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This study evaluates the basic characteristics of smart structures composed of dielectric elastomer actuators 

(DEAs) to suppress vibrations. A DEA, which is a lightweight, flexible polymer that can induce high deforma- 

tions, should realize next-generation actuators. Additionally, DEA can achieve vibration control of structures with 

complex shapes or curved surfaces. Herein the performance and efficacy of DEAs are evaluated as an actuator 

for vibration control at high frequencies. First, the appropriate DEA structure is considered. Second, the control 

system for the smart structure using the DEA is modeled and designed as an actuator. Third, a method to deter- 

mine DEA’s optimum arrangement and shape is discussed by focusing on the structure’s strain energy. Finally, 

a control simulation and a control experiment validate the vibration suppression effects and the efficacy of the 

DEA. 
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. Introduction 

A dielectric elastomer actuator (DEA) is a lightweight flexible poly-

er actuator. In recent years, DEAs have received much attention due to

heir potential as next-generation actuators [1–19] and as energy-saving

evices because they have low manufacturing costs and can efficiently

onvert electrical energy into mechanical energy (theoretical efficiency

0–90%) [8] . Because DEAs realize flexible and quiet movements that

mitate living bodies’ functions, it can be shaped similar to rubber. These

eatures permit a high degree of design freedom. Unlike traditional ac-

uators using motors or similar devices, DEAs can achieve a soft and

atural touch because it is a polymer. 

A dielectric elastomer has a capacitor structure where a thin rubber-

ike polymeric dielectric film is sandwiched between flexible and ex-

andable electrodes. Applying a voltage between the electrodes creates

n electrostatic attractive force, causing the polymeric film to contract in

he thickness direction and expand in the film plane direction [ 1 –5 ]. One

pplication of DEAs is spherical omnidirectional loudspeakers [6] and

alloon speakers [7] . Because the main material for dielectric elastomer-

ased loudspeakers is a polymer, these loudspeakers are lighter than

onventional coil- and magnet-based loudspeakers, easier to shape, and

espond quickly to electric stimulations [1,6,8] . Dielectric elastomers

re used for actuators to directly convert electric energy into mechan-

cal energy. Research has been conducted on a broad range of other
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pplications, including micropumps [9] , electricity generating devices

10] , and acoustic loudspeakers [ 11 –14 ]. 

Heydt et al. studied a mechanism utilizing the bending vibration of

ores on a film [11] and sound radiation properties [12] . Sugimoto et al.

xamined a mechanism involving the bending vibrations of semicylin-

ers [13] and explored loudspeakers using a push-pull mechanism [14] .

n addition, the applicability and practicality of DEAs has been enhanced

y improving the electromechanical behavior of DEAs [15] , reducing

he operation voltage [16] , integrating a soft ionogel and DEA-based

ptical devices [17] , applying DEAs to soft robotic fingers [18] , and a

eformable motor [19] . 

Modeling of DEAs and active vibration control using DEAs as

ctuators have been investigated to effectively suppress vibrations.

apaspiridis and Antoniadis electrically and mechanically modeled

EAs and conducted active vibration control [20] . Using a basic control

cheme, they demonstrated that the DEA can signficantly suppress the

ibrations induced by an external force. Sarban et al. reviewed the fabri-

ation, characterization, and active vibration isolation performance of a

ore-free rolled tubular DEA [21] . Later, Sarban and Jones investigated

ctive vibration isolation with time-varying loads using a feedforward

daptive control approach [22] . Berselli et al. employed a hypervis-

oelastic model of a rectangular constant-force actuator as an engi-

eering tool to design and control actuators [23] . Additionally, Karsten

t al. used the least mean squares parametric estimation method to
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ynamically model DEAs and to design a control algorithm for vibration

uppression [24] . Although these previous studies employ DEAs, the

esign method of DEAs to enhance the vibration control performance

t high frequencies and their experimental validations have yet to be

eported. 

Lead zirconate titanates (PZTs) are traditionally found in vibration

ontrol actuators using smart structure technologies, where PZTs are

ttached on the structural surface [25–28] . Adaptive control of a smart

tructure using PZT is also examined by applying SPSA algorithm

29] . However, installing PZTs on a curved surface is difficult due

o the rigidity of the structure. If a method employing a dielectric

lastomer actuator for vibration control can be established, vibrations

f complicated structures such as those with curved surfaces can be

uppressed effectively. Applications of flexible DEA actuators include

eformable motors [19] , speakers [ 6,7,11 –14 ], soft robots [30] , and

oft grippers [31] . By taking advantage of the generation functions

f movements and vibrations, DEAs can also act as an actuator for

ibration control in various mechanical systems with curved surfaces,

ncluding aircraft, flexible films, and building structures. Hence, DEA

ctuators have potential in diverse applications. 

This study employs a DEA to establish a smart structure and exam-

nes the structure for effective vibration control. This paper presents

he manufacturing method, evaluates the characteristics of the prepared

EA, and determines an effective DEA structure for a vibration control

ctuator. Additionally, processes to model and design a control system

or smart structures employing DEAs are presented. Then a method to

etermine the optimum arrangement and shape is discussed with an em-

hasis on the structure’s strain energy. Next, a control simulation and

xperiment are carried out using H ∞ control strategy [29,32] . Finally,

he simulation and experiment validate the vibration suppression effects

nd the efficacy of the vibration control method using the proposed DEA.

. DEA 

.1. Activation mechanism 

Fig. 1 shows the volume changing mechanism of the DEA. When

tretchable electrodes are attached to both sides of the elastomer and a

oltage is applied, the Maxwell stress acts in the elastomer’s thickness

irection. This extends the elastomer, which is a non-compressive mate-

ial, in the in-plane direction. Perline et al. have reported that Maxwell

tress ( P ) acting on an elastomer is expressed as 

 = 𝜀 0 𝜀 𝑟 

(
𝑉 

𝑑 

)2 
(1)

ere , 𝜀 0 and 𝜀 r represent the vacuum permittivity and the relative per-

ittivity, respectively. Meanwhile, V and d denote the applied voltage

nd the distance between two electrodes, respectively. This equation

hows that the stress increases in proportion to the square of the ap-

lied voltage and the inverse of the distance between the electrodes.
Fig. 1. Structure and actuati

850 
ypical elastomers are comprised of acrylic-based or silicone-based ma-

erials. Elastomers made from such materials show the highest defor-

ation (maximum strain: > 200%) among electrically active polymers

8] . To validate the efficacy as an actuator, we prepared acrylic-based

EA and attached it to the structure in an excitation experiment to eval-

ate dynamic characteristics. Using these processes, a vibration control

ethod is examined based on feedback control. 

.2. Fabrication 

Acrylic-based elastomers and carbon nanotubes (CNT) are used for

he elastomer and the electrode parts of the DEA, respectively. Pre-

tretching thins the elastomer and contributes to the increased dielectric

reakdown strength. Here the 80 × 80 mm elastomer sheet is expanded

o a 320 × 320 mm sheet. After pre-stretching, the elastomer is attached

o a fixing frame to maintain the pre-stretched state. 

Fig. 2 depicts the process of applying CNT to the elastomer using a

ircular electrode to create a one-layer DEA as an example. Process A

ttaches a piece of the pattern sheet cut into the intended shape and

pplies a CNT to the sheet ( Fig. 2 (a)). Herein a removable pattern sheet

ith a CNT is used. This pattern sheet works as the flexible electrode

art that can be removed once attached to the elastomer. Process B re-

oves the pattern sheet to create a wire with a CNT ( Fig. 2 (b)). Process

 reverses the fixing frame and applies a CNT to the back surface of the

lastomer similar to Process B ( Fig. 2 (c)). Finally, Process D sandwiches

he elastomer unit between the flexible CNT electrodes ( Fig. 2 (d)). Keep-

ng the pre-stretched state, the elastomer unit with the CNT electrodes

s attached to a structure to fabricate an actuator for vibration control

nd then cut from the base elastomer. Here, the unit layer is the number

f elastomers. 

. DEA for vibration control 

.1. Objective structure 

The target object for vibration control is a 3 mm-thick acrylic rect-

ngular plate measuring 226 × 150 mm. The short side of the plate is

xed to form a cantilevered flat plate, suppressing the vibration in the

ut-of-plane direction. In addition, a finite element model for the target

tructure is created to perform a control simulation. Fig. 3 shows the

ode shapes and the natural frequencies of the target object. The de-

ormation and color mapping in Fig. 3 represent the mode shapes in the

ut-of-plane direction of the plate, where blue and red denote a small

nd large mode component, respectively. Table 1 shows the physical

haracteristics of the acrylic plate, which are tuned so that the calcu-

ated results of the natural frequencies fit the experimental values. It

hould be noted that the finite element analysis results in Fig. 3 exclude

he 10th mode because its vibration is in the in-plane direction, which

s beyond the scope of vibration control in this study. 
on mechanism of DEA. 
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Fig. 2. Process to apply CNT to an elastomer. 

Fig. 3. Mode shapes obtained from FEA. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.) 

Table 1 

Parameters of the FE model of the tar- 

get object. 

Young’s modules 4.5 GPa 

Density 1100 kg/m 

3 

Poisson’s ratio 0.35 

3
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.2. Measurement system 

To realize vibration control using the DEA, it should be confirmed

hat DEA excites the vibration of acrylic plates. The vibration measur-

ng system is composed of an acrylic plate, an accelerometer (RION,

V-08A), a spectrum analyzer (A/D: ONO SOKKI, DS-2000, Software:

ATEC, CAT-System), and a high output voltage amplifier (Trek, Model

09E-6, max voltage: ± 4 kV) ( Fig. 4 ). The DEA, which is prepared using

he method discussed in Section 2 , is attached to the acrylic plate. In

his evaluation, the elastomer is affixed to the acrylic plate using only
851 
ts sticky characteristic instead of using an adhesive. Details of the DEA’s

ayer constitution are discussed in 3.3. 

To determine the vibration characteristics of the acrylic plate, a

wept sine wave is generated and inputted to the DEA via a voltage

mplifier. The analysis frequency range is 1000 Hz and the number of

ampling points is 4096. In addition, the amplitude of the voltage of

he swept sine wave ( V amp ) is changed appropriately within the range

f 0.6–1.3 V, while the offset voltage with the same amplitude is set.

herefore, the output signal is the swept sine wave, where the offset

oltage V amp is the center voltage. The wave is amplified 1000 times via

 high output voltage amplifier to ensure that the maximum voltage for

EA is between 1.2–2.6 kV. 

.3. DEA configuration 

To evaluate the effective DEA layers in the vibration experiments,

hree kinds of configurations are discussed. Fig. 5 shows how the DEA

s attached in each configuration. The lower part represents the acrylic

late. The dotted line represents a CNT and the flexible electrodes. The



I. Kajiwara, S. Kitabatake and N. Hosoya et al. International Journal of Mechanical Sciences 157–158 (2019) 849–857 

Fig. 4. Vibration measurement system. 

Fig. 5. DEA layers. 
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U  

t  
hin line denotes the elastomer with pre-stretching, while the bold line

epicts the elastomer without pre-stretching. 

Type A ( Fig. 5 (a)) does not excite the vibrations of the acrylic plate.

t is possible that the force or moment generated by the DEA is not

ransmitted to the acrylic plate due to the lack of adhesive where the

late is covered by a CNT. 

Type B has a pre-stretched elastomer between the layers of the

crylic plate and electrode ( Fig. 5 (b)). This configuration allows expan-

ion of the DEA due to the shear strain in the additional bonding layer.

hen another layer is added to the surface layer to prevent exposure

f the CNT to air. The vibration measurement confirms that the acrylic

late vibrates, but structural breakdown inside the DEA occurs as the

pplied voltage increases. 

As discussed above, the amount of generated stress increases with

he applied voltage because the stress is proportional to the square

f the voltage. However, if structural breakdown occurs, the gener-

ted stress decreases, degrading the actuator. Type C has a structure

n which an elastomer layer without pre-stretching is added between

he acrylic plate and the electrode surface ( Fig. 5 (c)). The elastomer

ithout pre-stretching is about four times thicker (200 𝜇m) than that

ith pre-stretching. Structural breakdown should be prevented by de-
10
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Accelerometer

Fig. 6. Location of 

852 
reasing the stress induced in the DEA due to the additive layer without

re-stretching and making the additive layer thicker increases the ap-

lied moment to the acrylic plate. 

To evaluate the excitation of the vibration of the DEA, a vibra-

ion measurement was conducted using Type B and Type C actuators.

ig. 6 depicts the experimental system. The upper DEA ( U thin ) is Type B,

hile the lower DEA ( U thick ) is Type C. Both DEAs measure 40 × 40 mm .

 thin and U thick are attached to the acrylic plates symmetrically to the

ongitudinal centerline of the plates. Structural breakdown occurs in

 thin when a maximum voltage of 1.6 kV is applied. On the other hand,

tructural breakdown does not occur for U thick even when the applied

oltage is 2.6 kV. The layer composed of the elastomer without pre-

tretching can conform to the large deformation of the electrode. Con-

equently, uneven strain does not occur inside the electrode. 

Fig. 7 shows the Fourier spectrum of the vibration measurement. It

hould be noted that the averaging process involves 30 Fourier spec-

ra in each DEA experiment. When considering the Fourier spectrum in

ig. 7 from the perspective of the stress generated by the DEA, the excit-

ng force in U thick is much larger than that in U thin . Vibration excitations

n the primary and the secondary modes are observed in U thick , but not

n U thin . The increased thickness of the layer just below the electrode

art extending in the in-plane direction may be responsible for the in-

reased moment acting on the structure. Hence, the addition of an elas-

omer without pre-stretching allows the applied voltage to be increased,

hich, in turn, increases the exciting force and mode excitations. Based

n these observations, the experiments below employ Type C DEA for

ibration control. 

.4. Vibration control system 

Fig. 8 shows the configuration of the vibration control system where

 thick is used as the control actuator. In this experiment, the external dis-

urbance is an excitation by the PZT actuator. The PZT actuator, which
 

Accelerometer

Uthin

Uthick

Acrylic plate

the two DEAs. 
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Fig. 7. Comparison of the Fourier spectra. 

Fig. 8. Control system. 

Table 2 

Configuration of the vibration control system. 

FFT analyzer Product ONO SOKKI, DS-2000 

Analysis frequency range 4 kHz 

Sampling points 4096 

DSP Product Quanser, WinCon 5. 2 

Sampling frequency ( f s ) 80 kHz 

Analogue LPF Product NF Corporation, 3334 

Digital HPF – (Built-in DSP) 

Amp. (Sensor) Product ONO SOKKI, 2ch sensor amp. SR-2210 

Gain ×60 

Amp. (PZT) Product NF Corporation, HSA4012 

Gain ×10 

Amp. (DEA) Product Treck, Model 609E-6 

Gain ×1000 

Accelerometer Product RION, PV-08A 

m  

p  

t  

t  

t  

i  

c  

fi  
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f

4

 

s  
easures 30 × 5 × 2 mm , is attached to the route area of the acrylic

late ( Fig. 8 ). The voltage from a signal generator for the external dis-

urbance is amplified tenfold, and the swept sine signals are inputted

o the PZT actuator. An accelerometer is used to detect vibrations of

he acrylic plate due to the external disturbance. The detected signal is

nputted to a digital control system, and the DEA is operated using the

ontrol input calculated by the control system. Table 2 shows the speci-

cations of the experimental system. These conditions are sufficient for

o  

853 
ctive vibration control and frequency response analysis in the target

requency range. 

. Actuator location/shape and control system design 

To achieve good control performance, the optimal arrangement and

hape of the DEA are examined. An effective arrangement and shape

f the actuator with respect to the intended vibration mode are critical
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Fig. 9. Modal strain energy obtained from FEA. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.) 

Fig. 10. Appropriate actuator location/shape due to the modal strain energy distribution. 

t  

a  

d  

t  

b  

m

4

 

s  

e  

m  

r  

h  

d  

l

 

c  

w  

e  

t  

t  

f  

s  

m  

b  

s  

t  

v  

m  

a  

l  

p  

i  
o realize a stable and energy-efficient control system. The DEA adds

n input moment to the structure because it extends in the in-plane

irection on the surface of the structure. Hence, this study determines

he arrangement and shape of the DEA to achieve effective control input

y referring to the modal strain energy of the structure and derives the

odel to design the control system. 

.1. Modal strain energy and appropriate actuator location and shape 

The modal strain energy is calculated based on tensile/compressive

train, shear strain, bending strain and torsional strain using the finite

lement method. Color mapping in Fig. 9 shows the distribution of the

odal strain energy from the primary to the 8th modes, where blue and

ed denote a small and large strain energy, respectively. On the other

and, the deformation in Fig. 9 represents the mode shapes. This section

iscusses the effective arrangement and the shape of the DEA for the

ower modes, namely the primary to the 4th modes. 
854 
The appropriate placement of the actuator is determined by the large

ontribution of the control input on the structure’s response. In other

ords, the greater the difference in the strain of the structure at the

nds of the actuator for the object mode to be controlled, the greater

he contribution of the control input in the response of the structure for

hat mode. This means that when using a rectangular actuator, the dif-

erence between the distortion on the two opposing long sides and the

train on the two short sides is large with respect to the corresponding

ode. Accordingly, the appropriate actuator location can be evaluated

y observing the mode strain energy distribution of the structure. Con-

idering the modal strain energy distribution in Fig. 9, Fig. 10 shows

he arrangements and shapes of the actuator (Type C) that may pro-

ide a high vibration control performance for the primary to the 4th

odes. The yellow dotted line (upper left) indicates the DEA. The rect-

ngular DEA is fixed near the edge of the acrylic plate. The actuator

ocation/shape is not symmetric with respect to the centerline of the

late in order to control both torsional and bending modes included

n the control target modes. Fig. 10 shows that the difference in strain
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Fig. 11. System identification results. 

Table 3 

Identified modal parameters. 

1 2 3 4 

𝜔 dr [Hz] 19.89 67.64 127.0 234.4 

𝜎r × 10 − 2 3.41 3.58 3.14 3.12 
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Table 4 

Parameters for the weighting functions and filters. 

Q 1.0 × 10 8 

R 1.0 × 10 4 

W 1 1 

W 2 Central frequency HSF 2500 Hz 

Gain 40 dB 

Quality factor 0. 8 

W 3 1 

Digital high-pass filter Cut-off frequency 1 Hz 

Order 1 

Analogue low-pass filter Cut-off frequency 20 kHz 

Order 4 
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etween the two opposing long sides and the two short sides is rela-

ively large for all four corresponding modes with respect to the actu-

tor location/shape. Consequently, the actuator location/shape shown

n Fig. 10 is suitable for the vibration control of the four corresponding

odes. 

.2. Modeling of the target object and control system design 

Based on the experimental modal analysis, the open-loop system

ithout a control is identified as the two-input one-output model. Ac-

ordingly, the state equation is derived. From the experimental modal

nalysis, the primary to the 4th modes are curve-fitted [29,32] . 

Fig. 11 shows the measured frequency responses and the resulting

urve fittings for the frequency response function (FRF) to the external

isturbance and control input. Table 3 lists the identified natural fre-

uency ( 𝜔 dr ) and the modal damping ratio ( 𝜎r ). The results shown in

ig. 11 confirm that the system identification is appropriate. It should

e noted that the identified system, which is the open-loop system with-

ut a control, includes the passive damping effects due to the attached

EA. 

Based on the modal parameters in Table 3 , the control target system

an be described as follows: 

̇  = 𝑨 𝒒 + 𝑩 1 𝒘 + 𝑩 2 𝒖 (2)

 1 = 𝑪 1 𝒒 + 𝑫 11 𝒘 + 𝑫 12 𝒖 (3)

 2 = 𝑪 2 𝒒 + 𝑫 21 𝒘 + 𝑫 22 𝒖 (4)

q. (2) expresses the controlled object’s state equation, where q, w , and

 are the state vector, the external disturbance input vector, and the

ontrol input vector, respectively. y 1 is the controlled variable vector,

hile y 2 is the observed output vector. Each coefficient matrix ( A, B 1 ,

 2 , C 1 , C 2 , D 11 , D 12 , D 21 , and D 22 ) is defined by the identified modal

arameters, the input conditions for the control input and the external

isturbance, the physical quantity of the controlled variable, and the
855 
bserved output. Details are described elsewhere [29,32] . In this mod-

ling process, the controlled object is modeled as a linear system as-

uming that the deformation of the DEA is negligible, even though the

EA characteristics include some nonlinearities due to Maxwell stress,

onlinear elasticity, and viscoelasticity. 

The controller design and control experiment are conducted to vali-

ate the DEA configuration obtained in 3.3 and the DEA location/shape

btained in 4.1. The controller is designed based on the H ∞ control the-

ry. Fig. 12 (a) shows the block diagram of the control system. Here, G ( s )

s the generalized controlled object in the output feedback system, and

 ( s ) is the controller. Fig. 12 (b) shows the configuration of the gener-

lized controlled object G ( s ), whereas Q and R are weighting matrices

or the controlled response ( z 1 ) and the control input ( u ), respectively.

 1 and W 2 , which are used for frequency shaping, are the frequency

eighting functions for the controlled response and the control input,

espectively. W 2 focuses the control on the objective modes, which are

he damping targets under the constraint of a robust stability for the

igh order vibrations by applying frequency shaping of the control in-

ut. W 3 is the frequency weighting function for the observed output

orresponding to the output filter. The controller is designed based on

he H ∞ control problem (5) , which minimizes the H ∞ norm of the trans-

er function matrix from the external disturbance ( w ) to the controlled

ariable ( y 1 ). 

𝐢𝐧 . ‖𝑻 𝒚 𝟏 𝒘 ‖∞ (5) 

The H ∞ control is applied to achieve the worst case vibration sup-

ression and the control input limitation due to the evaluation based on

he H ∞ norm of the transfer function matrix T y 1 w . The control system

esign is conducted using the Control System Toolbox from MATLAB. 

In the control problem, the acceleration responses are used as the

ontrolled response and the observed output. Additionally, a high-shelf

lter with a center frequency of 2500 Hz is used as the frequency weight-

ng function ( W 2 ). Table 4 shows the other parameters used to design the

ontroller. These parameters are selected to realize sufficient vibration

uppression. 

. Results and discussion 

Fig. 13 shows the frequency response of the displacement versus the

nput of the external disturbances from the vibration control simulation.

ithin the frequency band that includes all of the identified modes, ef-

ective vibration control is achieved. At each resonance peak, vibration

uppression effects of 10–15 dB are confirmed. 

Next, using the system described in Fig. 10 , Tables 2 and 4 , a con-

rol experiment was conducted. Fig. 14 shows the frequency response

f the acceleration response to an external disturbance. The first four

odes have reduced vibrations of –10.5 dB, –7.7 dB, –11.6 dB, and –

.9 dB, respectively. Each mode shows a great vibration suppression ef-

ect. Additionally, the results of the control experiment are similar to the

imulation results, demonstrating the efficacy of the DEA for vibration

ontrol. 
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Fig. 12. Block diagram of the control system. 

Fig. 13. Calculated closed-loop FRF of the displacement response. 

Fig. 14. Measured closed-loop FRF of the acceleration in the control experi- 

ment. 

Fig. 15. Measured closed-loop FRF with ‘thick’ DEA in Fig. 6 . 
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For comparison, Fig. 15 shows the results of the control experiment

acceleration FRF) using a ‘thick’ DEA ( Fig. 6 ) without an optimized

rrangement or shape. The configuration is identical to the optimized

ne except for the arrangement and the shape. For the control design

arameters: Q = 1.0 × 10 11 and R = 1.0 × 10 6 . All other parameters

re the same as those shown in Table 4 . The weighting matrices, Q and

 , are tuned to maximize vibration suppression in this condition. The

on-optimized actuator has reduced resonance responses in most modes

ncluded within the controlled frequency band. 

Compared to the optimized system ( Fig. 14 ), the non-optimized sys-

em shows smaller vibration suppression effects, especially in the lower

odes. This difference is attributed to the arrangement and the shape

f the ‘thick’ DEA ( Fig. 6 ) because the actuator does not effectively con-

ribute to certain modes. These results demonstrate that the arrange-

ent and the shape of the actuator must be determined with respect to

he strain energy. 

. Conclusions 

This study examined vibration control using the DEA. First, the driv-

ng mechanism and the manufacturing method of DEAs were presented.

hen the vibration characteristics of an acrylic plate as a controlled ob-

ect when the DEA is used as a driving actuator were evaluated. To

chieve effective vibration excitation, different patterns of DEA layers

ere tested to identify the configuration where structural breakdown

oes not occur and a greater force is generated. Next, the arrangement

nd shape of the DEA were investigated to effectively and efficiently
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pply the force generated by the DEA to the controlled object, with a

ocus on the strain energy on the structure. A control simulation and an

xperiment on the optimized system confirmed that effective vibration

uppression is achieved in the intended modes. Finally, the optimized

ctuator was compared to other actuators with different arrangements

nd shapes. In this manner, the efficacy of the vibration suppression

ethod proposed by this study was verified. In the future, we plan to

pply a DEA for vibration control of a curved surface. 
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