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Metal thin films, which have high-conductivity, are much stiffer and may 

fracture at a much lower strain than dielectric elastomers. In order to 

fabricate compliant electrodes for use in dielectric elastomer actuators 

(DEAs), metal thin films have been formed into either zigzag patterns or 

corrugations, which favour bending and only allow uniaxial DEA 

deformations. However, biaxially compliant electrodes are desired in order 

to maximise generated forces of DEA. In this paper, we present crumpled 

metal thin-film electrodes that are biaxially compliant and have full area 

coverage over the dielectric elastomer. These crumpled metal thin-film 

electrodes are more stretchable than flat metal thin films: they remain 

conductive beyond 110% radial strain. Also, crumpling reduced the 

stiffening effect of metal thin films on the soft elastomer. As such, DEAs 

using crumpled metal thin-film electrodes managed to attain relatively high 

actuated area strains of up to 128% at 1.8 kV (102 Vm
-1

). 

 

 

1 Introduction 

Compliant electrodes are essential for dielectric elastomer actuators (DEAs) to generate large strokes: 

the electrodes should be electrically conductive and as stretchable as the activated elastomer; equally 

important is that they have low stiffness, so as to not impede large deformations of the soft elastomer. 

Compliant electrodes are usually made of conductive particles, in the form of dry powder or 

suspended in grease. However, particulate and grease electrodes adhere poorly to the elastomer’s 

surface and are hence not stable over repeated actuations. For example, greases may dry up or get 

rubbed off, while powders may dislodge; this results in a reduction, or even a loss, in electrical 

conductivity over cycles [1]. These issues of electrode stability can be alleviated by impregnating the 

conductive particles in the elastomer matrix, so as to prevent their ablation [2-4]. However, such 

electrodes generally have high electrical resistances, typically above the range of k/. A lower 

electrical resistance can be attained by impregnating more conductive particles, but this leads to an 

increase in electrode stiffness [4]. In order to address these issues of stability and electrical resistance, 

metal thin-film electrodes can be considered for use in DEAs.  

Metal thin films on elastomeric substrates  [6-8] have been proven to make reliable stretchable 

electrodes with low electrical resistances. Although flat metal films fracture easily upon stretching [5], 

they can readily flex without fracture [9]. They can be designed into a stretchable form that favours 
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flexing and allows large deformations of elastomeric substrate [10-12]. Serpentine patterning can 

make metal thin films on elastomers stretchable in the in-plane direction [12-16], but it reduces the 

electrode area coverage; this would result in a decrease in the generated electrostatic force. 

Alternatively, the corrugation of metal thin films on elastomer substrates offers full area coverage and 

uniaxial stretchability [17-23]. For example, Danfoss PolyPower’s corrugated silver thin-film 

electrodes could be mechanically stretched by up to 80% linear strain [24], while its DEAs could 

actuate up to 15% linear strains [22]. However, corrugated metal thin-film electrodes are generally 

stiffened in the transverse axial direction [25-27] and are consequently almost inextensible in that 

direction. 

Biaxially compliant electrodes are required to maximise electrostatic force generation in DEAs. With 

a biaxial area expansion of electrodes, the electrostatic force generated is more than that generated 

with a constant electrode area [28, 29]. As a result, DEAs using biaxially compliant grease electrodes 

can exhibit enormous actuation strains. It would be highly desirable if metal thin-film electrodes could 

be as biaxially compliant as conductive greases, while possessing the added benefits of high 

conductivity and stability, both electrically and structurally. Biaxial corrugations or wrinkles in metal 

thin films can be induced via thermal mismatch [30-33]. However, the few reported biaxially 

stretchable metallic electrodes [12, 34] do not appear to be compliant enough to allow large bi-axial 

deformation of DEAs. In this paper, we present biaxially compliant metal thin-film electrodes, which 

were mechanically buckled on the dielectric elastomeric substrate and can electrically unfold. 

Subsequent sections will present the working principles, analysis, fabrication, and characterisation of 

these electrodes and their use in DEAs. 

 

2 Biaxially crumpled metal thin films as compliant electrodes  

In this study, we develop biaxially compliant DEA electrodes comprising crumpled metal thin films 

on elastomer substrates. The metal thin films on the surfaces of the elastomer substrate were buckled 

by mechanically-induced biaxial compressive strains. When stretched, the crumpled metal thin films 

readily unfold. Due to this propensity to bend, crumpled thin films appear to be axially less stiff than 

flat thin films. As such, crumpled metal thin films can be used as biaxially compliant electrodes for 

DEA deformations. This is as opposed to corrugated metal thin films that are only uniaxially 

compliant. 

Figure 1 shows how crumpled metal thin-film electrodes are prepared. First a stress-free elastomer of 

diameter D0 is highly stretched to a diameter of DI. Following that, a pair of metal thin films is 

electrolessly plated on either side of the highly-stretched elastomer. In this state, the elastomer is 
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highly-stretched while the metal thin films are relatively stress-free and flat. By reducing the stretch in 

the elastomer, from a diameter of DI to DII, induced biaxial compressive strains cause the metallic 

surfaces of the elastomer to buckle, thereby forming crumpled metal thin-film electrodes.   

 

 

Figure 1. Schematic illustrating the fabrication and activation of a membrane DEAs with crumpled 

metal thin-film electrodes.  

In this pre-stretched state, the elastomer substrate is under tension and has a radial pre-stretch ratio of 

 
   

   

  
   

( 1 ) 

while the buckled metal thin films are subjected to an apparent compressive strain of 

 
  

      

  
   

   

  
   

( 2 ) 

Upon activation by Maxwell stress, the membrane DEA expands in area to an activated diameter of 

Dact. The electrically-induced area strain is given by: 

 
     

    

   
 
 

       
( 3 ) 

This area expansion is accompanied by the unfolding and the flattening of the crumpled metal thin-

film electrodes.  
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3 Stiffness analysis for buckled metal thin films 

Compliant electrodes should conform to its elastomer substrate and not impede large deformations. 

To do so, the electrodes should have a low stiffness in the plane of area expansion. It is difficult to 

stretch a metal thin film but relatively easy to flex it. As such, uniaxial or biaxial buckling could 

significantly reduce the apparent axial stiffness of metal thin films. Although difficult to measure 

experimentally, the apparent stiffness of thin films can be theoretically estimated using structural plate 

analysis [25]. 

3.1 Uniaxial buckling with a harmonic profile 

The apparent axial modulus of a corrugated thin film can be estimated by considering a representative 

strip of metal thin film, which is subjected to one pair of compressive forces per unit length, Nx. The 

lateral (z-direction) displacement w of the buckled thin film is assumed to have a sinusoidal profile 

[25]: 

        
  

 
  ( 4 ) 

in which   is the amplitude of the corrugation and l is the half-wavelength of the corrugation, along 

the x axis, as shown in figure 2b.  

Using a small-displacement approximation, the arc length l0 of the buckled thin film is 

 

        
  

  
 
 

  
 

 

    
    

   
   

( 5 ) 

 

Figure 2. Dimensions and deformations of a (a) flat (b) uniaxially buckled and (c) biaxially buckled 

thin film.  
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Assuming that there is negligible axial strain in the middle plane of the thin film, the buckled thin film 

bends from its original length of lo to get packed into a shorter half-wavelength l. Hence, the apparent 

axial strain is defined as the ratio of half-wavelength reduction over the arc length: 

 
   

    

  
 

    

        
 

( 6 ) 

Using the principle of virtual work, the compressive force per unit length is derived as (see appendix 

A1) 

 
   

   

        
 
  

  
  

( 7 ) 

wherein h is the film thickness, while E and v are the Young’s modulus and Poisson’s ratio of the 

metal thin film, respectively.  

Assuming elastic deformation, the compressive forces required to buckle the thin film is equal to the 

tensile forces required to flatten it. The apparent Young’s modulus is therefore the ratio of the 

compressive axial stress over the apparent strain: 

 
            

  

   
  

  

        
  

 

 
 
 

 
 

  
   

( 8 ) 

 

Using equation (8) and noting that the thin-film’s thickness is typically in the nano-scale while the 

wavelength is in the micro-scale [17, 23], it can be seen in figure 3 that the apparent axial Young’s 

modulus of a uniaxially buckled thin film is lower than that of a flat thin film. 

Although uniaxial buckling is able to make thin films more compliant in one direction (along the x-

axis), it stiffens the thin film in the transverse direction (along the y-axis). In fact, in large structures, 

corrugated plates are often used for their enhanced stiffness along the y-axis. With an increased cross-

sectional area over the same half-wavelength, the uniaxially buckled thin film has a transverse 

apparent Young’s modulus of 

 
             

 

    
   

( 9 ) 

which is greater than that for the flat thin film as 1-cx is less than one. 
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Figure 3. Change in the apparent axial modulus of the thin film (normalised by the Young’s modulus 

of the material) due to uniaxial and biaxial compressions for a given half-wavelength.  

3.2 Biaxial buckling with a bi-harmonic profile 

Unlike uniaxially buckling, which makes a metal thin film more compliant in one direction but stiffer 

in the other, biaxial buckling makes a metal thin film equally compliant in both the axial and 

transverse directions.  

The apparent axial modulus of a biaxially crumpled metal thin film can be estimated by considering a 

representative square strip of metal thin film, which is compressed biaxially by two orthogonal pairs 

of equal forces per unit length, i.e. Nx, =Ny. The lateral (z-direction) displacement w of this biaxially 

buckled thin film is assumed to have a bi-harmonic profile [25] (see figure 2c): 

        
  

 
     

  

 
  

( 10 ) 

wherein l is the identical half-wavelengths along the orthogonal axes of x and y.  

Using the principle of virtual work and assuming small deformations [35], the equal biaxial 

compressive force per unit length is (see appendix A2) 
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( 11 ) 

Again, assuming elastic deformation, the compressive forces required to buckle the thin film is equal 

to the tensile forces required to flatten it. Hence, the apparent axial modulus in the x axis can be 

calculated as the ratio of the apparent axial stress to the apparent strain, following [25]: 

 
           

      

   
  

  

      
  

 

 
 
 

 
 

  
   

( 12 ) 

Due to symmetry and equal biaxial loading, the axial moduli along the two orthogonal directions are 

equal, such that 

 
           

      

   
            

( 13 ) 

As seen in figure 3, like uniaxially buckled thin films, the axial apparent Young’s modulus of a 

biaxially buckled thin film is also lower than the Young’s modulus of a flat thin film. However, when 

the thin film is biaxially buckled, its stiffness is reduced in both the axial and transverse directions; 

this is in contrast to uniaxially buckled thin films, wherein stiffness is increased in the transverse 

direction. As such, biaxially buckled metal thin films are suitable for use as biaxially compliant 

electrodes for DEAs.  

 

4 Fabrication  

In the typical fabrication of membrane DEAs, the elastomer was stretched to a pre-stretch ratio of p 

(see equation 1) and then coated with electrodes. However, to fabricate crumpled (buckled) metal 

thin-film electrodes, see figure 1, the elastomer had to first be highly-stretched, to a stretch ratio 

higher than p. In this highly-stretched state, stress-free metal thin films were deposited on the 

elastomer. Subsequently, as the stretch in the elastomer was reduced to p, the induced compressive 

strain c (see equation 2) in the metal thin films caused them to crumple. In order to vary the amount of 

compressive strain in the crumpled electrodes, while maintaining the same pre-stretch, the stretch at 

which the electrodes were deposited was altered. For example, to attain a DEA with p = 2.5 and c = 

0.4, metal thin films have to be deposited on an elastomer that had been highly-stretched by 4.2 times. 
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The stretching and relaxation of the elastomer (VHB F9473PC, 3M) was carried out via a custom-

made radial stretching jig, as shown in the appendix, at a rate of 0.06 D0 per second.  

In this work, a 250μm thick VHB9473PC tape   is used as the dielectric elastomer instead of the more 

commonly adopted 1mm thick VHB4910 because the thinner tape can reduce the pre-load required to 

achieve the same pre-stretch. In addition, according to the 3M data sheet, the thinner tape of 

VHB9473PC in its non-stretched form is reported of a higher dielectric strength at 5500V/mil [36], 

which is higher than 630V/mil [37] of the thicker VHB4910 tape in the non-stretched form. 

Previously, the non-stretched form of silvered VHB9473PC tape was used to make multi-layered 

dielectric elastomeric unimorph [38], capable of a large bending; whereas, the bi-axially pre-stretched 

form of the silvered tape demonstrated up to 50% areal strain at high breakdown field of 350MV/m 

[39]. 

The morphology of the buckled metal thin film depends on the amount of compressive strain that it 

had been subjected to (Figure 4). Initially, the stress-free metal thin film was rather flat, conforming to 

the surface morphology of the pre-stretched VHB membrane. When the metal thin film was subjected 

to 20% compressive strain, deep folds and fine fault lines formed, dividing the continuous metallic 

thin film into fragments. As the amount of compressive strain increased further, the thin-film 

fragments buckled further, changing from mild wrinkles to deep folds. At 50% compressive strain, 

fine twisted folds formed on the existing wrinkle, giving a nested hierarchy [40]. Under large biaxial 

compressions, a metal thin film transforms into a complex combination of deep folds and tightly-

packed wrinkles. As such, we have coined these electrodes as crumpled metal thin-film electrodes. 

The metal thin films in the crumpled electrodes were electrolessly plated on the elastomer substrate. 

The electroless deposition (ELD) method is commonly used to metalize a glass substrate to form a 

mirror-like surface under normal room conditions; it does not require a vacuum, unlike the sputtering 

deposition method. Previously, our group found that DEAs with ELD silver electrodes can actuate 

better than DEAs with sputtered silver electrodes [39]. A three-part silvering solution set (HE-300, 

Peacock Laboratories, Inc.) that comprised a silver diammine complex, a sodium hydroxide activator 

and a reducing agent was used. Each solution-part was first diluted with forty parts of deionized 

water.  The elastomer area, which was to be plated, was sensitised by using a tin catalyst (1 part No. 

93 Sensitizer to 30 parts deionized water) while the non-electrode area was masked by a silicone 

stencil. Following that, a fresh mixture of the three-part diluted silvering solutions was dripped onto 

the wetted area. As the chemical reaction completes, the sensitized area was coated with a thin film of 

silver. Typically, a 1 minute reaction time yields a silver thin film of 150  30 nm thick; the thin-film 

thickness was obtained by using an atomic force microscope to measure the step-height of ELD silver 

thin films that had been deposited on a glass slides. The thickness variation was due to the manual 

dispense of chemicals and a non-uniform deposition rate.  
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Figure 4. Change in morphology as the silver thin film was subjected to varying amounts of 

compressive strain. 

 

5 Properties of crumpled metallic thin film 

Applying a pair of electrodes onto an elastomer membrane stiffens it. To measure this stiffening 

effect, electrode-elastomer membrane composites were radially stressed, starting from an initial equi-

biaxial pre-stretch of 2.5. A setup similar to the radial stretching jig shown in appendix B was used, 

except that the motor was replaced by an eight-pulley system. Radial forces of equal magnitude F 

were applied at the eight equally spaced points on the circumference of the electrode-elastomer 

membrane. Those radial forces were imposed by adding dead-weights at a rate of 2.6 grams per 

minute. The radial stress    in the electrode-elastomer membrane, over the circumference of a 

circular disk of diameter D and initial diameter D0, is calculated to be  

 
   

  

   
 

( 14 ) 

where t is the electrode-elastomer membrane thickness. With increasing stretch ratio       , the 

radial stress    increases, as shown in figure 5. The gradient of the electrode-elastomer membrane’s 

stress-stretch ratio provides a measure for the radial modulus    of the electrode-elastomer membrane  
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( 15 ) 

in which     is the radial stress increment over the stretch-ratio increment   . 

The type of electrode material was found to influence the apparent radial stiffness to different extents. 

As graphite powder and silver thin films have been used as solid-state electrodes for DEAs, they have 

been chosen to serve as performance comparisons for the crumpled silver thin films. Doing so should 

help illustrate the electrodes’ stiffening effect on the soft dielectric elastomer, as well as its impact on 

the actuations of DEAs. Three types of reference electrode materials were tested: sputtered silver thin 

film (150nm thick), ELD silver thin film (150nm  30nm thick) and graphite powder (10m thick). 

The sputtered silver thin film was prepared by means of a magnetron sputtering process; the graphite 

coating was prepared by sprinkling a small amount of graphite powder on the elastomer and then 

gently tapping it in with a paintbrush. The thickness of the metal thin films were obtained by using an 

atomic force microscope to measure the step-height of the thin films that had been deposited on glass 

slides, while the thickness of the graphite powder coating was measured from its topography using a 

confocal microscope. These three electrode materials were coated onto equi-biaxially pre-stretched 

(p=2.5) elastomer membranes (VHB F9473PC) to form relatively stress-free 40mm diameter 

electrodes. On the other hand, 40% crumpled electrodes of the same diameter were prepared by 

relaxing a 4.2 times stretched elastomer membrane, with ELD silver thin films on it, to a 2.5 times 

pre-stretch. For each type of electrode, at least three samples were prepared and tested.  

The electrode’s stiffening effect was observed when the radial moduli of electrode-clad elastomer 

membranes were compared with the modulus of the plain membrane. As a reference, the plain pre-

stretched VHB membrane was found to have a radial modulus of 402 kPa. Flat silver thin films have 

been found to greatly stiffen the elastomer membrane: the sputtered-silvered membrane being 3 times 

stiffer than the plain membrane and the ELD silvered membrane being 2.6 times stiffer.  The graphite 

powder coating was found to minimally stiffen the elastomer membrane by 8%. Interestingly, the 

crumpled silver thin films also showed little stiffening effect; the elastomer membrane with crumpled 

electrodes was 13% stiffer than the plain elastomer membrane. Unlike other electrodes, the crumpled 

metal electrodes add a residual stress to the elastomeric membrane, requiring a higher membrane pre-

stress at the same membrane stretch.  

DEAs remain functional, even when using high-resistance compliant electrodes [19]. In view of this, 

the stretchability of a compliant electrode is defined as the maximum stretch at which it has an 

electrical resistance of less than 1 G, which is near to the resistance measurement limit of the digital 

multimeter used (Agilent 34410A). Several electrode materials were tested for their stretchability: 
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graphite powder, plain sputtered silver thin film, plain ELD silver thin film and 40% crumpled ELD 

silver thin film. These electrode materials were coated to form 50 mm diameter circular electrodes on 

elastomer membranes with the same amount of pre-stretch. During the test, each electrode-elastomer 

membrane was stretched incrementally at a rate of 34% radial strain per minute. The resistance across 

the electrode diameter was measured simultaneously, by means of a four-wire connection, using the 

multimeter.  For each electrode material, at least three samples were prepared and tested.  

 

Figure 5. Stiffening effect of different types of electrodes on the electrode-elastomer membrane 

composites subject to radial stretches.  

Figure 6 shows that the measured resistance increases at an increasing rate with respect to radial 

stretch. As the radial stretchability of a circular electrode is influenced by its shape, each electrode’s 

resistance change, instead of resistivity, was plotted with respect to the radial stretch in the elastomer. 

ELD silver thin films, with the lowest initial resistance of 10 , could only be stretched up to 10% 

radial strain, beyond which it cracked into fine isolated grains and lost its electrical continuity [39]. 

Graphite powder electrodes, which had a higher initial resistance of 51k, could be stretched up to 

50% radial strain, beyond which the network of conductive particles disconnected. Interestingly, the 

40% crumpled silver thin film could be stretched up to 110% radial strain, before reaching a 

resistance of 1G. This 11-fold improvement over the plain ELD silver thin film can be attributed to 

the unfolding capability of the crumpled form, which helps delay the widespread crack formation in 

the metal thin film under high tension. However, the 40% crumpled electrode had a higher initial 

resistance, of 90 , as compared to that of the plain, flat metal electrode. This was because initial 

micro-cracks had formed in the crumpled silver thin films during the fabrication process, thereby 

causing an increased electrical resistance. These micro-cracks did not propagate under cyclic uniaxial 
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loading as the resistance change with stretch remained stable throughout the hundred cycles (see 

appendix C). 

 

Figure 6. Radial stretchability of different types of electrodes.  

 

6 Electromechanical Actuation 

Crumpled metal thin-film electrodes can be used as compliant electrodes for DEAs that require 

biaxial deformations as they have been found to be highly stretchable and only slightly stiffens its 

elastomer substrate (see section 5). Here, membrane DEAs using 40% crumpled ELD silver thin-film 

electrodes were prepared  as described before: a 4.2 times stretched elastomer membrane, on which 

initially stress-free ELD silver thin films were deposited, was relaxed to a 2.5 times pre-stretch. 

However, due to the stiffness of the electrode trails, the initially circular stress-free silver electrodes 

crumpled into an oval shape of approximately 10mm in diameter. This pre-stretched membrane DEA 

was subsequently transferred to a 50 mm square acrylic frame for support. 

Activation of the DEAs, using a high voltage source (Trek 610E), caused the electrodes to expand 

with a large area strain. As shown in figure 7, the actuated area strain was 103% at 1.6 kV (80Vm
-1

) 

and further increased to 128% at 1.8 kV (102 Vm
-1

). During the area expansion, the crumpled 

electrodes were observed to unfold from the fine wrinkles into the coarse ones (see figure 8).  Such 

large actuation strains, of DEAs using crumpled silver thin-film electrodes, are comparable to the 

actuation strains produced by DEAs using graphite powder electrodes, as shown in figure 9, and is a 

marked improvement over the actuation capability of DEAs using plain silver thin-film electrodes. 
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This can be attributed to the reduction of the silver thin films’ apparent Young’s modulus due to 

crumpling. 

 

Figure 7. Photographs showing the top view of a 2.5 times biaxially pre-stretched membrane DEA 

with crumpled ELD silver electrodes under an initial compressive strain of 40%.  

 

Figure 8. The micrographs (taken from a different sample as in figure 7) illustrate the unravelling of 

the folds during activation at 2kV. The corresponding actuated area strain is approximately 90%. 

 

Figure 9. Actuated area strain as a function of driving voltage for DEAs using different electrode 

materials. Ten samples for the crumpled ELD silver DEAs were tested and error bars indicate the 

standard deviation. 
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So far, it has been shown that crumpling ELD silver thin films by 40% results in a lower apparent 

Young’s modulus; it would be interesting to find out if the extent of crumpling affects its apparent 

Young’s modulus, such that it manifests in the actuated strains of DEAs. As described in section 4, on 

the fabrication of crumpled silver thin films, the greater the extent of electrode compression, the more 

and deeper the folds. This in turn affects its apparent Young’s modulus, according to equation (8), 

thereby influencing the achievable electromechanical actuation of the DEA. As shown in figure 10, 

the maximum actuated strain achievable by DEAs varied with the extent of electrode crumpling, even 

though they all had the same elastomer pre-stretch. That is to say, for a 40% crumpling, silver thin 

films are deposited on a 4.2 times stretched elastomer, before the stretch is reduced to a 2.5 times pre-

stretch; as for a 10% crumpling, silver thin films are deposited on a 2.8 times stretched elastomer, 

before the stretch is reduced to 2.5 times pre-stretch. DEAs with plain metal thin-film electrodes 

produced the least actuation due to the large stiffening effect of its electrodes. As shown in figure 11, 

DEAs with crumpled metal thin-film electrodes generally fared better with more electrode crumpling, 

up to 40% compressive strain. However, too much crumpling made the electrodes stiffer. This was 

caused by a reduction in the wavelength and an increase in the effective thickness of the electrodes, 

due to a nested hierarchy of wrinkles and folds (refer to equation (8)). Consequently, DEAs using 

50% electrode crumpling actuated less than that with 30% electrode crumpling. 

 

Figure 10. Actuated area strain, with respect to the applied electric field, of DEAs using ELD silver 

thin-film electrodes that had been crumpled by 0%, 20%, 30%, 40% and 50% compressive strains. 
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Figure 11. Actuated area strain (at an electric field of 80 Vm
-1

) obtained by membrane DEAs with 

ELD silver electrodes that were crumpled to varying degrees.  

 

7 Self-Clearing 

Silver thin-film electrodes have been reported to be able to self-clear [22, 39], which can help to stop 

localized electrical breakdown from prematurely damaging DEAs. In this case, the crumpled silver 

thin-film electrodes were also found to be able to self-clear on DEAs.  Typically, a DEA has an 

electrical breakdown localized at a defective spot. For example, the sample shown in figure 12 was 

subjected to a localized breakdown, wherein purplish sparks were observed at the defective spot near 

the electrode edge.  During the breakdown, the leakage current surged and the driving voltage fell as 

shown in figure 13. The electrical shorting caused the area strain of the DEA to decrease to 31%, 

lesser than the achievable strain at the pre-set voltage of 2kV. The elastomer membrane was 

punctured, as shown in figure 14a, due to the high current flow and joule heating at the shorting spot. 

The electrical breakdown oxidized the silver thin film surrounding the defective spot and eventually 

isolated the spot, thereby stopping the breakdown. As the localized defect has been self-cleared, the 

current leakage was stopped and the pre-set driving voltage restored.  Consequently, this self-cleared 

DEA sample actuated area strain increased to 84% at 2kV, as shown in figure 12.  

Self-clearing can occur multiple times in a single DEA prior to total failure. As shown in figure 13, 

upon increasing the driving voltage by another 100V, a second localised breakdown occurs, which 

then self-clears again to enable an elevated driving voltage of 2.1kV. This sequence takes place once 

more before the DEA fails at an applied voltage of 2.2kV. Although self-clearing electrodes allow 

higher driving voltages, they should only be used for preventing localised breakdowns at a few spots. 
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This is because self-clearing results in the passivation of the surrounding electrode material, which 

makes those regions non-conducting, thereby compromise the actuated strains. Ill-positioned self-

cleared sites in the middle of a DEA, as shown in figure 14, result in the formation of large wrinkles, 

which also reduces in-plane actuated strains. As such, while self-clearing electrodes cannot 

compensate badly manufactured DEAs that are full of flaws, they are very useful for preventing the 

premature breakdown of DEAs that have just a few localised defects.  

 

Figure 12. Photographs of the top view of a DEA with crumpled ELD electrodes that undergo self-

clearing. Before the event, at 1.9 kV, the area strain was 63%. After the driving voltage was increased 

to 2 kV, an electrical breakdown occurred, causing the area strain to decrease to 31%. However, after 

the self-clearing event, at the same driving voltage of 2 kV, the area strain increased to 84%. 

 

Figure 13. Time histories of voltage and current show an electrical breakdown that is followed by 

self-clearing, as indicated by a spike in current and a corresponding plunge and recovery in voltage. 

Four self-clearing event are shown, of which the voltage change during the 1
st
 and 2

nd
 events are 

magnified. 
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Figure 14. a) a self-cleared site in a DEA membrane sample with crumpled ELD silver thin-film 

electrodes. b) arc discharge at self-clear site in the middle of the actuator. c) wrinkling of the actuator 

due to passivated self-clear sites. (the white borders around the electrodes in (b) and (c) is ink used for 

imaging purposes) 

 

8 Conclusions 

Crumpled ELD silver thin films have great potential for use as compliant electrodes for dielectric 

elastomer transducers. These metallic compliant electrodes are radially stretchable to more than 110% 

strain. More notably, the stiffening effect on soft elastomers, by these crumpled metal thin films, is 

much lower than that by flat metal thin films. As such, DEAs using crumpled silver thin-film 

electrodes can achieve much higher actuated area strains, of more than 120%, than DEAs using flat 

metal thin-film electrodes. Furthermore, like metal thin-film electrodes, these crumpled electrodes 

also have the ability to self-clear, which can help to improve the reliability of the DEA. Crumpled 

ELD silver thin-film electrodes are promising for use in larger-scale dielectric elastomer generators 

(DEGs) due to its relatively low resistance, which can help to reduce parasitic resistive losses [41], as 

compared to carbon-based electrodes. Subsequent work will investigate the feasibility of using such 

electrodes in DEGs.  
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Appendix A. Derivation of buckling force per unit length 

A.1. Uniaxial buckling 

For a uniaxially buckled thin film (see figure 2b), the out-of-plane deflections can be described by 

        
  

 
  

where  is the amplitude and l is the half-wavelength. 

By assuming small deflections, the strain energy U in the thin film is equal to the bending energy 

         
   

    

  

 

 

 

     
  

 
   

  

  
 

The work done T by the axial force per unit length Nx to buckle the thin film is given by 

          
  

  
 
  

 

 

 

     
  

 
   

 
  

  
 

By using the principle of virtual work, wherein 

  

  
   

  

  
   

The force per unit length Nx required to buckle the thin film is given by 

    
  

  
 

 

A.2. Biaxial buckling 

For a biaxially buckled thin film (see figure 2c), the out-of-plane deflections can be described by 

        
  

 
     

  

 
  

where  is the amplitude and l and b are the half-wavelengths in the x and y directions, respectively. 

By assuming small deflections, the strain energy U in the thin film is equal to the bending energy 
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The work done T by the axial forces per unit length Nx and Ny to buckle the thin film is given by 

          
  

  
 
  

 

 

 

    
  

  
 
 

     
  

 
     

  

  
   

  

    

By using the principle of virtual work, wherein 

  

  
   

  

  
   

and by assuming that Nx = Ny, the force per unit length required to buckle the thin film is given by 

      
  

  
 

  

    

By assuming a square plate wherein b = l,  
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Appendix B. Radial stretcher.  

A radial stretcher was custom-made to radially stretch and relax an elastomer membrane by moving 

the sixteen crocodile clips, which holds the circumference of the disc-like membrane. Equal radially 

outwards motions stretch the membrane, while equal radially inwards motions relax the membrane. 

Radial motions for the crocodile clips are controlled equally by a stepper motor, running at a rate of 

3.6 D0 per minute.  To mitigate tearing, by the crocodile clips, the circumference of the elastomer 

membrane can be reinforced by a VHB layer of 5mm width. Once stretched to the required value, the 

stretched elastomeric membrane can be easily transferred to an annular-shape supporting frame. This 

can be done by fastening bolts and nuts, to secure each crocodile clip to the holes in the frame, and 

then unhooking the crocodile clips from the radial stretcher. The frame mounting enables easy 

handling of the stretched elastomer membrane for the deposition of metal thin films on both sides of 

the membrane. After that, in order to change the stretch in the elastomer membrane, it can be 

transferred back to the radial stretcher by re-hooking the crocodile clips to the stretcher and 

unfastening the bolts and nuts from the frame. In this way, the metalized dielectric elastomeric 

membrane can be relaxed from a higher to a lower stretch, in order to induce surface buckling that 

crumples the metal thin-film electrodes. 

 

 

Figure B1. A radial stretcher used to fabricate the crumpled metal thin-film electrodes. 
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Appendix C. Cyclic loading of crumpled ELD silver electrodes 

Crumpled ELD silver electrodes are able to sustain a cyclic uniaxial loading of between 0% and 100% 

strain. The crumpled ELD silver electrodes were 10mm by 10mm in size and had a compressive strain 

of 75% at zero apparent strain. The electrodes were cyclically strained, between 0% and 100% 

uniaxial strain, for one hundred times at a rate of 50% strain per minute. As shown in figure C1, the 

resistance of the crumpled silver thin-film electrodes remained low, below 60 , throughout the one 

hundred cycles. After the first cycle, the resistance of the unstrained electrode, at 0% strain, increased 

from 33  to 45 . Thereafter, the unstrained electrode resistance decreased through the first 30 

cycles and increased slightly through cycles 30 to 40. After the first 40 cycles, the electrode resistance 

stabilized; the unstrained electrode resistance was maintained at 42 ± 0.2  while the 100%-strained 

electrode resistance was kept at 52 ± 0.2 .  

 

Figure C1. Change in resistance across the electrode as the crumpled ELD silver electrode was 

cyclically strained between 0% and 100% for a hundred times.  


