiffness has been an urgent need14, 

15, 19-21. 

The realization of variable stiffness in soft actuators has been 

achieved using different strategies10, 22-26. For instance, the 

pneumatic variable stiffness structures can achieve a significant 

stiffness change by generating vacuum and enabling jamming 

between the particles27-30. However, it often requires a bulky 

vacuum pump that is affiliated with the robotic system31-33. The 

thermally driven shape-memory materials and low melting 

point alloy are able to tune the stiffness over a large span in 

elastic modulus but fail for fast and real-time adjustment34-38. 

On the other hand, electrically driven variable stiffness in soft 

actuator have become a favourable method for fast and wire-

connected regulation39-41. Subject to an electroadhesion (EA) 

force, the thin polymer films, coated with compliant electrodes, 

are compressed to form a condensed unit block, which 

consequently alters the structural stiffness42-45. Due to the 

advantage of fast actuation, the electrical field-based variable 

stiffness method has been developed46-50, among which the 

fringe electric field has its unique feature of less dependent on 

the material and thickness of the adsorbed object when 

compared with electro-bonding laminates51-54. In previous 

studies, this type of adhesion was mostly used in robot motion 

including soft grippers and wall-climbing but a variable stiffness 

performance based on such EA has not yet been reported55-58.  

Based on the principles of fringe electric field and biological 

inspiration, this study designs a variable stiffness artificial 

muscle using EA technology by fringe electric field on layered 

artificial muscles. This artificial muscle is fabricated by a 3D 

printing technique and its stiffness tuning performance is 

characterized in-depth. To further demonstrate the variable 

stiffness capability, a vibration absorber, by stacking layers of 

artificial muscle unit, is designed and tested, where a change of 

its natural frequency is realized as a strategy of semi-active 

control. Finally, a comparison discussion in variable stiffness 

behaviors is conducted following by a conclusion. 
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2. Preparation and characterization 

2.1 Design principle and 3Dprinting of FEVS 

The working principle of the proposed variable stiffness of the 

artificial muscle is inspired by the contraction and stiffening of 

muscle fibre, as Fig. 1(a) shows59, 60. A muscle is composed of 

plenty of a large number of fibre bundles. The fibre bundles can 

be divided into multiple myofibrils, which are mainly the thick 

and thin filaments. When the muscle contracts, thick and thin 

filaments get close and compress each other, leading to the 

increase of the overall stiffness in the muscle. Inspired by this 

mechanism, this study proposes a design of an artificial muscle 

utilizing the principle of EA by a fringe electric field. 

 
Fig. 1 Design and 3D printed FEVS artificial muscle. (a) The constitute of biological muscle. When muscle contracts, the thick and thin filaments approach and 
compress each other so that the overall stiffness increases. (b) Schematic of the proposed FEVS artificial muscle with alternatively sandwiched EA pads and 
interlayers. The material of the interlayer is tinfoil with a rough surface. When the voltage is off, there is no attraction between the EA pad and the interlayer. 
When the voltage is on, the EA pad and the interlayer attract each other. Under the adhesion, a friction f is induced in the artificial muscle, which increases 
the stiffness of the whole structure. (c) The DIW 3D printer and a printed EA pad with comb patterned electrodes. (d) Thicknesses of the silicone layer (white 
part) and the conductive electrode layer (dark part). (e) Illustrating the flexibility of the EA pad. 

 

As sketched in Fig. 1(b), the fringe electric field-enabled 

variable stiffness (FEVS) artificial muscle is a laminated multiple 

layers structure with alternately stacked EA pads and interlayers. 

The function of the EA is realized by the fringe electric field, 

which is generated by the alternatively laid out 

positive/negative electrodes in the EA pad. When a voltage is 

applied, a fringe electric field polarizes the surface of the 

interlayer and introduces charges that are distributed in an 

orderly manner61. As a result, a new electric field is generated 

between the EA pad and the interlayer, producing an attraction 

force within. Just like the muscle becomes rigid, the EA pads 

could be considered as thick filaments and the interlayers are 

thin filaments. Under the electrostatic forces, the EA pads and 

the interlayers attract and compress each other, like thick and 

thin filaments, thus increasing the pressure and friction 

between them to finally improve the overall stiffness of the 

structure. Unlike the conventional electro-laminates, where the 

electric field has to penetrate through the interlayer, the fringe 

electric field acts only on the surface of the interlayer, 

regardless of its thickness level while offers an even higher 

electric field. 

The EA pad with comb patterned electrode was fabricated by 

3D printing in the direct-written method (Fig. 1(c)). Fig. 1(d) 

displays the cross-section of the EA pad, with silicone layers and 
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the conductive layers. The thickness of the conductive layer is 

53 μm and the silicone rubber layer is about 210 μm, which are 

consistent with the prescribed printing parameters. The 

fabricated EA pad has the size of 40 mm × 40 mm and can 

deform with the human hand which meets the requirements of 

full flexibility to resemble a piece of muscle, as shown in Fig. 1(e). 

The principle of variable stiffness suggests that a better 

variable stiffness effect can be ensured when the friction 

between the EA pads and the interlayer is great. The shear force 

depends on two aspects: the normal attraction force and the 

contact surface roughness. The normal attraction force is 

closely related to the structural parameters of the electrode 

layer. It can be observed from Fig. 2(a) and Fig. 1(d) that the 

structural design parameters are: the electrode width a, the 

electrode effective area A, the gap d between the electrode 

layer and the surface of the absorbed object, and the gap d1 

between electrodes. The electrostatic attraction force F can be 

estimated as Equation (1), according to the existing literature57, 

58. 
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where l is the electrode length. A is the effective area of the 

electrode, which is equal to a × l. ε0 is the vacuum dielectric 

constant. U is the applied voltage value. The relative 

permittivity between the electrode and the surface of the 

interlayer can be expressed as  

1 1 2 2 3 3r r r rn n n   = + +                                (2) 

where εr1 is the relative permittivity of the electrode 

encapsulation layer. εr2 is the relative permittivity of air. εr3 is 

the relative permittivity of the surface of the absorbed object, 

and n1, n2, and n3 are the corresponding coefficients. 

Equation (1) suggests that the parameters which affect the 

output of attraction force are: d, d1, a and l. In this work, the 

thickness of the silicone is maintained at 210 μm due to the 

restriction of the 3D printing resolution. The length l of the 

electrode is determined by the overall structural size of the 

electrode layer. As for the electrode spacing d1 and electrode 

width a, due to the limitation of the test conditions, d1 cannot 

be reduced indefinitely. Therefore, d1 and a are the two key 

parameters that should be studied and optimized. 

 
Fig. 2 The normal force of EA pads. (a) The EA pad design and the fabricated samples with different parameters. (b) The experimental setup for measuring 
normal attraction force. (c) The results of EA pads’ normal force at 3 kV. The EA pads had different sizes of electrode width and gap. (d) The result of normal 
forces of EA pads with different electrode widths with 1mm electrode gap. The pad with 6 mm electrode width has the best performance.  

 

2.2 Characterization of FEVS 

The printed FEVS is illustrated in Fig. 2(a). To study the relation 

between electrostatic attraction force and electrode comb 

width a and comb gap d1, the following electrode size (electrode 

width/mm-electrode comb gap/mm) was set in the experiment: 

2-1, 2-1.5, 2-2, 2.5-1, 2.5-1.5, 2.5-2, 3-1, 3-1.5, 3-2, 4-1, 4-1.5, 4-

2 (as numbered in Fig. 2(a)). Fig. 2(b) shows the measurement 

of the normal attraction force of the printed electrostatic layer, 

which is described in the materials and method section. In the 

study, tin foil was selected as the attracted objects since the 

metal materials have sufficient free electrons for a greater 

electrostatic force. The measured attraction force is divided by 

the effective area A to obtain the attraction stress (force per 

unit effective area), and the performance of the attraction with 

different structural parameters can be evaluated. In Fig. 2(c), 

the electrostatic attraction force at 3 kV increases with the 

width of the comb a, and a narrower the comb gap d1 leads to a 

higher attraction force, which is consistent with the situation 

described in Equation (1). However, the comb gap cannot be 

reduced infinitely due to 1) the 3D printing resolution limitation 

and 2) the breakdown risk in the electrode. The minimum 
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allowable comb gap was then limited to 1 mm. Therefore, we 

optimized the comb width dimension hereby. It was measured 

the comb width increased from 2 mm with an increment of 

1mm until the attraction force began to decrease. According to 

the experimental results, when the comb width was 6 mm, the 

attraction force maximized locally was 135000 N/m2, as shown 

in Fig. 2(d). The reason for the inflection point occurring is when 

the comb width was beyond 6 mm, the comb width was too 

wide at this time, which reduced the number of electrode 

combs in a certain area (40 mm × 40 mm), then it would weaken 

the increase of the attraction force. Therefore, the comb width 

was prescribed as 6 mm in the study that followed.  

 
Fig. 3 The shear force of EA pads. (a) The experimental setup for measuring 

shear force. (b) The effects of four materials as interlayers. (c) The comparison 

of the shear force of four types of tin foils with different roughnesses.  

After determining the electrode layer parameters, we 

proceeded to optimize the material of the interlayer. The 

working principle of this variable stiffness structure is to 

polarize the interlayer through the EA pad and to increase the 

interfacial friction. Therefore, to obtain a better effect of 

variable stiffness, the interlayer should meet the requirements 

of low friction before polarization and high friction after. 

Measurement of the shear force was illustrated in Fig. 3(a). In 

the experiment, the normal attraction force was measured on 

four materials as interlayer (the size was 20 mm × 20 mm) 

including polyester film, printing paper, tin foil and cotton cloth. 

As shown in Fig. 3(b), when the voltage changed from 0 kV to 3 

kV, the attraction force of the four materials increased by 2.1 N, 

0.9 N, 2.9 N and 0.8 N respectively. Therefore, the attraction 

force of the tin foil changed most significantly. Apart from the 

influence of the material, the PET film and the tinfoil have 

relatively flat surfaces compared to the printing paper and the 

cotton, which will ensure that the EA pads have a larger true 

contact area, resulting in a greater adhesion force 62.  

In Fig. 3(c), the tin foils with different surface roughness 

(1200 mesh, 800 mesh, 400 mesh and original smooth surface). 

The voltage was set from 0 kV to 3 kV. As the result, the shear 

force increases by 2.2 N, 1.7 N, 3.1 N, 2.8 N in smooth, 400 mesh, 

800 mesh, 1200 mesh tin foils respectively. The friction force on 

the 800 mesh tin foil changes most obviously. Due to the force 

of the air pressure on the smooth surface, the change of friction 

force of the tin foil with a lower mesh number is relatively large. 

Therefore, we chose 800 mesh tin foil as the middle interlayer, 

which can ensure the most obvious effect of the overall stiffness 

change of the structure. Then we measured the variable 

stiffness performance of a unit which was defined as two EA 

pads sandwiching one interlayer. The stiffness was defined as 

the pulling force generated by moving a unit distance (Fig. 4(a)). 

In Fig. 4(b), as the voltage increases, the structural rigidity 

increases. When no voltage is applied, the structural stiffness is 

about 1000 N/m, and when the voltage is 3.5 kV, the stiffness is 

about 2100 N/m. The stiffness could be continuously adjusted 

by voltage. It also shows that the relationship between stiffness 

and voltage is approximately quadratic before 2 kV. When the 

voltage exceeds 2.5 kV, the stiffness increase is not significant. 

The reason for this is that after the voltage has been increased 

to 2.5 kV, the adsorption force is sufficient to ensure the 

electrode layers attracting interlayer firmly with a high friction 

force, so increasing the voltage will not increase the stiffness as 

significantly. In Fig. 4(c) a linear relation of the stiffness of the 

structure was realized. To explore the variable stiffness effect of 

multiple units stacked together, we measured the performance 

of structures with a different number of units. In Fig. 4(d) and 

(e), more units induced a greater initial stiffness of the structure 

and tuned the stiffness significantly at 3 kV. However, at the 

same time, the Rate of the Change in Relative Stiffness (RCRS) 

dropped. The reason is due to that with a great initial stiffness, 

there is a shorten improvement span for stiffness change after 

power-on. 

3. A Semi-active vibration absorber based on 
FEVS artificial muscle 

To demonstrate our FEVS artificial muscle can be readily 

implemented in engineering applications, we demonstrated a 

semi-active vibration control method according to the theory of 

dynamics with variable stiffness63, 64. Since the FEVS favors a 

light weight so that it will not add extra mechanical loading to 

the structure to be attenuated. 
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We stacked multiple units of artificial muscles as a vibration 

absorber to verify its variable stiffness effect. The principle of 

the absorber is shown in Fig. 5(a). When the voltage is off, there 

is a gap between the EA pads and the interlayers, and the 

overall stiffness of the structure is weak. Subject to a voltage, 

the EA pads attract the interlayers and increased the frictions 

among layers, enhancing the structural rigidity. Fig. 5(b) 

describes the vertical stiffness test and results of the stacked 

vibration absorber. With repeatedly placing different masses to 

compress the absorber, different voltages were applied, the 

stiffness value under each voltage was obtained. When the 

voltage was 3.5 kV, the stiffness was about 180 N/m, increasing 

by 500% compared with the initial stiffness at voltage off. Under 

this mechanism, the stacked FEVS artificial muscle is used as a 

vibration absorber that can adjust its natural frequency by 

adjusting its stiffness to achieve a function of semi-active 

control. When the external excitation reaches the natural 

frequency of the absorber, the absorber resonates, thereby 

absorbing vibration by reducing the amplitude. We first 

characterized the performance of the absorber by adjusting its 

natural frequency.  

 
Fig. 4 Variable stiffness measurement of the FEVS artificial muscles. (a) The measurement device. (b) When the voltage changes from 0 kV to 3.5 kV, the effect 
of the change in the stiffness. The measurement equipment is depicted in the subplot. (c) The data reflects the tuneable stiffness has a linear character. (d) 
The variable stiffness effects of structures with different numbers of units. One unit is an EA pad with an interlayer. (e) The number of units, vs. the rate of 
change of relative stiffness (RCRS) with the voltage of 3 kV. The RCRS is defined as the percentage of the changed stiffness value to the initial stiffness value. 
 

In Fig. 5(c), the natural frequency of the absorber increased 

by about 8 Hz, and the experiment details are in the supporting 

information. A steel plate with a size of 400 mm × 600 mm × 3 

mm and four corners suspended is chosen as the target object. 

The natural frequency is 32 Hz (Supporting Information). The 

reason for choosing steel plates as the object of vibration 

damping is due to that is the fundamental application in 

mechanical engineering. For instance, tabletops, decks, robot 

carriers, etc. are all flat plate structures. Through the simulation 

analysis of the suspension steel plate, its first three-order 

modes were obtained (Fig. 5(d)). This helps us to determine the 

distribution of the absorber and the exciter, avoiding the node 

line. The physical model of the vibration attenuation system 

could be simplified to a single degree of freedom system, as 

shown in Fig. 6(a). The mass of the main system is m1, the 

stiffness is k1, and the mass of the semi-active vibration 

absorber is m2, the stiffness is k2, and the damping is c. Suppose 

the motivation is 1

i tPe 
, which acts on the main system. Suppose 

the displacement of the vibration system is as Equation (3). And 

x1 and x2 are the displacement of the main system and the 

vibration absorber, and 1B  and 2B  are the complex amplitude. 

1 1

2 2

i t
x B

e
x B

  
=   

   
                                            (3) 

A mathematical model of the vibration control system is 

established in equation (4).  

1 1 1 1 2 2 1 1

2 2 2 2 2 2

0

0 0
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+ −−            
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Incorporating Equation (3) into Equation (4), we have 
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( )  is the characteristic polynomial of the system, and its 

expression is as equation (6). 

( ) ( )( ) ( )

( )( ) ( )
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1 1 2 2 2 2 1 1 2
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= − − − + − −
   (6) 

Therefore, the complex amplitude of the main system is 

obtained. 
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Supposing 
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k2 is the stiffness of the vibration absorber and a  is the 

natural frequency of the vibration absorber. They are regulated 

by voltage. Therefore, the natural frequency ratio   and   in 

Equation (8) will change in real time according to the needs of 

the system. We set 0.2  , 2.8c   N · s/m and μ=0.025 

according to the material properties. With the help of MATLAB, 

we conducted a simulation test on the vibration attenuation 

system, and the experimental results are shown in Fig. 6(b). 

When the external excitation frequency was equal to the main 

system, the amplitude attenuation effect of the system before 

and after the control was the most obvious, reaching 7 μm. 

 
Fig. 5 FEVS artificial muscles as a vibration absorber in semi-active control. (a) The mechanism of the semi-active control absorber by units of FEVS artificial 
muscles. (b) Vertical variable stiffness measurement of the stack absorber. (c) The performance of absorber in adjusting the natural frequency by voltage. 
From 0 kV to 3 kV, the NF changes from 24 Hz to 32 Hz. (d) The first three-order modes of the plate to be controlled. The positions of the exciter, the sensors 
and the actuator were confirmed. (e) The attenuation of steel plate amplitude when different voltages are applied to the absorber. (f) Frequency domain 
response of steel plate in amplitude attenuation. When the excitation frequency is 27 Hz, a 2.5 kV voltage was applied to the absorber to tune its natural 
frequency close to 27 Hz. A vibration reduction effect is realized, and the steel plate amplitude attenuation is 51%. 

 

 
Fig. 6 (a) Physical model of semi-active vibration attenuation system. (b) Simulation results of vibration absorption when the external excitation frequency is 
equal to the natural frequency of the main system. 
 

Then we performed experiments and measured the 

amplitude of the steel plate after applying different voltages to 

the absorber. When the voltage was 3.5 kV, the natural 

frequency of the absorber was 31 Hz, which was close to the 
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natural frequency of the steel plate, and the amplitude of the 

steel plate attenuation, 4.5 μm, was similar to the result of the 

simulation (Fig. 5(e)). The experimental result was smaller than 

the simulation result is because the natural frequency of the 

vibration absorber was not completely equal to the natural 

frequency of the main system. Meanwhile, the damping of the 

vibration absorber after the stiffness increased would be 

smaller, which also affected the vibration absorption effect. 

Then we measured the vibration damping effect at frequencies 

away from natural frequency. As shown in Fig. 5(f), we fixed the 

frequency of 27 Hz to excite the steel plate and applied a voltage 

of 2.5 kV to the absorber. In Fig. 5(c), the natural frequency of 

the absorber at 2.5 kV is 27 Hz. There is an amplitude 

attenuation by about 51% utilizing the FEVS artificial muscle 

absorber. 

4. Comparing FEVS artificial muscle with others 

To evaluate the variable stiffness performance, we compared 

the other sandwich-type artificial muscles. One is the 

electrostatic layer jamming laminates (ELJ) in the layer structure, 

and the other is the pneumatic jamming muscle (Fig. 7(a))65. The 

process of the manufacturing was exactly followed according to 

the related literature and the performances were identical with 

the reports40, 65.  

 
Fig. 7 Comparison of three variable stiffness artificial muscles. (a) Schematic diagrams of FEVS artificial muscle, ELJ and pneumatic jamming structure. (b) The 
comparison of variable stiffness between FEVS artificial muscle and ELJ. (c) Different performances of variable stiffness when the thickness of interlayer 
changes between FEVS artificial muscle and ELJ. (d) The maximum and minimum stiffness of three artificial muscles. (e) The stiffness mass ratio of three 
artificial muscles, which is the ratio of the maximum stiffness change to its weight. The masses of FEVS artificial muscle, ELJ and jamming structure are 4 g, 4 
g and 20 g, respectively. 

 

ELJ is composed of conductive layers with opposite polarities 

and interlayers. All materials corresponded to is same as FEVS 

artificial muscle40, 42, 66. The principle of ELJ is as follows: 

adjacent conductive layers are applied with opposite voltages, 

and an electric field through the interlayer will be generated 

between them, which makes them attract each other. The 

electrical field compresses the interlayer, increases the 

frictional force, therefore changes the stiffness of the whole 

structure. The pneumatic jamming muscle consists of two cover 

layers and a fibre layer in the middle. The sides of the structure 

are sealed, and there is an air outlet, which is connected to the 

outside space through a pipe. The cover layer material is silicone 

rubber, and the fibre layer material is a plurality of polyester 

fibre filaments with a diameter of 0.5 mm. We manufactured 

the above two artificial muscles, the overall dimensions are 

both 40 mm × 40 mm, which are the same as FEVS artificial 

muscle. ELJ was applied with different voltages with a selected 

thickness of 400 μm of the interlayer. Using the same method 

in Fig. 4(a), the effect of stiffness change is shown in Fig. 7(b). 

Under the same thickness and applied voltage, the performance 

of FEVS artificial muscle was more significant. In Fig. 7(c), 

regarding the different thickness of the intermediate layer, the 

rate of change of relative stiffness of FEVS artificial muscle 

hardly changed. However, for ELJ, the great thickness of the 

interlayer reduces the rate change. The reason is that FEVS 

artificial muscle uses fringe electric field polarization to the 

surface of the interlayer to achieve attraction, so the magnitude 

of the force does not depend on the thickness of the interlayer. 

But for ELJ, it mainly relies on the mutual attraction between 

the plates. When the thickness of the interlayer increases, the 

distance between the plates becomes longer, the electric field 

strength will be weakened, and the pressure will also be 

reduced. Therefore, compared with ELJ, the variable stiffness 

effect in FEVS artificial muscle is not affected by the thickness 

of the interlayer. Because the pneumatic jamming structure is 

not dependent on an electrical mechanism, which is why we did 
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not compare it with FEVS artificial muscle and ELJ in Fig. 7(b) and 

(c). We put the three variable stiffness structures together for 

comparison. The results are summarized in Fig. 7(d). The 

variable stiffness effect of the pneumatic jamming structure is 

the most obvious. Soft robot that requires a variable stiffness 

component, its compliance and light weight shall be sacrificed 

minimally. Thus, we define the stiffness to weight ratio to 

highlight the advantage of the stiffness change per unit weight, 

as in Fig. 7(e). 

The value of the pneumatic jamming structure is relatively 

small, while the FEVS artificial muscle has the highest ratio. 

Compared with the other two lightweight variable stiffness 

structures, FEVS is more likely to derive a benefit for the design 

of lightweight soft robotics with the application of variable 

stiffness. 

Conclusions 

We have proposed a variable stiffness artificial muscle that 

could be used for semi-active vibration control. This artificial 

muscle is based on the fringe electric field adhesion principle 

and fabricated by 3D printing (DIW). The anti-stretching and 

anti-pressing stiffness of this artificial muscle increased 100% 

and 500% respectively at an electric field of 3 kV/mm. The 

vibration absorber based on the stacked FEVS could attenuate 

the vibration amplitude of the steel plate by 51%. In addition, 

FEVS is lightweight, flexible and its stiffness is irrelevant to the 

thickness of the interlayer. Thus, it will be beneficial to the 

variable stiffness technology of lightweight soft robots. 

Materials and Method 

Materials and Characterization. The 3D printer was self-built 

with a 3D printing system composed of a computer-controlled 

three-axis motion platform. The printing paths were decided by 

G-code commands, which were supported by commercial 

software (CuraEngine) based on the designed 3D model 

(SolidWorks). The silicone rubber (186 series) was purchased 

from Dow Corning Co., Ltd of US. Carbon nanotube (TNSM3 

type) was purchased from Chengdu Organic Chemicals Co., Ltd. 

of the Chinese Academy of Science. Polydimethylsiloxane 

composite materials (184) was purchased from Dow Corning Co., 

Ltd of US. Polyester film (100 μm thick) was purchased from 

Shenzhen White Mist Film Co., Ltd. Printing paper (100 μm thick) 

was purchased from Hangzhou Deli Co., Ltd. Tin foil (100 μm 

thick) was purchased from Dongguan Juyou Co., Ltd. Cotton 

cloth (100 μm thick) was purchased from Huzhou Wanyue Co., 

Ltd. The fibre (diameter of 0.128 mm) using in the pneumatic 

jamming structure was purchased from Shanghai Mermaid 

Fishing Tackle Co., Ltd.  

Force Measurement. Fig. 2(b) and Fig. 3(a) show the measuring 

devices of the normal force and shear force respectively. The 

principle is as follows: one end of the force sensor is fixed on 

the desktop, and the other end is connected with the electrode 

layer sample, the adsorbed object is fixed on the part opposite 

to the electrode layer, and the part is controlled to move slowly 

and uniformly on the guide rail to reach the absorbed object 

and until the electrode layer sample is attached. The criterion 

for judging the attachment is the moment when the signal from 

the force sensor is collected to the pressure, the programmed 

feedback controls the moving part to be powered off, and the 

moving part stops moving to ensure that it is in the attached 

state. The sample is applied with voltage (3 kV), and the moving 

parts are reversely controlled to separate the absorbed object 

from the electrode layer. Since the sample has an absorption 

force on the absorbed object, the force sensor can collect the 

force signals when the two separate recordings the electrostatic 

attraction force. 

Vibration Tests. We applied different voltage (0-3 kV) to the 

absorber and used exciter (the model K2007E01 produced by 

MTS Sensors is an intelligent vibration exciter with integrated 

power amplifier) to excited it by frequency sweeping (0-100 Hz, 

0.5 N), then we got the character about adjusting the natural 

frequency of absorber in different voltages with laser 

displacement sensor (LK-G80 from Keyence Co., Ltd). Fig. 5(d) 

shows the principle of the vibration control test. We used 

exciter with diverse frequencies to excite the steel plate and 

applied different voltages to the absorber. With the help of 

acceleration sensors (SN 208 from Kistler Co., Ltd), the 

amplitudes were measured and the effect of semi-active control 

(capability of variable stiffness) was verified. The signal 

generator (DG4062, Puyuan Co., Ltd) generated various voltage 

signals such as sine wave, square wave and DC signal, to the 

amplifier (20/20 Hs, Trek Co., Ltd) which can amplify the input 

voltage signal by 2000 times for actuation. The finite element 

modeling shown in Fig. 5(d) was in the commercial software 

package ANSYS 15.0, from Swanson Analysis Systems, Inc. 
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