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Abstract 

A variety of intriguing surface patterns have been observed on developing 

natural systems, ranging from corrugated surface of white blood cells at nanometer 

scales to wrinkled dog skins at millimeter scales. To mimetically harness functionalities 

of natural morphologies, artificial transformative skin systems by using soft active 

materials have been rationally designed to generate versatile patterns for a variety of 

engineering applications. The study of the mechanics and design of these dynamic 

surface patterns on soft active materials are both physically interesting and 

technologically important.  

This dissertation starts with studying abundant surface patterns in Nature by 

constructing a unified phase diagram of surface instabilities on soft materials with 

minimum numbers of physical parameters. Guided by this integrated phase diagram, an 

electroactive system is designed to investigate a variety of electrically-induced surface 

instabilities of elastomers, including electro-creasing, electro-cratering, electro-wrinkling 

and electro-cavitation. Combing experimental, theoretical and computational methods, 

the initiation, evolution and transition of these instabilities are analyzed. To apply these 

dynamic surface instabilities to serving engineering and biology, new techniques of 

Dynamic Electrostatic Lithography and electroactive anti-biofouling are demonstrated.  
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1. Introduction  

1.1 Motivations 

1.1.1 Understanding Natural morphologies 

Numerous intriguing surface morphologies across multiscales exist in 

developing natural systems (Fig. 1-1).  At nanometer scales, to provide reservoirs of 

excess surfaces the membranes of white blood cells crumpled into highly corrugated 

surface topologies (1). At micron scales, tumor surfaces buckle during the growth (2, 3); 

the inner surfaces of human and chick guts fold into villi-shapes (4-7); for facilitating the 

transport of nutrient and water biofilms undulate to form channel networks (8, 9); and 

the cerebral cortex fold against itself to integrate large surfaces (10, 11).  Within our daily 

life at millimeter scales, skins of animals (12-14) and plants (15-17) wrinkle due to the 

skin growth. Furthermore, rocks and mountain landscapes pose undulated shapes to 

accommodate the crust movement at meter or kilometer scales.   

It is an enduring goal to understand the emergence and evolution of natural 

morphogenesis (18, 19). Even though different natural systems have diverse detailed 

compositions, they in general consist of bilayer laminates, a skin film bonded on a 

substrate; for example, lipid membranes on the Cytoskeleton of blood cells(1), outer 

proliferative cells on the inner necrotic core of a tumor(2), the mucosa on the muscle 

layer in intestinal villi(4-7), the grey matter on the white matter in cerebral cortexes  
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Figure 1-1: Surface instabilities in natural and engineering systems across 

multiscales. (1-23) 

(10, 11), the epidermis on the dermis or hypodermis in mammalian skins(12-14, 20), and 

the epidermis on the ground tissue in plant skins(15-17). Other than some skins with 

liquids as the substrates (8, 21), the skin film and the substrate are usually solids with 

shear modulus f and s , respectively. The thickness of the film is usually much 

smaller than the thickness of the substrate. Due to confined skin growth, substrate 

shrinkage or other confinements, a mismatch compressive strain M develops on the 

film. Once M  reaches a critical point, the initially flat skin system bifurcates to an 

unstable state with a corrugated morphology. Previous studies primarily focus on 
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sinusoidal wrinkles as the corrugation (22, 23). Recent studies in separate skin systems 

showed that the instabilities can be creases, folds, period-doubles, localized ridges and 

more (4, 6, 24-35). However, it is still largely elusive how physical parameters of the skin 

system qualitatively and quantitatively determine the initiation, evolution and transition 

of these surface instabilities. In this dissertation, I try to answer these questions in the 

first part of the dissertation by constructing a unified phase diagram of surface 

instabilities on skins loaded by a mismatch strain through joint experimental, theoretical 

and computational studies.  

1.1.2 Designing an electroactive system by mimicking Nature 

Once the surface instabilities of natural systems are depicted, and inspirations 

from them are learnt, one should use the concepts and theories to design man-made 

systems to mimic the functionalities of natural morphologies with precise human controls 

(Fig. 1-2). Dynamically responsive surface spontaneously generated by mechanical 

instability can be triggered by a number of external stimuli, such as growth and swelling 

of the films (15, 17, 36-40), thermal expansion mismatch (41-45), ion irradiation treatment 

(26, 46), van der waals interaction(47), osmosis pressure(48) and more.  

 

Figure 1-2: A paradigm of research methodology 
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Figure 1-3: A layer of dielectric elastomer was sandwiched by two compliant 

electrodes. The elastomer can expand for more than 100% under electric actuation. (49) 

In this dissertation, we demonstrate a system with dynamic surface 

morphologies by using electric actuations on a type of electroactive polymer, dielectric 

elastomer.  Figure 1-3 illustrates a layer of dielectric elastomer film that is sandwiched 

by two compliant electrodes. Once an efficiently high voltage is applied across the 

elastomer film, it reduces the thickness and expands for more than 100% (49). This 

material has been known as a potential candidate to create the next generation artificial 

muscles(50). A number of studies are focused on the large homogenous deformation of 

the dielectric elastomer under electric actuations; however, few studies demonstrate its 

capability for creating a transformative skin with dynamically responsive surface 

topologies, similar as the natural morphologies in Figure 1-1. How to use the principal 

learnt from Nature to design this electroactive system that can mimic the natural 

morphologies? How to understand and quantify the electroactive surface instabilities? 

How to design and precisely control the dynamic surface topologies interact with other 

surfaces or media? All these questions motivate the second part of this dissertation. 
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1.1.3 Appling the electroactive system to impact engineering and 
biology 

Once the man-made system has been created, the next question is how this 

system can be used to impact engineering and biology (Fig. 1-2). To mimetically harness 

functional natural morphologies, artificial transformative skin systems have been 

rationally designed to generate versatile patterns for a variety of engineering 

applications. Examples shown in Figure 1-1 range from flexible electronics(51-53) by 

utilizing the geometrical flexibility of surface instabilities, microfluidics(54) by 

harnessing the groove shape of wrinkles, thin film metrology(55) by applying the 

relationship between film properties and feature wavelength, thermal barrier coating(56) 

by suppressing surface delamination, optics (57, 58) with defined wavelength of 

wrinkles, solar cells(59) by using the light transmittance/reflectance of corrugated 

surfaces, to biomedical devices(40, 60, 61) by hiding beads/cells/enzyme on creased 

hydrogel surfaces. 

In this dissertation, we focus on the dynamically reversible surfaces/interfaces of 

electroactive dielectrics system. How to use this system to fabricate precisely 

controllable surface patterns cross multiple length scales? How to overcome the 

traditional barrier in patterning on curved surfaces? How these electroactive 

surfaces/patterns bio-compatibly interact with bio-molecules? How the electroactive 

surface topologies impact the adhesion and well-beings of the bio-molecules? By 

harnessing these electroactive dynamic surface/interfaces, I answer these questions by 
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demonstrating the applications in dynamic electrostatic lithography and anti-biofouling 

in the third part of this dissertation. 

1.2 Introduction of Constitutive Models 

1.2.1 Hyperelastic model 

For many soft materials, linear elastic constitutive models can only capture the 

mechanical behavior in a small strain range (<10%), but cannot fully capture that in the 

large deformation range. In the large deformation range, the hyperelastic constitutive 

models predict the stress-strain behaviors of soft materials.  

We use the coordinate vector X  of each material particle in the reference 

configuration to name the material particle. Subjected to loads, the material deforms into 

the current configuration. In the current configuration, the material particle X  occupies 

a place with coordinate vector x . The deformation gradient tensor is defined by 

xF Grad  (1-1) 

where Grad  is the gradient operator with respect to X . We further denote Vd and vd  

as the volume of a material element in the reference and current states, respectively. The 

change in volume due to deformation follows VJv dd  , where FdetJ . If the 

material is incompressible, 1J .  

 During the deformation, the material accumulates a strain energy in the material, 

with the strain energy density denoted as  FMW . The nominal stress can be defined as  
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                                                              (1-2) 

where s  is the nominal stress tensor defined in the reference configuration and can be 

understood as a current force acting on a reference area. The corresponding Cauchy 

stress tensor is  

  TMW

J
F

F

F
σ






1
                                                              (1-3) 

where σ  is the true stress tensor defined in the current configuration and can be 

understood as a current force acting on a current area.  

 The strain energy density of the incompressible Neo-Hookean material is defined 

as  

      13
2

 JptraceW T

M FFF


                                          (1-4) 

where   is the initial shear modulus and p is a Lagrangian multiplier that imposes the 

incompressibility condition. The Cauchy stress can be computed as 

I
FF

σ p
J

T




                                                              (1-5) 

 Now, we assume the material is deformed in three principal directions 

with three stretch ratios (current length/initial length) as 1 , 2  and 3 . The 

deformation gradient is  321 ,, diagF . We further consider a plane-strain 

deformation, with  1 ,  12   and 13  .  The Cauchy stress can be written as 
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p 2

11                                                                (1-6a) 

p 2

22                                                                (1-6b) 

Since 022  , the Cauchy stress in the stretch direction is  

 22

11

                                                                (1-7) 

The corresponding nominal stress is  

 3

11

 s                                                               (1-8) 

1.2.2 Electromechanics of Soft Dielectrics 

Since soft dielectrics are mostly constituted of flexible polymer chains with 

polarizable groups, it is commonly assumed that the electrical polarization of soft 

dielectrics is liquid-like, independent of their deformation. The free energy density of 

the soft dielectrics takes the form  

   2

2
EF


 MWW                                                               (1-9) 

where   is the dielectric constant of the dielectric, E is the electric field vector. The 

Cauchy stress is then computed as 

 
IEEEF

F

F
σ

2

2

1 
 




 TMW

J
                                         (1-10) 

where  IEEE
2

2


   is the well-known Maxwell stress tensor in dielectrics.  
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1.3 Plan of Dissertation 

This dissertation starts with presenting unified phase diagrams of surface 

instabilities in Chapter 2.  Subject to a compressive membrane stress, an elastic film 

bonded on a substrate can become unstable, forming wrinkles, creases or delaminated 

buckles. Further increasing the compressive stress can induce advanced modes of 

instabilities including period-doubles, folds, localized ridges, delamination, and co-

existent instabilities. Here we present a joint experimental and theoretical study to 

systematically explore the instabilities in elastic film-substrate systems under uniaxial 

compression. We use the Maxwell stability criterion to analyze the occurrence and 

evolution of instabilities analogous to phase transitions in thermodynamic systems. We 

show that the moduli of the film and the substrate, the film-substrate adhesion strength, 

the film thickness, and the pre-stretch in the substrate determine various modes of 

instabilities. Defects in the film-substrate system can facilitate it to overcome energy 

barriers during occurrence and evolution of instabilities. We provide a set of phase 

diagrams to predict both initial and advanced modes of instabilities in compressed film-

substrate systems. The phase diagrams can be used to guide the design of film-substrate 

systems to achieve desired modes of instabilities. 

Based on the understanding in Chapter 2, I design a system to generate dynamic 

surfaces on dielectric elastomers under electric actuations. For example, in Chapter 3, a 

new type of instability in a substrate-bonded elastic polymer subject to an ultrahigh 
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electric field will be presented. Once the electric field reaches a critical value, the initially 

flat surface of the polymer locally folds against itself to form a pattern of creases.  As the 

electric field further rises, the creases increase in size and decrease in density, and 

strikingly evolve into craters in the polymer. The critical field for the electro-creasing 

instability scales with the square root of the polymer’s modulus. Linear stability analysis 

overestimates the critical field for the electro-creasing instability. A theoretical model 

has been developed to predict the critical field by comparing the potential energies in 

the creased and flat states. The theoretical prediction matches consistently with the 

experimental results.  

In addition, by considering the surface tension effect the creasing instability can 

be transited into wrinkling instability in Chapter 4. Creasing and wrinkling are different 

types of instabilities on material surfaces characterized by localized singular folds and 

continuously smooth undulation, respectively. While it is known that electric fields can 

induce both types of instabilities in elastomer films bonded on substrates, the relation 

and transition between the field-induced instabilities have not been analyzed or 

understood. We show that the surface energy, modulus and thickness of the elastomer 

determine the types, critical fields and wavelengths of the instabilities. By independently 

varying these parameters of elastomers under electric fields, our experiments 

demonstrate transitions between creases with short wavelengths and wrinkles with long 

wavelengths. We further develop a unified theoretical model that accounts for both 
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creasing and wrinkling instabilities induced by electric fields and predicts their 

transitions. The experimental data agree well with the theoretical model. 

Furthermore, on the inter-interface between dielectric elastomer we observed a 

new type of electro-cavitation instability in Chapter 5. We find the instability of drops in 

solids morphologically resembles that in liquids, but the critical electric field for the 

instability follows a different scaling due to elasticity of solids. Our observations and 

theoretical models not only advance the fundamental understanding of electrified drops 

but also suggest a new failure mechanism of high-energy-density dielectric polymers, 

which have diverse applications ranging from capacitors for power grids and electric 

vehicles to muscle-like transducers for soft robots and energy harvesting. 

Paralleling with investigating the physics and mechanics of dynamic 

surfaces/interfaces of dielectric elastomers under electric actuation, I also utilize them for 

fruitful engineering applications. As one example in Chapter 6, we invent a new 

technology named dynamic electrostatic lithography, which is capable of dynamically 

generating patterns with various shapes and sizes on large-area curved polymer 

surfaces.  The morphology of the patterns is controlled by the applied electric field and 

the pre-stretch in the polymer, and the wavelength is governed by the thickness of the 

pre-stretched polymer layer. A theory has been developed to calculate the critical 

electric fields for pattern transition and to predict the wavelengths of the patterns. The 

theoretical predictions match consistently with experimental results. A general phase 
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diagram is further constructed to characterize the transition between various patterns 

generated by DEL. The theory and the phase diagram will provide quantitative 

guidelines for future applications of DEL in various technologies. 

As the second example in Chapter 7, I discovered that the deformation of 

polymer surfaces can effectively detach microbial biofilms and macro-fouling 

organisms. Inspired by active biological surfaces, we created simple elastomer surfaces 

capable of dynamic deformation in response to external stimuli including electrical 

voltage, mechanical stretching and air pressure. The use of dynamic surface deformation 

is complementary and may enhance other means for biofouling management such as 

surface modification, controlled release and micro- and nanotopography.  
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2. Phase Diagrams of Instabilities in Compressed Film-
Substrate Systems

1
 

2.1 Introduction 

Thin films bonded on thick substrates appear in diverse biological and 

engineering systems, with examples ranging from skins on animals and fruits to 

coatings on various engineering objects. Compressive membrane stresses can be 

frequently induced in films bonded on substrates due to various reasons, such as growth 

and swelling of the films (15, 17, 36-40), thermal expansion mismatch between the films 

and the substrates (41-45), ion irradiation treatment (26, 46), electric fields applied on the 

films (61-63), relaxation of pre-stretches in the substrates (35, 51, 52, 64-66), and 

mechanical compression on the substrates (25, 54, 55, 67). As the compressive stresses in 

the films reach critical values, the homogeneous deformation of the film-substrate 

systems becomes unstable, switching into states of inhomogeneous deformation with 

non-flat configurations of the films. 

In recent decades, extensive experimental and theoretical studies have reported 

various modes of instabilities in film-substrate systems, including wrinkling, creasing, 

delaminated buckling, period-doubling, localized ridges, folds, and hierarchical 

wrinkling and crumpling (24-31, 54). The co-existence and co-evolution of wrinkling and 

delaminated buckling have also been observed and analyzed (33, 42, 68). Despite the 

                                                      

1 This chapter is based on Qiming Wang, Xuanhe Zhao, Phase Diagrams of Instabilities in Compressed Film-

Substrate Systems, Journal of Applied Mechanics, 81, 051004 (2013). 
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extensive works and substantial results in this field, a systematic and quantitative 

understanding of various modes of instabilities in film-substrate systems is still elusive. 

Previous experiments usually use specific materials (e.g. metals on polymers) to 

construct the film-substrate systems, which restrict systematic variation of the film and 

substrate’s mechanical properties to achieve various modes of instabilities. Similarly, 

previous theoretical studies rarely analyze various modes of instabilities together in 

systematic approaches. However, a general and quantitative understanding of various 

instabilities in film-substrate systems is of fundamental importance to the physics and 

mechanics of solids. In addition, such a systematic understanding will rationally guide 

the applications of instabilities in various modern technologies such as flexible 

electronics (53, 69) and biomedical devices (40, 60). Recently, Cao and Hutchinson 

theoretically analyzed wrinkling, creasing, period-doubling, folding and localized ridges 

together, without considering delaminated buckling or co-existent instabilities (27).  

In the current dissertation, we present a combined experimental and theoretical 

study on multiple modes of instabilities in elastic film-substrate systems under uniaxial 

compression.  In the experiment, we use polymers to construct the film and the 

substrate, and systematically vary moduli of the polymers, adhesion strength between 

film and substrate, film thickness, and pre-stretch in the substrate (Fig. 2-1). 

Consequently, our experiment demonstrates a systematic set of instabilities: (i) If the 

film is well-bonded on the substrate and much more rigid than the substrate, the system  
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Figure 2-1: Schematic illustration of the experimental procedure to observe 

various modes of instabilities in film-substrate systems under uniaxial compression. 

first gives the wrinkling instability. (ii) If the film is well-bonded on the substrate but has 

a lower or slightly higher modulus than the substrate, the creasing instability can first 

set in. (iii) If the bonding between the film and substrate is relatively weak, the film 

tends to delaminate from the substrate, giving the delaminated buckling instability. (iv) 

Further compressing the film-substrate system can induce advanced modes of 

instabilities including period-doubles, localized ridges, folds, delamination, and co-

existence of instabilities. 
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Figure 2-2: Schematic illustration of the evolution of a film-substrate system’s 

potential energy with the applied compressive strain and the transition of states. 

To systematically and quantitatively account for various modes of instabilities, 

we regard the elastic film and substrate as a thermodynamic system and calculate the 

potential energies of various configurations of the system observed in the experiments. 

The potential energies will evolve with the applied compressive strain (Fig. 2-2). We 

then adopt the Maxwell stability criterion (70-73), and regard the configuration with the 

global minimum of potential energy as the current state of the system under an applied 

compressive strain. The Maxwell stability criterion is commonly used for analyzing 

phase transitions in thermodynamic systems, where underlying fluctuations are 

assumed to be able to shake the systems out of local potential-energy minima to seek a 

global minimum. The same principle has also been used to analyze instabilities and co-

existence of states in structures and materials (70, 74-78). In order for thermodynamic 
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systems to switch between different states, energy barriers sometimes need to be 

overcome.  

A combination of our experiment and theory shows that the moduli of the film 

and the substrate, the film-substrate adhesion strength, the film thickness, and the pre-

stretch in the substrate determine occurrence and evolution of various instabilities. 

Defects in the film-substrate systems can facilitate them to exceed the energy barriers 

during state transition. We further provide quantitative phase diagrams to predict both 

initial and advanced modes of the instabilities. 

2.2 Experimental  

Two types of silicone elastomers, Sylgard 184 (Dow Corning, USA) and Ecoflex 

0010 (Smooth-on, USA), were used to construct the film and the substrate, respectively. 

The Sylgard was spin-casted into thin films with thickness ranging from ~21 µm to ~583 

µm by varying the spinning speed from 5000 rpm to 100 rpm. The Ecoflex was casted 

into thick substrates with thickness over 5 mm, so that the substrates are much thicker 

than the films in the experiments. The shear modulus of Ecoflex was measured to be 10.4 

kPa, and the shear modulus of Sylgard was varied from 6.7 kPa to 155 kPa by changing 

its crosslinker concentration (Fig. 2-S1) (35, 62-64). The shear moduli of the polymers 

were measured by fitting stress vs. strain data from uniaxial tensile tests to the neo-

Hookean law. 
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As illustrated in Fig. 2-1a, the long edges of a rectangular Ecoflex substrate were 

clamped on two grips of a uniaxial stretcher. The long edges of the substrate were set to 

be much longer than its short edges, so that the substrate can be uniaxially pre-stretched 

to a prescribed ratio. The Sylgard film was then carefully attached on the pre-stretched 

substrate by uniformly pressing it on the substrate with two rigid plates (Fig. 2-1b). For 

relatively thick films, a very thin layer of uncured Ecoflex can also be smeared on the 

substrate prior to attaching the films. Once cured, the thin Ecoflex layer can enhance the 

adhesion between film and substrate without affecting instabilities of the system. 

Thereafter, the pre-stretched substrate was gradually relaxed with a strain rate around 

13101  s , while the occurrence and evolution of instabilities were observed with two 

microscope lenses viewing at different angles (Fig. 2-1c). For cases with un-prestretched 

substrates, the film-substrate system was attached to another thick layer of Ecoflex that 

had been uniaxially pre-stretched. Relaxation of the pre-stretched bottom layer induced 

compression in the film-substrate system.   

The adhesion energy between the film and the substrate was measured with the 

peeling test (Fig. 2-3) (79, 80). A strip of Sylgard film with width b was carefully 

attached on a prestretched Ecoflex substrate by uniformly pressing it on the substrate 

with two rigid plates.  After 30 minutes at room temperature, a force F  was applied to 

the Sylgard film to peel off the substrate along the prestretch direction with an angle   

at a low peeling rate
14101   sm . The adhesion energy was calculated by 
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 2cos1  
b

F
 , where  is the strain in the detached section of the Sylgard film 

(79).  The adhesion energy between Sylgard film and ecoflex substrate decreases with 

the increase of film modulus, but only slightly varies among three prestretch ratios, 

especially between 1p  and 2p . In practical experiments, the adhesion strength 

between the film and the substrate can be controlled by varying moduli of the film and 

substrate (e.g. Fig. 2-3) or applying adhesives between them. 

 

Figure 2-3: The adhesion energy between Sylgard films and prestretched 

Ecoflex substrates. 

2.3 Potential energy and Maxwell stability criterion 

Both the film and the substrate are taken to be incompressible neo-Hookean 

materials with shear moduli, 
f

  and s , respectively. The neo-Hookean law applies to 

the Ecoflex substrate under uniaxial stretch up to 2.5 (61, 81), and also applies to Sylgard 

films under uniaxial stretch up to 2.2 (Fig. 2-S1). At undeformed states, the film has a 
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length L and thickness 
f

H , and the substrate has a length 
p

L /  and thickness 
pS

H  , 

where 
fS

HH   (Fig. 2-4a). The substrate is pre-stretched uniaxially by a stretch of  
p

  

along the length direction, and then bonded to the film. We take the prestretched-

bonded state (Fig. 2-4b) to be the reference state of the system. Thereafter, a uniaxial 

compressive strain   is applied to the film-substrate system, which reduces the length 

of system by L , so that the applied compressive strain is LL /  (Fig. 2-4c). 

Throughout the whole process, the width of the film and the substrate is maintained to 

be unit to give plane-strain deformation. Therefore, the potential energy of the film-

substrate system at the current state can be expressed as 

 DUU sf    (2-1) 

where 
f

U  and 
s

U  are the elastic energies of the film and the substrate respectively,    

the film-substrate adhesion energy per unit area at the reference state, and D  the length 

of the current delaminated region at the reference state. Since our experiments are 

carried out in air, the surface energies of the polymers have been neglected due to their 

small values and negligible effect in the current system (64).   

We denote the potential energy of the system at an initial equilibrium state as 

0
  (e.g. the homogenous state). As the applied compressive strain reaches a critical 

value 
c

i
 , the system transits into a new state, i, with potential energy 

i
 . Both 

0
  and 
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i
  can be calculated with Eq. (2-1) numerically or analytically, and the potential energy 

difference is 

 
0


ii

 (2-2) 

According to the Maxwell stability criterion, transition between the two states 

requires: (i) 0  represents a global minimum of potential energy of the system at 
c

i
 , 

(ii) the new state, i, satisfies equilibrium conditions, (iii)   0 c

ii  , and (iv) 

  0  c

ii , where    is an infinitesimal increment of the applied strain. 

Depending on the pre-stretch in the substrate, a film-substrate system’s potential 

energy may decrease or increase with the applied compressive strain. Without loss of 

generality, Figure 2-2 schematically illustrates the evolution of a film-substrate system’s 

potential energy with applied strain and the transition of states. When the applied strain 

is relatively low, the flat state of the film-substrate system gives the global minimum of 

potential energy. As the applied strain reaches a critical value 
c

A
 , the potential energy of 

a new state A   becomes equal to that of the flat state, and the system transits into state 

A .  We define the new states switched from the flat state as the initial modes of 

instabilities. It is noted that, at a higher applied strain 
c

B
 , the potential energies of state 

B  and the flat state are also equal to each other. However, since the potential energy of 

the flat state is no longer a global minimum at 
c

B
 , the system will have transited into 

state A  before 
c

B
  is reached.  
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After the system transits into state A , the applied compressive strain can be 

further increased (Fig. 2-2). As the applied strain reaches another critical value
c

C
 , the 

potential energy of a new state C   becomes equal to that of state A , so that the system 

transits into state C . We define the new states switched from a non-flat state as the 

advanced modes of instabilities. During the transition of states, the system sometimes needs 

to exceed certain energy barriers, which will also be discussed in the following sections. 

 

Figure 2-4: Schematic illustration of a film-substrate system under plane-strain 

deformation (a-c), and the three initial modes of instabilities (d-f). Optical 

microscopic images of the wrinkling (g, top view; h, side view), creasing (i, top view; 

j, side view),  and delaminated buckling  (k, top view; l, side view ) instabilities. 
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2.4 Initial modes of instabilities 

Our experiments have shown that the homogeneous deformation of flat film-

substrate systems can transit into at least three initial modes of instabilities: wrinkling, 

creasing and delaminated buckling (Fig. 2-4). The potential energy of the film-substrate 

system at the flat state is 

 
          LHLH
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(2-3) 

The potential energy of the flat state will be compared to those of various initial 

modes of instabilities (Fig. 2-4) to determine the occurrence of these instabilities. 

Considering Eq. (2-1) and (2-3) and 
fs

HH  , we can express the critical strains for 

various modes of instabilities by dimensional arguments as,  
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Based on the Maxwell stability criterion, the critical strains for various modes of 

instabilities can be calculated together with other characters of the instabilities such as 

wavelengths of wrinkles and delaminated lengths of buckles. 

Wrinkling. Following Cao and Hutchinson (27), we perform linear stability 

analysis on a film-substrate system with a pre-stretched substrate to calculate the critical 

strain for wrinkling, 
c

wrinkle
 . The linear stability analysis guarantees that the wrinkled 

state satisfies equilibrium condition.  Since the amplitude of wrinkles is infinitesimal at 

c

wrinkle
 , the potential energies of flat and wrinkled states are the same during state 
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transition, i.e. 0
wrinkle

. This is validated by finite element calculation as shown in 

Fig. 2-S2a. The theoretical predictions of 
c

wrinkle
 (27)

 
for various values of 

sf
 / and 

p
  

are plotted on Fig. 2-S2b. It can be seen that  
c

wrinkle
  is a monotonic decreasing function of 

sf
 / . The maximum value of 

c

wrinkle
  is around 0.465 for 1/ 

sf
  and 1

p
 , 

consistent with Biot’s (82) and recently Cao and Hutchinson’s (27) analyses. In addition, 

for large values of moduli ratio (e.g. 10/ 
sf

 ), the critical strain can be approximated 

as (27, 83)  
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  (2-5) 

where  21
p

  accounts for the effect of the uniaxial pre-stretch in the substrate. 

The above analysis for wrinkling instability, however, does not guarantee that 

the flat state has a global minimum of potential energy at 
c

wrinkle
 . Since the system may 

have transited into other modes of instabilities before 
c

wrinkle
   is reached, we need to 

compare 
c

wrinkle
  with the critical strains of other initial modes of instabilities (Fig. 2-2).  

Creasing. While the creasing instability occurs at localized locations on the 

surface of the film, the strain around the crease is nevertheless finite (10, 32, 84). 

Therefore, the linear stability analysis which assumes small deformation is not adequate 

to analyze the critical strain for creasing instability. By using finite element method, 

Hong et al (32) and Wong et al (85) pre-deformed a crease of size a on the surface of the 
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film by applying a perpendicular line force F. At the initiation of the crease, 
f

Ha  , 

and thus the homogeneous deformation of the substrate is not perturbed. At a critical 

strain  35.0c

crease ,  both potential energy difference 
crease


 

and F  reach zero, 

indicating the creased state has the same potential energy as the flat state and the 

creased state satisfies the equilibrium condition. In addition, since the crease size a  can 

be set to be infinitesimal in the above analysis, there is no energy barrier for the 

transition between flat and creased states, given that the surface energy of the film is 

negligible. In cases where the surface energy of the film is significant, the system needs 

to overcome an energy barrier for crease initiation(64, 86). As a result, the critical strain 

for creasing instability may be sensitive to imperfections on the surface of the film due to 

surface-energy effect of the film (64, 86). 

Delaminated buckling. The transition from flat to delaminated buckled states 

reduces the film-substrate system’s elastic energy but increase its adhesion energy. The 

potential energy difference between the delaminated buckled and flat states can be 

expressed as 

 
DUbucklebuckle 

 
(2-6) 

where buckle
U  is the elastic energy difference between the delaminated buckled and flat 

states, and D  the length of the delaminated region at reference state. According to the 

Maxwell stability criterion, the transition between flat and delaminated buckled states 

requires,  
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 0buckle  (2-7) 

 0




D

buckle  (2-8) 

Solving Eq. (2-7) and (2-8) gives the critical strain c

buckle  and the corresponding 

delaminated length 
c

buckle
D .

 
As illustrated in Fig. 2-5a, we construct a finite-element 

model to calculate the elastic energy of the delaminated buckled state under various 

compressive strain   and delaminated length D . The length of the film-substrate 

system L  is set to be much larger than D . Due to symmetry, only a half of the system 

needs to be calculated (Fig. 2-5a). A small force perturbation is introduced at the 

topmost node of the buckling region to trigger the buckling without affecting the 

potential energy of the system (35, 68). It is noticed that the finite-element model 

sometimes can give other instabilities under certain applied strain, which indicates 

delaminated buckling is not the current mode of instability. In order to calculate the 

potential energies of delaminated buckled states under various applied strains, we 

deliberately suppress other modes of instabilities in the model. However, if the 

deliberate suppression is required for any critical strain c

buckle , our theory predicts that 

other modes of instabilities will occur before delaminated buckling.  

From Fig. 2-5b, it can be seen that buckleU  is zero at relatively low values of 

fHD / , where the film delaminates but cannot buckle out (87, 88). At relatively large 

values of fHD / , the delaminated film buckles out, significantly reducing the system’s 
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elastic energy. In Fig. 2-5c, we plot buckle  as functions of 
f

HD /   for various values of 

the applied compressive strain.  For instance, when   44.0/  fs H , 2/ sf   and 

1p , Eq. (2-7) and (2-8) are satisfied at 28.0c

buckle
 

with corresponding
 

f

c

buckle HD 2.10 . 

As shown in Fig. 2-5c, the film-substrate system indeed needs to overcome an 

energy barrier for the transition from flat to delaminated buckled states. The energy 

barrier 
Buckle

B  has been calculated for various values of   
fsH/   and 

sf
 /  (Fig. 2-

5d). It can be seen that the energy barriers are mostly lower than 2

fsH . As shown in 

Fig. 2-5e, defects on the film-substrate interface (e.g. air bubble and initial delamination) 

can greatly facilitate the system to overcome the energy barriers. Once a delaminated-

buckled region is initiated, it will propagate throughout the sample with a constant 

delaminated length 
c

buckle
D . The transition is analogous to co-existence of states in 

structures and materials (70, 74, 75, 78).  
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Figure 2-5: A finite-element model for calculating the elastic energy of a film-

substrate system at the delaminated buckled state (a). The calculated elastic (b) and 

potential (c) energy difference between the delaminated buckled and flat states as 

functions of the applied compressive strain and delaminated length. The calculated 

energy barrier for the transition from flat to delaminated buckled states (d). Optical 

microscopic images of the initiation and propagation of a delaminated buckle in a 

film-substrate system under compression (e). The delaminated buckle initiates at 

defects on the film-substrate interface as indicated by an arrow. 

 Phase diagram of initial modes of instabilities. The flat state of the film-

substrate system can bifurcate into a mode of wrinkling, creasing or delaminated 
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buckling instability, depending on which mode has the lowest critical strain (Fig. 2-2). 

Based on above analyses, we construct a phase diagram for the initial modes of 

instabilities using 
sf

 / ,  fsH/ , and 
p

  as variables that characterize the film-

substrate system.  

 

Figure 2-6: The calculated critical strains (a) and phase diagram (b) of the 

initial modes of instabilities in film-substrate systems with 1p . 

In Fig. 2-6a, we plot the calculated critical strains of various initial modes of 

instabilities in film-substrate systems with 1
p

 . It can be seen that both 
c

wrinkle
  and 

c

buckle
  are decreasing functions of 

sf
 / , but 

c

crease
  is a constant, 35.0 . Furthermore, for 
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the same value of 
sf

 / , the function  
c

buckle  increases with  fsH/ . The 

intersections of curves in Fig. 2-6a provide the phase boundaries for the initial modes of 

instabilities in film-substrate systems with 1
p

 . From the phase diagram (Fig. 2-6b),  it 

is obvious that relatively high values of  fsH/  and 
sf

 /  give wrinkling, high 

 fsH/  but low 
sf

 /  induces creasing, and low  fsH/  leads to delaminated 

buckling. This trend is consistent with our experimental observations (Fig. 2-4). 

Furthermore, the triple-point for the three modes of initial instabilities lies at 

  77.0/  fs H  and 54.1/ sf  . 

In Fig. 2-7a and b, we further plot the calculated phase diagrams for initial 

modes of instabilities in film-substrate systems with 2
p


 
and 3, respectively. It can be 

seen that the pre-stretch in the substrate does not change the qualitative structure of the 

phase diagram, but varies the values of phase boundaries. For example, the critical value 

of 
sf

 /
 
that separates wrinkling and creasing instabilities reduces from 1.54 for 1

p
  

to 1.22 for  2p  
and 1.14 for 3

p
 . In addition, we have performed a systematic set 

of experiments on film-substrate systems with 2p , by varying the film thickness, the 

modulus ratio of film and substrate, and the adhesion energy.  From Fig. 2-7a, it can be 

seen the experimental results are mostly consistent with the prediction of the phase 

diagram.  It is also noted that the phase diagram tends to underestimate the critical 

sf
 /  between wrinkling and creasing instabilities, possibly due to defects on the film 
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surface or thickness effect of the substrate in the experiment, which may give the 

creasing instability at higher values of 
sf

 /  than the theoretical prediction.   

 

Figure 2-7: The calculated phase diagrams of the initial modes of instabilities 

in film-substrate systems with 2p (a)  and  3p (b), respectively. Comparison of 

the experimentally observed instabilities and the calculated phase diagram of 

instabilities in a film-substrate system with 2p  is plotted in (a). 

2.5 Advanced modes of instabilities 

After the flat state of the film-substrate system switches into an initial mode of 

instability, the applied compressive strain can be further increased. As the strain reaches 

another critical value, an advanced mode of instability sets in. By dimensional 
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arguments, the advanced modes of instabilities are also determined by non-dimensional 

parameters
sf

 / ,  fsH/ , and 
p

 . In the current study, we will focus on advanced 

modes of instabilities switched from the initial mode of wrinkling instability. We will 

briefly summarize the period-doubling, folding and localized-ridge instabilities 

theoretically analyzed by Cao and Hutchinson(27). Thereafter, we will discuss the 

transition from wrinkling to delamination and the phase diagrams for advanced modes 

of instabilities. 

 

Figure 2-8: Schematic illustration of advanced modes of instabilities transited 

from the wrinkling instability in a film-substrate system with 1
p

  (a-d). Optical 

microscopic images of the double-doubling (e), folding (f), and delaminated buckling 

(g) instabilities in film-substrate systems with 1
p

 . 

Wrinkling to period-doubling. A flat film-substrate system with 1
p

  and 

appropriate values of 
sf

 /  and  fsH/  can develop wrinkles at 
c

wrinkle
 . If the values 

of 
sf

 /  and   
fs

H/  are relatively large, as the applied compressive strain increases 
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to another critical value 
c

doublewrinkle
 , the sinusoidal wrinkles can transit into an advanced 

mode of instability, so-called the period-doubling instability, as show on Fig. 2-8b and e 

(19, 24, 25, 27). The period double bifurcates from wrinkles by varying the height of 

adjacent valleys, leading to a wavelength twice of the corresponding wrinkles. Cao and 

Hutchinson (27) have carried out finite-element simulation for the period-doubling 

instability in film-substrate systems, and found it requires 10/ 
sf

  for film-substrate 

systems with 1
p

  to transit from wrinkling to period-doubling instability. 

Wrinkling to folding. If 10/ 
sf

  and  
fs

H/  is relatively high, the 

wrinkled film-substrate system with 1
p

  can develop folds at some valleys of the 

wrinkles, when the applied compressive strain reaches a critical value 
c

foldwrinkle
 . 

Thereafter, the folds quickly initiate creases in the film under a slight increment of 

compression (Fig. 2-8c and f), giving co-existence of wrinkling and creasing.  Similar 

transition has been numerically simulated by Kang and Huang (89) and Wu et al (90) in 

swelling of bilayer hydrogels with different properties. Following Cao and Hutchinson 

(27), we calculate the critical strain c

foldwrinkle  using finite-element models with 

imperfections on the surface of the films. 

Wrinkling to localized ridge.  If the value of  
fs

H/  is relatively high and the 

pre-stretch in the substrate is also high (e.g. 2
p

 ), the wrinkled film-substrate system 

will transit into another advanced mode of instability, so-called localized ridges, at a 
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critical strain  c

ridgewrinkle  as illustrated in Fig. 2-9b (27, 29, 33). Compared to the 

sinusoidal shape of wrinkles, the ridge is relatively narrow at its upper part and 

relatively wide at its bottom part (Fig. 2-9b). The formation of localized ridge is due to 

high anisotropy of the effective substrate moduli induced by the pre-stretch, and it 

reduces the amplitude of wrinkles at adjacent regions of the ridge. As the applied 

compressive strain further increases, more ridges appear in between the initial ones, 

leading to a pattern of ridges as shown in Fig. 2-9d. Following Cao and Hutchinson (27), 

we calculate the critical strain 
c

ridgewrinkle
  , using finite-element models with 

imperfections. 

 

Figure 2-9: Schematic illustration of advanced modes of instabilities transited 

from the wrinkling instability in a film-substrate system with 2
p

  (a-c). Optical 

microscopic images of the localized ridge (d) and delaminated buckling instabilities 

(e) in film-substrate systems with 2
p

 . 

Wrinkling to delaminated buckling. The occurrence of advanced modes of 

instabilities discussed above requires relatively strong adhesion between films and 
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substrates. On the other hand, if the value of   
fs

H/  is relatively low, the wrinkled 

film-substrate system can develop delaminated buckles at a critical strain 
c

bucklewrinkle
 , 

leading to co-existence of wrinkles and delaminated buckles (68, 91). As shown on Fig. 

2-8d and g for 1
p


 
and Fig. 2-9c and e for 2p , the delaminated buckles reduce the 

amplitude of adjacent wrinkles and therefore reduces the elastic energy of the film-

substrate system.  

Following a similar procedure described in Sec. 4, we calculate the difference 

between potential energies of the delaminated-buckled state and the corresponding 

wrinkled state with finite-element models (Fig. 2-10). By solving Eq. (2-7) and (2-8), we 

obtain the critical strain 
c

bucklewrinkle
  and the corresponding delaminated length 

c

bucklewrinkle
D


 

(Fig. 2-10b). As expected, the critical strain 
c

bucklewrinkle
  increases with the normalized 

adhesion energy  
fs

H/
 
(Fig. 2-10c). In addition, an energy barrier also exists for the 

transition from wrinkling to delaminated buckling instabilities (Fig. 2-10b). The 

delamination can initiate at defects on the film-substrate interface and propagate 

throughout the system. The normal and shear stresses on the interfaces at wrinkled state 

can also facilitate the system to exceed the energy barrier (68, 91).  

In Fig. 2-11, we further plot the evolution of potential energies of film-substrate 

systems from wrinkling to various advanced modes of instabilities calculated by finite-
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element models. It can be seen, at sufficiently low values of  
fs

H/ , the delaminated 

buckling can precede other advanced modes of instabilities. 

 

Figure 2-10: A finite-element model for calculating the elastic energy of the 

delaminated buckled state transited from the wrinkled state (a). The calculated 

potential energy difference between the delaminated buckled and the corresponding 

wrinkled states as functions of the applied compressive strain and delaminated 

length (b). The calculated critical strain for the delaminated buckling instability 

transited from the wrinkling instability (c). It is higher than the critical strain for 

wrinkling instability. 



 

37 

 

Figure 2-11: The evolution of potential energies of film-substrate systems from 

wrinkling to various advanced modes of instabilities calculated by finite element 

models: from wrinkling to delaminated buckling and period-doubling at 1p  (a), 

from wrinkling to delaminated buckling and folding at 1p  (b), and from 

wrinkling to delaminated buckling and localized ridge at  2
p

  (c). At sufficiently 

low values of  
fs

H/ , the delaminated buckling can precede other advanced modes 

of instabilities. 
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Figure 2-12: The calculated phase diagrams of advanced modes of instabilities 

transited from the wrinkling instability in film-substrate systems with 1p  
(a) and 

2p (b). 

Phase diagram of advanced modes of instabilities transited from wrinkling. In 

Fig. 2-12a and Fig. 2-12b, we provide two phase diagrams of advanced modes of 

instabilities switched from the wrinkling instability for 1
p


 
and 2p , respectively. 

For un-prestretched substrate (i.e. 1
p

 ), relatively high values of 
sf

 /  and 

 
fs

H/  transit the wrinkling instability into period-doubling, high  
fs

H/  but low 
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sf
 /  gives folding, and low  

fs
H/  leads to delaminated buckling. For highly pre-

stretched substrates (i.e. 2p ), relatively high value of  
fs

H/  transit wrinkling 

into localized ridge, and low  
fs

H/  gives delaminated buckling. While the phases 

diagrams for other values of pre-stretches will be explored in future studies, it is 

expected that Fig. 2-12a and b are representative for film-substrate systems with un-

prestretched (or slightly pre-stretched) and highly pre-stretched substrates, respectively. 

2.6 Concluding remarks 

In summary, we present a joint experimental and theoretical study on 

instabilities of elastic film-substrate systems under uniaxial compression. The 

experiment demonstrates both initial modes of instabilities including wrinkling, 

creasing and delaminated buckling and advanced modes of instabilities including 

period-doubles, folds, localized ridges, delamination, and coexistence of instabilities. An 

approach based on the Maxwell stability criterion is developed to predict the occurrence 

and evolution of various modes of instabilities. We find that the moduli of the film 
f

  

and the substrate 
s

 , the film-substrate adhesion energy  , the film thickness 
f

H , and 

the pre-stretch in the substrate 
p


 
determine various instabilities. In particular, the 

occurrence of delaminated buckling requires the film-substrate system to overcome an 

energy barrier, which can be facilitated by defects on film-substrate interface. We 

provide a set of phase diagrams for both initial and advanced modes of instabilities 
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using 
sf

 / ,  
fs

H/ , and 
p

  as variables that characterize the film-substrate 

system.
 
The phase diagrams can be used to guide the design of film-substrate systems to 

achieve desired modes of instabilities.
 

A number of future research directions to explore instabilities in film-substrate 

systems become possible. For example, similar phase diagrams can be constructed for 

advanced modes of instabilities transited from the initial creasing (10, 11, 35) and 

delaminated buckling (67, 87, 88) instabilities, and for more complicated instabilities 

transited from an advanced mode of instability. Similarly, various instabilities in film-

substrate systems under biaxial compression have also been analyzed individually but 

still require a systematic understanding (15, 17, 26, 28, 43, 44, 46, 92-98). Furthermore, it 

is expected that the systematic understanding and phase diagrams of instabilities can 

guide future design of new materials and structures for practical applications (37, 40, 53, 

60, 65, 99). 
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3. Creasing to Cratering Instability in Polymers under 
Ultrahigh Electric Fields

1
 

3.1 Introduction  

Formation of instability structures in polymers under electric fields is of great 

interests to various scientific and technological applications including insulating 

cables(100), organic capacitors(101), polymer actuators(49, 102)  and energy 

harvesters(103), and functional surfaces and patterns(47, 104, 105). Previous studies on 

electric-field-induced instabilities in polymers mostly involve applying an electric field 

through an air gap to one or multiple layers of polymers bonded on a rigid substrate (47, 

104-107). The permeability difference between air and polymers drives the instability 

process, competing with surface tension and/or elasticity of the polymers (108). As a 

result, patterns of pillars and strips usually forms on the polymer surface (47, 104-107).  

For an elastic polymer, the critical field for the instability scales with the square root of 

the polymer’s modulus. The electrical breakdown of the air gap, however, limits the 

maximum applied field to the order of 106V/m.  

What happens when an electric field is applied, without the air gap, directly to a 

layer of a polymer bonded on a substrate? The answer to this question will greatly 

extend the basic understanding of voltage-induced instabilities in polymers. The issue is 

also of fundamental importance in studying failures of polymers under voltages (100, 

                                                      

1 This chapter is based on Qiming Wang, Lin Zhang, Xuanhe Zhao, Creasing to Cratering instability in 

polymers under ultrahigh electric fields, Physical Review Letters, 106, 118301 (2011). 
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109). In this Letter, we present a combined experimental and theoretical study of a new 

type of instability in a substrate-bonded elastic polymer directly under an ultrahigh 

electric field up to 108V/m. We show that the polymer film can evolve into a pattern of 

creases and/or craters, which are in distinct contrast to the previous observations (47, 

104-107). 

 

Figure 3-1: The experimental setup for observing the electro-creasing to 

cratering instability. 

3.2 Materials and methods 

The experimental setup for studying the new instability is shown in Fig. 3-1. A 

rigid polymer, Kapton, (DuPont, USA) with Young’s modulus of 2.5 GPa and thickness 

of 125um was bonded on a metal substrate with conductive epoxy (SPI, USA). A 

polydimethyl siloxane (PDMS) based elastomer, Sylgard 184 (Dow Corning, USA) was 

spin coated on the Kapton film and crosslinked at 65oC for 12 hours. The crosslinker 

percentage in the elastomer was varied from 2% to 5% to give a shear modulus ranging 

from 6.7 kPa to 155 kPa [Fig. 3-s1(a)]. PDMS films of thickness from 40 um to 212 um 

were obtained by varying the spin coating speed from 3000rpm to 500rmp [Fig. 3-s1(b)]. 

The PDMS film was immersed in a transparent conductive solution (20% wt NaCl 
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solution) to observe the film deformation from a microscope (Nikon, Japan) above the 

solution. The conductive solution also acted as a conformal electrode that maintains 

contact with the PDMS film during its deformation. A high voltage supply (Matsusada, 

Japan) with controllable ramping rate was used to apply a voltage between the metal 

substrate and the conductive solution. The deformation of the Kapton film under 

applied voltages is negligible in comparison to PDMS’ deformation, because the 

modulus of Kapton is over three orders of magnitude higher than those of PDMS films. 

Instead, the Kapton acts as a buffer substrate that prevents the electric field in the 

deformed PDMS film to become excessively high. Excessively high fields cause the 

electrical breakdown of the polymer film before instability patterns can be observed 

(109, 110). 

3.3 Results  

Figure 3-2 and Video s1 illustrate the evolution of instability structures in a 

PDMS film subject to a ramping voltage with a rate of 10V/s. The surface of the PDMS 

film initially maintains a flat and smooth state without appreciable deformation [Fig. 3-

2(a)]. When the voltage reaches a critical value, some regions of the PDMS surface 

suddenly folds upon itself to form a pattern of creases as shown in Figs. 3-2(b) and 3-

2(h).  As the voltage increases, the pattern of creases coarsens by increasing their sizes 

(i.e. length and width) and decreasing their density (i.e. number of creases per area) as 

shown on Fig 3-2(c). As the voltage further rises, the center regions of some creases 
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strikingly open, and a pattern of coexistent creases and craters form in the PDMS film 

[Fig. 3-2(d)]. The thickness of the film within the crater is less than the surrounding 

regions as illustrated in Fig 3-2(i). All creases eventually deform into craters with further 

increase of the voltage [Fig. 3-2(e)]. The diameters of the craters increase, as the applied 

voltage further rises [Fig. 3-2(f)]. The PDMS film may also be fractured at the craters due 

to large deformation.  

200 µm (b) (c)

(d)

(a)

(e) (f)


E

E

(g) (h) (i)

EE

E E
L

 

Figure 3-2: Instability evolution in a substrate-boned PDMS film under a 

ramping voltage: flat state at 7kV(a), creased state  at  8.8 kV (b), crease coarsening at 

9.7 kV (c), coexistent states of creases and craters at 10.5 kV (d), crater state at 13.3 kV 

(e), and craters with larger diameters at 15.6 kV (f). Schematic illustrations of the 

electric fields and electric-field-induced stresses in a region at flat (g) , creased (h), 

and crater (i) states. 

We first qualitatively explain the instability process by discussing its driving 

force. Creasing instability has been widely observed on surfaces of soft materials under 

compression.  Examples include bending an elastomer bar(10, 111, 112) , compressing a 
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polymer foam (113), rising a bread dough in a bowl (48), and swelling a polymer gel 

bonded on a rigid substrate (39, 40, 114). The creasing instability involves local folds of 

the surfaces without fracturing the materials (10, 39, 40, 48, 111-114). For the first time, 

we show that the creasing to cratering instability occurs in a substrate-bonded polymer 

under an electric field. The driving force for the instability process is the electric-field-

induced stress in the film.  Given the dielectric behavior of PDMS is liquidlike, 

unaffected by deformation, the electric-field-induced stress can be expressed as (75) 

ijkkji

E

ij EEEE 
2

1
  (3-1) 

where   is the permittivity of PDMS, and E  the electric field in the film. The 

electric field induces a tensile stress along the field, and a biaxial compressive stress 

normal to the field. As shown on Fig 3-2(g), when the PDMS film is in a flat state, the 

applied electric field is normal to the film with a magnitude 

ssHH
E

 /


  (3-2) 

where   is the applied voltage, s  is the permittivity of Kapton, and H and sH  are the 

thicknesses of the PDMS film and Kapton substrate, respectively.  

The electric field induces a biaxial compressive stress parallel to the film, as 

indicated on Fig. 3-2(g). When the compressive stress in the PDMS film reaches a critical 

value, creases develop on the surface of the film. The compressive stress increases with 

the applied electric field, and drives the coarsening of the creases. Similar phenomena of 
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crease coarsening have been observed in gels bonded on rigid substrates, due to the 

increase of in-plane compressive stresses as the gels swell (39, 114). In the current 

experiment, the folded surfaces of creases in the PDMS film also act as electrodes lying 

vertically in the film [Fig. 3-2(h)]. Since the electric field is normal to the electrodes, the 

field induces a tensile stress perpendicular to the crease surfaces as illustrated in Fig. 3-

2(h). The tensile stress increases with the applied electric field, tending to pull the folded 

surfaces open. When the applied electric field is high enough, the creases deform into 

craters [Fig. 3-2(i)].  The diameters of the craters increase, as the tensile stress further 

rises. 

Scaling analysis.--- We now analyze the instability through scaling.  Let’s consider 

the scales of various types of energies in a creased region as shown in Fig. 3-2(h).  The 

electrostatic energy per unit thickness of the region around a crease is 22~ LE , where L  

is the depth of the crease. The elastic and surface energies per unit thickness of the 

crease region are 
2~ L  and L~  respectively, where  is the shear modulus of the 

PDMS film and   the surface tension of PDMS in water. The decrease of the 

electrostatic energy drives the instability process, competing with the increase of the 

elastic and surface energies. If the elastic energy dominates over the surface energy, 

balancing the elastic and electrostatic energies gives the critical electric field 

 /~cE  (3-3) 
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On the other hand, if the surface energy dominates over the elastic energy, 

balancing the surface and electrostatic energies gives  

 LEc  /~  (3-4) 

 

Figure 3-3: The critical voltages (a) and electric fields (b) for the electro-

creasing instability, and the wavelengths of the craters (c) in films with various 

thicknesses and moduli. 

The PDMS films have
12104  Nm (115), 200kPa - 10 , and 

m 200-40 H .  Assuming L to be m10 , a small fraction of H , it can be seen that 

the elastic energy is dominant over the surface energy. Therefore, the critical field for the 

electro-creasing instability should scale as Eq. (3-3). The critical voltages c  for the 

electro-creasing instability experimentally measured in films with various thicknesses 

and moduli are given in Fig. 3-3(a).  For films with the same modulus, the critical 

voltage scales linearly with the film thickness. The critical electric fields cE  are 
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calculated using Eq. (3-3) with mHs 125 , 05.3  s , and 065.2   , where the 

permittivity of vacuum 112

0 1085.8  Fm . From Fig. 3-3(b), it is evident that cE  is 

linear with  / . The experimental results prove that the critical field for the electro-

creasing instability is scaled as Eq. (3-3). 

When the electric field reaches certain value higher than cE , the crater has the 

same energy as the crease, and a pattern of coexistent creases and craters sets in [Fig. 3-

2(d)]. As the electric field further rise, the craters become energetically favorable. The 

craters locally arrange into polygons, where the wavelengths 
 
of the craters are almost 

constant throughout the film as shown on Figs. 3-2(e-f).  The decrease of the electrostatic 

energy tends to have a larger number of craters by reducing the
 
wavelength. As the 

craters approach one another, the interaction of their strain fields increases the elastic 

energy, which prevents further reduction of the
 
wavelength. The length scale for the 

interaction is the depth of the crater, which is roughly the film thickness. Thus the 

wavelength is scaled with the film thickness, i.e. H~ . The experimental data in Fig. 3-

3(c) give H5.1 , independent of the moduli of the films.   

Theoretical calculation.--- Now we calculate the critical field for the electro-

creasing instability by comparing the potential energies in a region of the film in the flat 

and creased states (32, 48). Because the polymer substrate does not affect the critical 

field, we neglect the substrate in the calculation.  The potential energy in a unit thickness 

of the region can be expressed as 
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where F  is the deformation gradient,  FMW  is the elastic energy density,   is the 

surface charge density,  and A  and S  are the area and contour of the region. The first 

term of Eq. (3-5) gives the elastic energy, and the second and third terms give the 

electrostatic potential energy of the region. Considering the scaling analysis, we neglect 

the surface energy of the film. 

When the film is in a flat state, the elastic energy is zero and the electric field is 

uniform. The potential energy per unit thickness can be calculated as 2/2EAflat  , 

where E  is given by  Eq. (3-2). Next, we prescribe a downward displacement L  to a line 

on the top surface of the region to form a crease as demonstrated in Fig. 3-4(a)(85). At 

the creased state, the deformation and electric field are non-uniform in the region. We 

analyze the coupled deformation and electric field using finite-element software, 

ABAQUS 6.10.1 with a user subroutine UMAT. The potential energy of the creased state 

crease  is then calculated using Eq. (3-5). The program code is validated by a benchmark 

calculation shown in Fig. 3-s2 of the supplementary material, and the mesh accuracy is 

ascertained through a mesh refinement study. The region is taken to deform under 

plain-strain conditions, and obey the neo-Hookean model with the elastic energy density 

  2/3 iKiKM FFW  . Due to symmetry, only right half of the region is calculated. The 

size of the calculation region is taken to be much larger (100 times) than the size of the 
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crease, so that L  is the only length scale relevant in comparing the potential energies in 

the flat and creased states(32) . [It should be noted that Fig. 3-4(a) only demonstrates a 

small portion of the calculation domain.] The dimensional consideration determines that 

the potential energy difference has a form (32)  

  /2 EfLflatcrease   (3-6) 

where   /Ef  is a dimensionless function of the applied electric field given by Eq. 

(3-2). The potential energy difference is plotted as a function of the applied electric field 

in Fig. 3-4(b). In absence of the applied field, the potential energy difference is positive, 

because 0 flat  and the elastic energy of the crease gives a positive crease . Thus the 

flat state is energetically preferable.  As the applied electric field increases, the potential 

energy difference decreases, for the creased state has a lower electrostatic potential 

energy than the flat state. Once the electric field reaches a critical value cE , the creased 

state has the same potential energy as the flat state (i.e. 0  ) and the creasing 

instability sets in (10, 32, 48).  As shown in Fig. 3-4(b), the theoretical calculation gives 

 /03.1cE . From Fig. 3-3(b), the experimentally measured critical field for the 

electro-creasing instability is about  /85.0 . The theoretically predicted critical field 

is roughly consistent with the experimental data. The difference between the theoretical 

and experimental results may be due to the surface roughness of the PDMS films, and/or 

the deviation of the films’ dielectric and elastic behaviors from the assumed ones.    
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Linear perturbation has been extensively used for analyzing instabilities in 

polymers under electric fields(75, 82, 108, 116-118). On the other hand, it has been shown 

that the creasing instability in a block of an elastomer under compression may not be 

analyzed with linear perturbation, since the strain around the crease tip is finite (10, 32, 

48). In Fig. 3-s3 of the supplementary material, we perform a linear perturbation 

analysis on a substrate-bonded elastic film under an electric field (117). The critical field 

from the linear perturbation is  /2 , which overestimates the value calculated from 

the above analysis by 40%.  This is consistent with previous reports that Biot’s linear 

stability analysis overestimates the critical strain for the creasing instability in a block of 

an elastomer under compression.(10, 32, 48, 82)  

 

Figure 3-4: The equipotential contours in a film at the creased state calculated 

from the finite-element model (a), and the potential energy difference between the 

creased and flat states as a function of the applied electric field (b). 

3.4 Conclusion 

We report the voltage-induced creasing to cratering instability in an elastic 

polymer film bonded on a rigid substrate. When the film is in a flat state, the electric 

field induces an in-plane biaxial compressive stress, which can cause the creasing 
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instability.  After a crease is formed, the electric field induces a tensile stress normal to 

the crease surfaces, tending to pull the creases open into craters.  We predict the critical 

electric field for the electro-creasing instability by comparing the potential energies in 

the creased and flat states. The theoretical prediction matches consistently with the 

experimental results. It is the first time that the electro-creasing to cratering instability 

has been observed and analyzed. Understanding this new instability is potentially useful 

in designing better insulating cables, organic capacitors, polymer actuators and energy 

harvesters, and functional surfaces and patterns. 
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4. Creasing-Wrinkling Transition in Elastomer Films 
under Electric Fields

1
 

4.1 Introduction 

When an elastomer film constrained on a substrate is subject to an electric field, 

the initially flat surface of the elastomer can bifurcate into two distinct modes of 

instabilities: i) creases or dimples characterized by localized singular regions of self-

contact (62, 81), or ii) wrinkles characterized by continuously smooth undulation (104-

107, 119). The electric-field-induced creasing and wrinkling instabilities have been 

widely implicated in detrimental failures of insulating cables (100, 120), organic 

capacitors (101), and dielectric-elastomer actuators (62, 63) and energy harvesters (78). 

Conversely, controlling these instabilities with electric fields have led to beneficial 

applications as diverse as functional surfaces and interfaces (105), biomedical devices 

(60), and on-demand patterning (61). Since the pioneer work by Biot (82), existing 

studies on creasing and wrinkling instabilities have been mostly focused on elastomers 

under mechanical loads (10, 11, 35, 64, 84, 111). On the other hand, the relation and 

transition between creasing and wrinkling instabilities caused by applying physical 

fields, such as electric fields, have not been analyzed or understood. However, such an 

understanding is of timely importance to both physics and technological applications of 

instabilities in soft materials (60, 61, 104, 105).      

                                                      

1 This chapter is based on Qiming Wang, Xuanhe Zhao, Creasing-Wrinkling Transition in Elastomer Films 

under Electric Fields, Physical Review E, 88, 042403 (2013). 
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Here we present a comparative study on the creasing and wrinkling instabilities 

in substrate-bonded elastomers subject to electric fields. By combining theory and 

experiments, we show that the surface energy , shear modulus , and thickness H  of 

the elastomer determine the electric-field-induced instabilities: A ratio between the 

surface energy and shear modulus of the elastomer defines a material-specific length 

scale, i.e., elastocapillary length  / (121-126). If the elastocapillary length is larger than 

the thickness of the elastomer film, the wrinkling instability sets in the elastomer under 

electric fields (104, 106). If the elastocapillary length is comparable to or smaller than the 

film thickness, the creasing instability occurs at localized regions on the elastomer 

surface. Transitions between wrinkling and creasing can be achieved by independently 

varying an elastomer’s surface energy, shear modulus or thickness. In elastomers with 

the same thickness, the wavelength of the wrinkles is much larger than that of the 

corresponding creases. 

4.2 Experiment 

The experimental setup in the current study is illustrated in Figs. 4-1(a) and (b) 

(62, 63, 104). A layer of a silicone elastomer (Sylgard 184, Dow Corning, USA) was 

bonded on a rigid polymer substrate (Kapton, DuPont, USA) by spin-coating and then 

curing at 65oC for 12 hours. Elastomer films with thickness from 10±2 µm to 59±4 µm 

were obtained by varying the spin-coating speed. The shear modulus of the rigid 

substrate was measured to be ~50 GPa, and that of the elastomer varied from  ~161 Pa to 
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155 kPa by varying the elastomer’s crosslink density [Fig. 4-S1(d)]. The top surface of the 

elastomer film was immersed in 10 wt% NaCl solution, which acted as a transparent 

flexible electrode (62, 63). The surface energy of silicone elastomer in NaCl solution is 

mN04.0~  (115), but can be reduced to mN0047.0  by adding a surfactant (Triton 

x100, EMD chemicals, USA) in the solution above its critical micelle concentration (127). 

A direct-current voltage (Mastsusada, Japan) was applied between the NaCl solution 

and a metal plate bonded on the substrate with a ramping rate of 10 V/s, until 

instabilities occurred on the elastomer. The instabilities were recorded by an optical 

microscope lens connected with a camera (Nikon, Japan).    

 

Figure 4-1: Schematic illustration of the experimental setup to induce the 

creasing (a) and wrinkling (b) instabilities in elastomers bonded on substrates with 

electric fields. The instabilities generated in elastomer films with the same thickness 

mH 210  and surface energy mN04.0  but different shear moduli : 38173Pa 

(c), 6719Pa (d), 1358Pa (e), and 161Pa  (f). 
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Figures 4-1(c)-(f) give a set of electric-field-induced instabilities observed on 

surfaces of elastomers with the same surface energy mN04.0  and thickness 

mH 210 , but different shear moduli   ranging from 161Pa to 38kPa. When the 

elastocapillary length is smaller than the film thickness, i.e.,   1.0H ,  a sufficiently 

high electric field induces the creasing instability on the elastomer surface as localized 

folds with a wavelength H5.1  [Fig. 4-1(c)]. To validate the creases are concave and 

localized, the surface topography of a highly deformed Sylgard film by electric field was 

characterized by AFM (Fig. S2). In contrast, when   9.26H , the wrinkling 

instability occurs as smooth surface undulations with much longer wavelengths, 

H10  [Fig. 4-1(f)]. As the shear modulus of the elastomer decreases, a transition 

from the creasing to wrinkling instabilities can be observed [Figs. 4-1(c)-(f)].  

4.3 Theory 

The experimental observations are qualitatively understood as follows. The 

potential energy of the system (i.e., elastomer and applied voltage) can be expressed as 

SME UUU  , where 
E

U  is the electrostatic potential energy of the system, and  

M
U  and 

S
U  the elastic and surface energies of the elastomer, respectively.  While the flat 

state of the elastomer gives the lowest elastic and surface energies, the wrinkled or 

creased state has lower electrostatic potential energy than the flat state. Therefore, the 

decrease of the system’s electrostatic potential energy drives the wrinkling and creasing 
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instabilities, which are resisted by the increase of elastic and surface energies of the 

elastomer. Depending on whether the surface or elastic energy is dominant, the 

preferred mode of instability is either wrinkling or creasing, respectively. 

To quantitatively explain the phenomena, we develop a unified theoretical 

model to account for both wrinkling and creasing instabilities in elastomers under 

electric fields and predict their transitions. For simplicity, we restrict our analyses to 

plane-strain deformation of the elastomer. Because the low ramping rate of the voltage 

approximates a quasi-static loading, the elastomer is taken as an incompressible neo-

Hookean material with negligible viscoelastic effect.  Stress equilibrium in the elastomer 

requires 0 σ , where the total stress in the elastomer consists of the mechanical and 

electrical stresses, i.e., 
EM

σσσ  . For a neo-Hookean material, the mechanical stress 

can be expressed as IFFσ p
M

 T , where F  is the deformation gradient tensor and 

T
F the transpose of F , p  the hydrostatic pressure, and I  the unit tensor.  The electrical 

stress in the elastomer can be expressed as   2IEEEEσ  
E

, where   is the 

electric permittivity of the elastomer and E  the electric field vector in the elastomer (75, 

116).  On the top surface of the elastomer, the Young-Laplace relation prescribes 

nnσ 2 , where  is the mean curvature of the top surface; while the displacement 

on the bottom surface of the elastomer is 0. When the elastomer is at flat state, the 

deformation and electric fields are homogenous, i.e. IF   and  T0 EE , where E  is 

the applied electric field in the elastomer film. 
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A. Wrinkling instability 

We now analyze the electric-field-induced wrinkling instability with a linear 

perturbation method following (108), given that the initiation of wrinkling only involves 

small deformation of the elastomer. The bifurcated wrinkled state is required to satisfy 

the equilibrium and boundary conditions described above. Consequently, we find that 

the applied electric field to induce the wrinkling instability depends on the wavelength 

of the wrinkles via (108) 
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                           (4-1) 

where k  is the wavenumber which gives the corresponding wavelength of the wrinkle 

kH 2 . Based on Eq. (4-1), we plot the normalized electric field  /E  as 

functions of  Hk  for various  H /  in Fig. 4-2(a). The lowest electric field on each 

curve in Fig. 4-2(a) gives the critical electric field for wrinkling in an elastomer with a 

specific value of  H / , as well as the corresponding wavelength (or wavenumber) of 

the wrinkle. We find the critical electric field is  /49.2~  when 0 ; thereafter the 

critical field increase approximately linearly with   H/ , i.e. 









H
E c

wrinkle
46.049.2                                                 (4-2) 

It is noted that if the elastomer is taken to be a viscoelastic solid, the calculated 

critical electric field for the wrinkling instability is the same as Eq. (4-2). 
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Figure 4-2: The calculated electric field for inducing the wrinkling instabilities 

in elastomers with various values of  H . The lowest electric field in each curve 

gives the critical electric field for wrinkling instability. 

B. Creasing instability 

We next analyze the creasing instability in the elastomer under electric fields. 

Since the formation of creases involves large deformation and singular electric field, the 

linear perturbation method is not applicable here. Instead, we compare the potential 

energy between the flat and creased states (32, 62, 64). The analysis domain is shown in 

the inset of Fig. 4-3(a). For simplicity, the rigid substrate is not included in the current 

analysis.  The width of the domain w is taken as a wavelength of the crease pattern 

under plane-strain deformation (61). Due to symmetry of the crease, only half of the 

region is analyzed. Considering the elastomer as an isotropic ideal dielectric (75), the 

total potential energy of the system (unit length in the third direction) can be expressed 

as 
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where MW is the elastic energy density in the elastomer, S is the area of the elastomer 

domain, and L the contour of the top free surface of the elastomer (i.e., the interface 

between the elastomer and the top electrode). To calculate the critical electric field for 

the creasing instability, we compare the potential energy between the creased and flat 

states.  

At the flat state, considering the incompressibility of the elastomer, the bottom-

constrained film does not undergo any deformation. The electric field in the elastomer 

film is HE  , and the potential energy of the system at flat state is  

wHwEflat   2

2

1
                                               (4-4) 

At the creased state, the elastomer surface folds against itself to form a segment 

of self-contact with length a . We use a finite-element model based on software, 

ABAQUS 6.10.1, to calculate the potential energy of the elastomer at the creased state 

(62).  In order to maintain the convergence of the numerical model, we neglect the effect 

of surface energy on the shape of the crease (64). The calculated surface energy 

difference between the creased and flat states is plotted in Fig. 4-3(a).  The surface 

energy difference is found to be approximately linearly related to the crease size a ,  i.e. 

AaU S  , where 81.1A .  Therefore, by dimensional analysis, the potential energy 

difference between the creased and flat state can be expressed as(64) 
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  aAHaEfa   ,2
                                     (4-5)

 

where  f  is a non-dimensional function that characterizes the electric and elastic 

potential energy difference between creased and flat states. The calculated function 

 fa2   is plotted in Fig. 4-3(b).  In Fig. 4-3(c) we plot   as functions of  Ha /  for 

  05.0/ H  and various values of  /E . The formation of crease requires 0  

and   0//  Ha , solving which gives the critical electric field for   05.0/ H  

as shown in Fig. 4-3(c). In general, the critical electric field for creasing instability can be 

approximately calculated as a function of  ,  and H , i.e., 









H
Ec

crease 88.103.1                                                 (4-6) 

When 0 , Eq. (4-6) recovers the critical electric field for creasing instability on 

elastomers without surface energy, i.e.  /03.1 (62). It should be noted that the critical 

electric field predicted by Eq. (4-6) is for the growth of creases (64). Correspondingly, the 

measured critical field in experiment (Fig. 4-4(a)) is also the electric field that generates a 

pattern of creases in the film (i.e. for growth of creases). In addition, a comparison 

between Fig. 4-3(b) and Fig. 4-3(c) shows that the surface energy introduces an energy 

barrier for the nucleation and growth of creases under the critical electric field (64). 

Random defects and surface roughness over a critical size nuca  can facilitate the 

elastomer to exceed the energy barrier (64).  For example, Fig. 4-3(c) shows that defects 

with size on the order of H05.0  will enable the nucleation and growth of creases under  
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Figure 4-3: Surface energy difference (a) and the electro-elastic potential 

energy difference (b) between creased and flat states calculated by the finite-element 

model. (c) The calculated potential energy difference between the creased and flat 

states   for an elastomer with   05.0H  under various electric fields. The 

electric field that satisfies 0  and   0//  Ha  gives the critical electric field 

for the creasing instability. 
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the critical electric field. Figure 4-S3 further gives the critical defect sizes to nucleate and 

grow creases under critical electric fields in elastomers with various values of  H / . 

Since the defects and roughness of elastomers usually cannot be well controlled in 

experiments, the measured critical electric fields from different samples may slightly 

deviate from the theoretical prediction and each other, as shown in Fig. 4-4(a). 

 

Figure 4-4: The critical electric fields (a) and wavelengths (b) for wrinkling and 

creasing instabilities predicted by the theoretical model and observed in experiments.  

The wrinkling instability in an elastomer with mN04.0 , mH 10 , and 

Pa681  (c) can be transited to the creasing instability by independently decreasing 

the elastomer’s surface energy to mN7004.0  (d) or increasing its thickness to 

mH 63  (e). 
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The critical electric fields (a) and wavelengths (b) for wrinkling and creasing 

instabilities predicted by the theoretical model and observed in experiments.  The 

wrinkling instability in an elastomer with mN04.0 , mH 10 , and Pa681  (c) 

can be transited to the creasing instability by independently decreasing the elastomer’s 

surface energy to mN7004.0  (d) or increasing its thickness to mH 63  (e). 

 

4.4 Results and discussions 

A combination of the theories for wrinkling and creasing instabilities under 

electric field can predict the transition between the two types of instabilities. We plot 

Eqs. (2) and (6) in Fig. 4-4(a). This combination predicts that the wrinkling instability has 

lower critical field and thus sets in when   1/ H , while the creasing has lower 

critical field when   1/ H . The theoretical prediction is consistent with the 

experimental observations [Figs. 4-1(c)-(f)].   To further validate the theory, we record 

the electric-field-induced instabilities in elastomer films with various thicknesses H , 

moduli  , and surface energy   [Fig. 4-4(a)]. For each case of   1H , the wrinkling 

instability with relatively long wavelength Hwrinkle 12~5 are observed. The 

wavelengths of the wrinkles also match well with the theoretical prediction [Fig. 4-4(b)]. 

On the other hand, when   1H , the creasing instabilities are observed with a short 

wavelength H
crease

3~5.1 , well below the predicted wavelengths for wrinkling 

instability [Fig. 4-4(b)]. When   1.0H , the wavelength of the creases reaches 
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H
crease

5.1 , consistent with the wavelength previously observed on elastomers with 

negligible surface-energy effect (62). The measured critical electric fields for both 

creasing and wrinkling instabilities also match consistently with the theoretical 

predictions [Fig. 4-4(a)].  

The transition between wrinkling and creasing can also be achieved by 

independently varying the elastomer’s thickness or surface energy, in addition to 

changing its modulus [Figs. 4-1(c)-(f)]. As shown in Fig. 4-4(c), the wrinkling instability 

occurs on an elastomer film with 
12104  Nm , Pa681  and mH 10 . After 

reducing the surface energy to 
13107.4  Nm  with surfactant, the creasing 

instability sets in the same elastomer as localized dimples with a wavelength much 

smaller than the corresponding wrinkles, since  H  has been reduced to 0.69 [Fig. 4-

4(c)]. Furthermore, we increase the thickness of the elastomer to mH 63 , while 

maintaining
12104  Nm  and m 681 . Since  H  reaches 93.0 , the creasing 

instability sets in once again but with a wavelength larger than the previous one, due to 

the increased film thickness. We also observe similar transitions between creasing and 

wrinkling instabilities in a different elastomer, Ecoflex (Smooth-on, USA), illustrating 

the generality of the theory (Fig. 4-S4).  

Notably, the creasing-wrinkling transition has not been observed in elastomers 

under mechanical compression, where the creasing instability is preferable for all values 

of  H /  (64). This discrepancy is due to the differences in the loads and boundary 
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conditions that the elastomers are subjected to between previous and current studies. In 

previous studies, the creasing instability is formed on mechanically compressed 

elastomer films, which have been homogeneously deformed prior to the instability. On 

the other hand, the wrinkling or creasing in the current work is induced by electric field 

in a substrate-bonded elastomer film, which maintains undeformed until the instability 

sets in. Therefore, the contributions from elastic and surface energies to the instabilities 

can be significantly different in previous and current studies, depending on whether the 

elastomer is homogeneously deformed or not. For example, the surface energy 

difference between the creased state and the flat state in the current work is a81.1~ , 

but it is only a45.0~ for elastomer films under mechanical compression (64).  

Consequently, for elastomers under mechanical compression, the critical compressive 

strain for the creasing instability is always lower than that for the corresponding 

wrinkling instability. On the other hand, for elastomers under electric fields, the critical 

electric field for creasing inability is lower when   1H , but that for wrinkling 

instability is lower when   1H . 

We further explore the post-behaviors of electric-induced creasing/wrinkling 

instabilities. While it is known that the electric-field-induced creases can be further 

deformed into craters (62), the post-wrinkling morphology of elastomers immersed in 

liquid electrodes is still not clear. In Video S1, we give the electric-field-induced 

evolution of surface morphology of an elastomer with   1333H (It should be noted 
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the elastomer is in a liquid-like state here, since its storage modulus is lower than loss 

modulus, as shown in Fig. 4-S1(a)).  Under a ramping electric field, the initial wrinkles 

in the elastomer quickly localize into ridges, which are further deformed into domains 

with a spherical shape [Video 4-S1 and Fig. 4-5(a)]. To better image the evolution of the 

instability patterns, we apply electric fields on partially cured elastomers to induce 

instabilities and then cured the elastomers in the post-wrinkling states. Thereafter, the 

cured elastomers are imaged with optical or scanning-electron microscopes. Figure 4-

5(b) shows that the wrinkles in the partially cured elastomers first evolve into ridges 

with their valleys pushed down onto the surface of the rigid substrate. This is because 

the electric field and therefore electric stress are higher at the valley regions of the 

wrinkles than the peak regions. The higher electric stress tends to push the valleys 

further down, leading to a pattern of ridges [Figs. 4-5(a) and (b)]. After the ridges 

develop, the electric stress tends to further deform them into localized domains with a 

shape of drops [Figs. 4-5(a) and (c)]. 

4.5 Conclusion 

In summary, we present the first unified model for the electric-induced creasing 

and wrinkling instabilities in elastomers bonded on substrates. Depending on whether 

the elastocapillary length  of the elastomer is larger or smaller than its thickness H , 

the preferred mode of instability is the wrinkling with long wavelength or creasing with 

short wavelength, respectively.  By independently varying the modulus  , surface 
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Figure 4-5: Schematic illustrations of the electric-field-induced wrinkles 

evolving into localized ridges and drops (a). Optical and scanning-electron 

microscope images of the ridges (b) and drops (c) evolved from the wrinkles. 

energy  and thickness H  of elastomers, our experiments achieve transitions between 

wrinkling and creasing instabilities.  The experimentally observed critical fields and 

wavelengths for the instabilities match consistently with the theoretical model.  We 

further demonstrate the electric-field-induced wrinkles can further evolve into localized 

ridges and drops.  The theory and experiments presented here advance the 

understanding of field-induced instabilities in soft materials for diverse technological 

applications.   

 

http://en.wikipedia.org/wiki/Scanning_electron_microscope
http://en.wikipedia.org/wiki/Scanning_electron_microscope
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5. Bursting Drops in Solid Dielectrics Caused by High 
Voltages

1
 

5.1 Introduction 

Electrified drops have been intensively studied(128-133) for natural phenomena 

such as thunderstorm cloud formation(134), as well as for technical applications ranging 

from ink-jet printing(135), electrospinning nano-fibers(136, 137), microfluidics(138),  to 

electrospray ionization for assaying biomolecules(139). It has been known that a strong 

electric field can destabilize electrified drops in gases and liquids. An unstable drop 

often deforms into the shape of a cone, referred as Taylor cone, which then emits a 

stream of smaller drops or a fine jet into the surrounding gas or liquid (128-132, 140, 

141). The critical electric field for the onset of the Taylor cone scales as  0/~ REc  , 

where  is the surface tension of the drop, 0R  the radius of the drop, and   the 

permittivity of the surrounding gas or liquid 1-5,13. On the other hand, electrified drops in 

solids remain largely unexplored, mainly due to the difficulty in observing any relevant 

phenomenon before electric breakdown of the solids. This limitation not only poses a 

major challenge in fundamental understanding of electrified drops, but also hampers the 

development of technology in areas such as high-energy-density polymer 

capacitors(101) and muscle-like transducers(49). 

                                                      

1 This chapter is based on Qiming Wang, Zhigang Suo, Xuanhe Zhao, Bursting Drops in Solid Dielectrics 

Caused by High Voltages, Nature Communications, 3, 1157 (2012). 
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Here, we report the first in situ observation of morphological changes of single 

and multiple drops in solids under electric fields, and present a new theoretical model 

for the phenomena. We find that the critical electric field for drops in solids to undergo 

unstable morphological changes follows a scaling different from that for the Taylor cone, 

and is also significantly affected by the interaction between drops. Our experimental 

observations and theoretical model further suggest a new failure mechanism for 

dielectric polymers under electric fields. 

 

Figure 5-1: Morphological instability of a drop of conductive liquid in a 

dielectric polymer under electric field. (a) As the electric field ramps up, a spherical 

drop gradually deforms into a spheroid, then suddenly forms sharp tips, and 

eventually evolves into the shape of a tube. The electric fields for panels from left to 

right are 0, 7.4, 7.7, 9.3, 11, and 18.2 MV/m. The time for panels from right to left is 0, 

98, 102, 123, 145, and 240s. The scale bar is 100 µm and for all panels. (b) The drop does 

not recover its original shape after the electric field is turned off. The scale bar is 100 

µm. (c) The contours of electric-field magnitude around the drop calculated by finite-

element software and the electric-field directions. The local electric field in the 
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polymer is normal to the surface of the drop. The scale bar in (c) has a unit of the 

magnitude of the applied electric field. 

5.2 Results 

In situ observation of drops in solids under voltages. The experimental setup 

for observing voltage-induced morphological changes of drops in solids is illustrated in 

Supplementary Fig. 5-S1. We fabricated a layer of a soft dielectric polymer (Ecoflex, 

Smoothon, USA) that traps single or multiple drops of an aqueous solution of sodium 

chloride (NaCl) or air bubbles. The radius of the drop was set to be much smaller than 

the thickness of the polymer. The polymer was then sandwiched between two rigid 

insulating films of fluorinated ethylene propylene (FEP) (McMaster-Carr, USA), coated 

with transparent electrodes of Pd/Au layers with thickness of 10 nm. (See Methods for 

details on fabrication of the samples.)   The two electrodes were then subject to a 

ramping voltage (Supplementary Fig. 5-S1). The rigid films suppress overall 

deformation and electric breakdown of the dielectric polymer, enabling in situ 

observation of the drops undergoing morphological changes(61, 62). The electric field far 

away from the drop is uniform and is regarded as the applied electric field, E, on the 

drop. Two optical microscopes were used to observe the morphological changes of the 

drops in directions along and normal to the applied electric field (Supplementary Fig. 5-

S1).   

Single drop in solids. We first study a single drop of a conductive liquid in 

polymers.  As the electric field ramps up, the drop undergoes a sequence of 
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morphological changes (Fig. 5-1a, Supplementary Fig. 5-S2, Supplementary Movies 1, 

and 2).  The spherical drop deforms into a spheroid gradually, and then becomes 

unstable suddenly, forming sharp tips on its apexes. The critical electric fields for the 

formation of sharp tips on two apexes of a drop may be slightly different, due to random 

factors such as variation of properties of the polymer. This difference makes the drop 

look asymmetric after the instability (Fig. 5-1a). If the electric field is turned off before or 

right after the formation of the first sharp tip, the drop will reversibly recover its original 

shape (Supplementary Fig. 5-S3 and Supplementary Movie 3). On the other hand, if the 

electric field is further ramped up, the large deformation of the polymer around sharp 

tips can induce fracture of the polymer. Subsequently, the sharp tips open up, giving the 

drop a spindle shape. If the electric field further increases, the spindle-shaped drop 

gradually grows longer and the radius of its center circle decreases.  Eventually, the 

drop evolves into the shape of a long tube in the polymer (Supplementary Movie 1).  If 

the electric field is turned off at this state, the drop does not recover the original 

spherical shape; instead, a trace of liquid is trapped along the path of the elongated 

drop, and the sharp tips at the apexes of the drop remain unrecovered (Fig. 5-1b).  The 

volume of the drop is conserved during the whole process. To our knowledge, this is the 

first observation of bursting drops in solids under electric fields (Fig. 5-1a, 

Supplementary Fig. 5-S2, Supplementary Movies 1, 2 and 3). If the water drop is 
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present in a dielectric polymer under high electric fields, the large deformation and 

fracture of the polymer can induce failure of the polymer. 

The electric-field-induced Maxwell stress drives the morphological changes of 

the drop in the polymer (Fig. 5-1c)(142-145). The Maxwell stress in the polymer can be 

expressed as 

 IEEEET  
2

1
 (5-1) 

where   is the permittivity of the polymer, E  the electric field in the polymer, and 

I the unit tensor. At the interface between the polymer and the conductive drop, the 

electric field in the polymer is normal to the interface and is zero inside the conductive 

drop.  Therefore, the Maxwell stress in the polymer gives tractions normal and 

tangential to the surface of the drop respectively as 

EEnTn  
2

1
nF  (5-2a) 

0 nTttF  (5-2b) 

where n  and t  are unit vectors normal and tangential to the surface of the drop . 

Along the applied electric field, the top and bottom apexes of the drop have the 

highest local electric field (Fig. 5-1c).  Therefore, the tractions normal to the surface of 

the drop tends to elongate the drop along the applied electric field. As the electric field 

at the apexes reaches a critical value, it causes the formation of the sharp tips(62). 
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Further increase of the applied electric field causes the drop to elongate into the shape of 

a tube. 

The instability of the drops in solids morphologically resembles that of drops in 

fluids(128-132, 146, 147). The scaling for the critical electric field of the Taylor cone in 

liquids, however, is inapplicable to our observations of the drops in solids. Our 

experimental observations show that the critical electric fields for the onset of the sharp 

tips on drops in solids are independent of their radii (Fig. 5-2a). For drops in solids, the 

Maxwell stress drives the deformation of the drops, which is resisted by both surface 

tension of the drops and elasticity of the solids. The Maxwell stress in the polymer scales 

with 2E ; the Laplace pressure due to surface tension scales with 0/ R ; and the elastic 

stress in the polymer scales with the shear modulus of the polymer,  . Using typical 

values of   2104  1Nm ,  kPa4 , and 0R   50 ~ m100 , we can see that the elastic 

stress in the polymer is principally responsible for resisting the deformation of the drop. 

This conclusion suggests a different scaling from that for the Taylor cone.  A comparison 

of the Maxwell stress and elastic stress gives that the critical electric field scales as  

 /~cE  (5-3) 

Eq. (5-3) indicates that a stiffer polymer will give a higher critical electric field for 

the instability of drops in it.  It is noted that the strains in polymers do not appear in Eq. 

(5-3) since the deformation of polymers with different moduli and permittivity is the 

same at the initiation of the instability. To validate Eq. (5-3), we prepare samples of the 
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polymer with different shear moduli by changing the crosslink density, and record the 

length of a drop in each sample as a function of the applied electric field (Fig. 5-2b).  The 

shear modulus of the polymer markedly affects the critical electric field for the 

formation of sharp tips.  When the applied electric field is normalized by  / , the 

curves for drops in polymers of different shear moduli coincide (Fig. 5-2c).  These 

experimental results are consistent with the predicted scaling, Eq. (5-3).  Furthermore, 

since the evolution of the drop is determined by  //E (Fig. 5-2c), the time scale for 

the evolution can be evaluated to be E// , where E  is the ramping rate of the 

electric field. 

Next we calculate the critical electric field for the onset of the sharp tips.  When 

the applied electric field is small, a drop approximately takes the shape of a spheroid.  

The local electric field at an apex of a conductive spheroid is(129, 142, 148)   
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                       (5-4) 

where b and a  are the long and short axes of the spheroid drop. Right before the 

formation of the tip, 33.1/ ab  according to our experimental observation (Fig. 5-2c), 

and Eq. (5-4) gives that EEapex 83.3 . To calculate the critical electric field for formation 

of the sharp tip, we construct an asymmetric finite-element model of the polymer at the 

apex of the drop (Supplementary Fig. 5-S4)(10, 32, 63). Because the size of the tip at 
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initiation is much smaller than the radius of curvature at the apex, we regard the apex as 

a flat surface under an electric field of apexE . The surface is also under a biaxial stretch of 

 

Figure 5-2: Deformation and instability of a single drop of conductive liquid in 

a dielectric polymer under electric fields. The length of the drop is recorded as a 

function of the applied electric field. The onset of the first sharp tip is marked by a 

cross. (a) The curves coincide for drops with different radii ranging from ~50µm to 

~100µm in the same polymer. (b) The curves separate for drops in polymers with 

different moduli (1.2 kPa to ~ 4.6 kPa). (c) The curves for drops in polymers of 

different moduli coincide again when the electric field is normalized with  / . The 
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same markers in (b) and (c) indicate polymers with the same  . Values in (b) and (c) 

represent mean and standard deviation of 
0

/ Rb  (n=3-4). 

1.13 to account for the deformation of the drop. At the onset of the sharp tip, the 

deformation in the polymer is relatively small, and therefore the polymer is taken to 

follow the ideal neo-Hookean dielectric (Supplementary Fig. 5-S5)(116). Using the 

finite-element model, we compare the potential energies of the polymer at the flat and 

sharp-tip states as a function of apexE . When the potential energy difference between the 

two states reaches zero, the sharp tip forms (see Supplementary Fig. 5-S6 and 

Methods). We find that the critical apexE
 

for a sharp tip to form is 2.11 /   

(Supplementary Fig. 5-S6).  Considering EEapex 83.3 , the critical applied electric field 

for onset of the sharp tip can be calculated to be  /55.0 . Figure 5-2c shows that the 

experimentally measured critical electric field is around  /6.0 . The theoretical 

result matches well with the experimentally measured value. It should be noted that the 

present theoretical calculation, in contrast to simulations reported in references 25 and 

26 on drops in fluids, gives a consistency argument rather than a priori prediction, 

because we have used the experimentally observed deformation as boundary conditions 

in the numerical model. 

 Multiple drops in solids. We next study multiple drops in polymers. For 

simplicity, we will focus on the interaction of two drops in the polymer. The radii of the 
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drops, aR  and bR , and the distance between the centers of the drops, d , are set to be on 

the same order.  In several runs of the experiment, we vary the angle between the center-  

 

Figure 5-3: Deformation and instability of two drops in a polymer under 

electric fields.  The angle between the center-to-center vector of drops and the applied 

electric field,  , is set to be (a) 0 , (b) 45 , and (c) 90 . (d) The contours of electric-

fields magnitude around the two drops in (a) calculated by finite-element software. 

The scale bar is 100 µm in (a), (b) and (c). The scale bar in (d) has a unit of the 

magnitude of the applied electric field.  

to-center vector and the applied electric field,  .  In all cases, when the applied electric 

field reaches critical values, sharp tips form on one drop in a direction towards the other 

drop (Fig. 5-3). The sharp tip usually appears on one drop, instead of simultaneously on 

both drops. The drop on which the first sharp tip forms can have a larger (Fig. 5-3a) or 
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smaller radius (Fig. 5-3b and c) than the other one.  The interaction of multiple drops in 

solids morphologically resembles the coalescence of drops in liquids under electric 

fields(149-153). However, for Taylor cones to form on two drops of equal radius in 

liquids, the initial distance between the centers of the drops needs to be greater than ~3.2 

times of the radius(152). On the other hand, we have not observed such a critical 

distance for onset of sharp tips on drops in solids (e.g. Fig. 5-3). 

 The formation of tips in two drops in solids is also different from that in a single 

drop in solids, because the interaction of drops significantly enhances local electric fields 

in regions between them (Fig. 5-3d).  As a result, the first tip tends to form on one drop 

along a direction towards the other one (Fig. 5-3).  Furthermore, the critical electric field 

for the onset of the tip in two drops can be significantly lower than that for a single drop 

in the same polymer. For instance, the critical field is 0.33 /  in Fig. 5-3a, 

 /46.0 in Fig. 5-3b and 0.45 /  in Fig. 5-3c. Considering Eq. (5-3), we express the 

critical field for the onset of sharp tips in two drops as: 

, ,a
c

a b

Rd
E Z

R R






 
  

 
               (5-5) 

where Z  is a non-dimensional parameter that accounts for the geometry and interaction 

of the two drops. If aRd /  approaches infinity, we recover the single-drop case 

with 55.0Z . Following a similar procedure (Supplementary Fig. 5-S7), we calculate 

the critical field for the two drops in Fig. 5-3a to be 0.36 /  , which matches well 
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with the experimental result. In Supplementary Fig. 5-S8, we plot the enhancement of 

electric fields in a polymer with two spherical drops of equal size as a function of their 

distance aRd /  and the orientation of the electric field  (154). It can be seen that the 

minimum enhancement is 3 times when aRd /  approaches infinity (i.e. the single-drop 

case). When the distance between the drops decreases, the enhancement of the electric 

field increases. A higher enhancement of the electric field can give a lower critical 

electric field for the instability. 

5.3 Discussion 

We note that the critical electric fields for the onset of sharp tips on drops in 

dielectric polymers are significantly lower than those for two other modes of 

electromechanical instabilities:  the pull-in instability (  /1.1cE )(109, 116) and the 

electro-creasing instability (  /0.1cE )(62). Furthermore, after forming sharp tips 

the drops elongate drastically, potentially inducing electric breakdown of the polymer 

(Fig. 5-1). Our experimental observations and physical model suggest a new failure 

mechanism for dielectric polymers under electric fields: defects such as cavities and water 

drops can initiate sharp tips in polymers under electric fields and subsequently cause breakdown 

of the polymers.  

To test the hypothesis, we measure the breakdown field of a silicone rubber 

(Ecoflex, Smoothon, USA) with various volume ratios of water drops. Polymer films 

with three different moduli are mounted between a copper plate and a copper rod, 
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which can suppress the pull-in and electro-creasing instabilities (Supplementary Fig. 5-

S9)(61). A direct-current voltage is applied between the rod and the plate until electrical 

breakdown of the film. The measured breakdown fields for films with various moduli 

are given in Fig. 5-4a. The breakdown field can be significantly reduced by a very low 

volume concentration of drops (e.g. 1%), where the distances between drops are much 

larger than their sizes (i.e. the single-drop case). The breakdown field further decreases 

with the increase of drop concentration, as the drops begin to interact with one another 

(Fig. 5-4a). Furthermore, the breakdown field approximately scales with  / , 

indicating the instability of drops induces breakdown of the polymer.  
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Figure 5-4: The effect of water drops and air bubbles on the electric breakdown 

field of a polymer. Both (a) water drops and (b) air bubbles can significantly reduce 

the electric breakdown field of the polymer. The scale bar is 100 µm in (a). Values in 

(a) and (b) represent mean and standard deviation of breakdown fields (n=10-20). 

In addition, we replace water drops in the polymers with air bubbles and repeat 

the above breakdown tests. The breakdown field also decreases with the increase of 

volume concentration of bubbles and approximately scales with  /  (Fig. 5-4b). 

Since air is not conductive, the electric field in air bubbles is not zero. The electric-field-

induced Maxwell stress in an air bubble can be expressed as  IEEEET  000
2

1
  

where 0  is the permittivity of air. The Maxwell stress in the polymer and the air bubble 

gives tractions normal and tangential to the surface of the bubble respectively as  
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where nE and tE  are the electric fields, in the polymer, normal and tangential to the 

bubble surface respectively. Due to symmetry, 0tE  at the apexes of the bubble and 

thus 2

0

1
2

1
Apexn EF 














 .  Since the permittivity of the polymer is higher than that of 

air (i.e. 0  ), the traction tends to deform the air bubble into an oblate spheroid which 

may undergo instabilities. It should be noted that we have assumed the polymer is a 

perfect dielectric with zero conductivity. For the case of drops with lower permittivity in 

liquids with higher permittivity under electric fields, the shapes of the drops can become 

either prolate or oblate depending on the permittivity and conductivity of the 

liquids(141),(155). In addition, in the current study the elastic stress in the polymer is 

principally responsible for resisting the deformation of the air bubbles, leading to the 

scaling in Fig. 5-4b. 

From the above analyses, it is evident that dielectric polymers with higher 

moduli and fewer defects will have higher breakdown fields if the instability induces 

electrical breakdown of the polymers. In many cases, however, it is desirable to make 

dielectric polymers with low moduli for functions such as large actuation strains(102). In 

order to increase breakdown fields while maintaining low moduli of polymers, one may 
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enhance the fracture toughness and stiffening properties of the polymers to prevent the 

evolution of the instability (i.e. from sharp tip to tube in Fig. 5-1a). If the drops cease to 

elongate after the formation of sharp tips, the breakdown field of the polymer may be 

enhanced.  

In summary, we present the first in situ observation of morphological instability 

of single and multiple drops in solids under electric fields. A single drop in solids first 

forms a sharp tip that resembles a Taylor cone in liquids, and then evolves into the 

shape of a long tube. The critical electric field for the onset of sharp tips in solids follows 

a scaling different from that for the Taylor cone, owing to the elasticity of the solids. 

Multiple drops in solids under electric fields also form sharp tips. The critical field for 

the onset of the sharp tips in multiple drops can be significantly reduced due to the 

interaction between the drops. Our observations and theoretical model not only advance 

the fundamental understanding of electrified drops, but also suggest a new failure 

mechanism of high-energy-density dielectric polymers, which are under intense 

development for applications ranging from capacitors for power grids and electric 

vehicles to muscle-like transducers for soft robots and energy harvesting(49, 101, 156-

158).   

5.4 Methods 

Sample preparation. To fabricate samples with conductive drops, a conductive 

liquid (10% wt NaCl solution) was uniformly mixed with uncrosslinked solution of a 
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silicone elastomer Ecoflex 00-10 (Smooth-on, USA) with volume concentration ranging 

from 1% to 10%. After mixing, many water drops with radii from 50 µm to 100 µm were 

trapped inside the polymer solution. The polymer solution was then cast into films of 

thickness of 1.2 mm, and cured at 60oC for an hour.  The volume ratio of crosslinker and 

base of Ecoflex was varied from 0.1:1 to 0.5:1 to obtain polymers with shear moduli 

ranging from 1.2 kPa to 4.6 kPa. A rigid transparent polymer film FEP (McMaster-Carr, 

USA) with a thickness of 50 µm and modulus over 1 GPa were attached to both sides of 

the Ecoflex films. Pd/Au layers with a thickness of 10 nm (Sputter Coater, Denton 

Vacuum, USA) were coated on the FEP film as electrodes. To fabricate samples with air 

bubbles, drops of deionized water were embedded in the polymer. The samples were 

then baked in an oven at 60oC for 12 hours with the water drops evaporated. 

Observation of drop evolution. Figure 5-S1 illustrates the experimental setup 

for in situ observation of the evolution of drops in polymers under electric fields. A 

direct-current voltage was applied between the two electrodes with a ramping rate of 

100 Vs-1 using a high voltage supply (Matsusada, Japan).  One or two drops far away 

from others and the surfaces of the elastomer were chosen to be observed from 

microscope objectives (Nikon, Japan) normal to and along the applied electric field. The 

evolution of the drop under the applied electric field was recorded by cameras on the 

microscope. When the sharp tip formed at the end of the drop, the voltage was recorded 

as the critical voltages c . The critical electric fields were calculated by 
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( 2 )c c s sE H H    , where H is the thickness of Ecoflex film, sH is the thickness of 

FEP film, 02.5  and 02.1s  are the dielectric permittivity of Ecoflex, and  

12 1

0 8.85 10 Fm   
 
is the permittivity of vacuum.  

Breakdown test. The breakdown fields of Ecoflex films with 1 mm thickness 

were measured using the experimental setup demonstrated in Supplementary Fig. 5-S9. 

The Ecoflex film was bonded on a copper substrate and immersed in silicone oil 

(Robinair, USA). A metal rod with a spherical tip of 8 mm in diameter was constrained 

to prevent movement, and placed vertically in touch with the Ecoflex film. A 

controllable ramping voltage was applied between the rod and the substrate until 

electrical breakdown.  

Numerical calculation. To calculate the critical electric field for the onset of the 

sharp tip, finite-element software, ABAQUS 6.10.1 was used to analyze the deformation 

and electric field of the polymer at the apex of the drop (Supplementary Fig. 5-S6). The 

program code is validated by benchmark calculations and the mesh accuracy is 

ascertained through a mesh refinement study. The region is taken to deform under 

axisymmetric conditions, and obey the neo-Hookean and ideal dielectric laws. 
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6. Dynamic Electrostatic Lithography: Multiscale On-
demand Patterning on Large-Area Curved Surfaces

1
 

6.1 Introduction 

Using electrical voltages to form self-organized patterns on polymer surfaces has 

been intensively studied for a diverse range of scientific and technological applications 

including functional surfaces and interfaces(159, 160), integrated electronics(104, 105), 

optoelectronics(161), data storage(162), sensor arrays(162, 163), microfluidics(164) and 

biomedical devices(165). The technology so-called electrostatic lithography is generally 

based on a mask-air-polymer system(104, 105), where a voltage is applied from a top 

electrode (i.e. mask)  through an air gap to one or multiple layers of polymer melts 

bonded on a bottom electrode (see Figure 6-S1). Despite the intensive studies and broad 

applications of electrostatic lithography (163, 166, 167), the technology suffers from a 

number of limitations: (1) the patterns formed with this method are generally static in 

that only the final patterns are solidified for uses. Therefore, the polymer surfaces cannot 

dynamically switch among multiple states (e.g. patterned and flat) in practical 

applications. (2) the requirement for precise alignment of the top mask, air gap, and 

polymer limits this method to relatively small-area and flat surfaces(168). (3)  the 

relatively low breakdown field of the air gaps(106) (i.e. ~106 V/m) mandates the use of 

                                                      

1This chapter is based on Qiming Wang, Mukarram Tahir, Jianfeng Zang, and Xuanhe Zhao*, Dynamic 

Electrostatic Lithography: Multiscale On-demand Patterning on Large-Area Curved Surfaces, Advanced 

Materials, 24, 1947–1951 (2012). 
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polymer melts or very soft elastomers (e.g. modulus ~1 kPa)(106). (4) this method 

generally gives convex patterns (e.g. pillars) on polymer surfaces, but not concave 

patterns (e.g. trenches, creases and holes et al) which are equally, if not more, desirable 

features(40).  These limitations greatly hamper the tunability and flexibility of 

electrostatic lithography, restraining its application in various important technologies such 

as on-demand super-hydrophobicity, tunable adhesion(37, 169), switchable optics(170), 

controlled drug release(171), anti-fouling coatings(172), and transfer printing(173).  

Here, we present a new method and material system capable of dynamically 

generating a rich variety of patterns on large-area curved polymer surfaces using electric 

fields up to 108 V/m. Because the most distinct feature of the new method is its capability 

of dynamic patterning, we name the new method as dynamic electrostatic lithography 

(DEL). The DEL can switch polymer surfaces among various patterns ranging from 

randomly-oriented creases and craters to aligned creases, craters and lines (see Figure 6-

1C, Video S1 and Video S2). The length scale of the patterns is controllable, ranging from 

millimeter to micrometer (Figure 6-1D).  In addition, the patterning with DEL is 

generally much faster than that with stimuli-responsive hydrogels(174), shape-memory 

polymers(175), and swellable polymers(38, 176). Furthermore, electric voltages can also 

be more precisely controlled than other stimuli including mechanical contact(122), 

temperature(175), PH(174), solvent concentration(38) and humidity(174). 
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6.2 Results 

The material system for DEL is illustrated in Figure 1A (see the experimental 

section for details). A layer of a solid polymer is bonded on an insulating substrate. The 

modulus of the polymer can reach 10MPa, much higher than the moduli allowed in 

traditional electrostatic lithography. The polymer layer can also be uniaxially pre-stretched 

prior to bonding on the substrate. The insulating substrate is chosen to be much more 

rigid than the polymer, so that it does not deform with the polymer during 

patterning(62, 63). The bottom surface of the substrate is coated with a metal layer (e.g. 

gold), and the top surface of the polymer is covered with a compliant electrode (e.g. 

NaCl solution(62, 63), liquid metal(177), nanowire(178) or carbon nanotube(179) 

electrodes), which deforms conformally with the polymer surface. Because the DEL 

eliminates the requirement for mask-air-polymer alignment, the polymer layers in DEL 

can be easily fabricated into very large areas and cover curved surfaces as well.  

The mechanism of the DEL is qualitatively understood as follow. The dynamic 

patterns of DEL are caused by electromechanical instabilities of polymer layers under 

electric fields recently discovered (62, 75, 116, 158).  As a direct-current voltage is 

applied between the two electrodes, an electric field develops in the polymer layer. The 

electric field induces a biaxial compressive stress E  in the polymer layer. When the 

electric field reaches a critical value, the initially flat polymer surface suddenly folds 

against itself, forming a pattern of randomly-oriented creases on the polymer (Figure 6-
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1C). As the electric field further increases, the electric-field-induced stress tends to pull 

the creases open into randomly-oriented craters in the polymer layer (Figure 6-1C). If 

the polymer layer has been uniaxially pre-stretched as illustrated on Figure 2, the 

compressive stress along the pre-stretched direction is reduced to PE   , where P  is 

 

Figure 6-1: Pattern formation on polymer surfaces by Dynamic Electrostatic 

Lithography (DEL). (A) Schematic illustration of the experimental set-up. (B) A phase 

diagram for the transition of patterns generated by DEL. The pattern transition is 

controlled by two parameters, the applied electric field  and the uniaxial pre-stretch 

ratio p . The electric fields for the pattern transition were recorded as the critical 

electric fields, and plotted as the boundaries of the phase diagram. At least 5 

experiments were conducted for each pre-stretch ratio to construct the error bar of the 

boundaries. (C) Optical microscope images of various patterns ranging from 

randomly-oriented creases and craters to aligned creases, craters and lines. The scale 

bars are 200 µm.  (D) Optical microscope images of crater patterns with various 

wavelengths ranging from millimeter to micrometer. The scale bars are 300 µm. 
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the tensile stress due to the pre-stretch. However, the compressive stress normal to the 

pre-stretched direction maintains to be E (Figure 6-2). Therefore, the creases and 

craters tend to align along the pre-stretched direction due to the lower compressive 

stress along that direction (Video S1 and Figure 1C). The aligned creases can further 

connect into parallel lines in the polymer layer (Video S2, and Figure 6-1C).  

 

Figure 6-2: Schematic illustration of the stress in a uniaxially pre-stretched 

polymer layer under an electric field. The creases, craters and lines tend to align along 

the pre-stretched direction. 

Now we quantitatively analyze the various patterns generated by DEL. A phase 

diagram for the patterns has been provided in Figure 6-1B. The transition of different 

patterns on the phase diagram is controlled by two parameters, i.e. the applied electric 

field E  and the uniaxial pre-stretch ratio p . The applied field can be calculated as 

 ssHhE  //  , where   is the applied voltage, h  and sH  the thicknesses of the 

pre-stretched polymer layer and the substrate, and   and s the dielectric constants of 

the polymer and the substrate. The pre-stretch ratio p  is given by the length of the pre-

stretched layer over its undeformed length as shown in Figure 3.  When a pattern 
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becomes energetically favorable under a combination of E  and p , that pattern sets in 

the polymer layer. The potential energy of the polymer layer can be expressed as 

 1 2 3, , ,W dV dA       E
 

(6-1) 

where W is the free energy density of the polymer, and  the surface charge density on 

the polymer. The free energy density W  is a function of the principal stretch i  and the 

electric field in the polymer E . The surface energy of the polymer layer is negligible in 

the current study(62, 63). Because i  and E  are generally inhomogeneous in patterned 

polymer layers, Equation (6-1) usually needs to be calculated with numerical models 

such as finite-element models (32, 62, 63).  

 

Figure 6-3: Schematic illustration of the principal stretches in a polymer layer 

at the reference, pre-stretched, and patterned states. 

Since the initiation of patterns (i.e. transition from flat to patterned states) is of 

particular importance to DEL, we will focus on calculating the critical electric field for 

the initiation of creases and lines on the phase diagram of Figure 6-1B. The polymer 
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layer used in the current study (i.e. silicone elastomer) is taken to be an incompressible 

neo-Hookean ideal dielectric(62). When the polymer layer is pre-stretched by 
p  in one 

direction, the stretches in the other two directions are 2/1

p  due to incompressibility of 

the polymer. Thus, the potential energy in a region of the polymer layer in the pre-

stretched (flat) state can be expressed as  

   VEVppflat

212

2

1
32

2

1
  

                     (6-2) 

where  is the shear modulus of the polymer, and V  the volume of the region. The first 

term in Equation (6-2) gives the elastic energy of the polymer and the second term the 

electrostatic potential energy. Now let’s consider the same region with a crease or line 

developed at a critical electric field, as illustrated on Figure 6-2. We can regard the pre-

stretched state as another reference state, and express the stretches in the patterned state 

measured with respect to the pre-stretched state as 1 , 2  and 3  as shown on Fig. 6-3 

(32). Therefore, the principle stretches at the patterned state can be expressed as 

p 11
 , p /22

 , and p /33
 . Further assuming plane-strain condition (62, 

63) for the patterned state as shown on Figures 6-2 and 6-3, we have 11  . Therefore, 

the potential energy in the region of the patterned state can be calculated as(62, 63)  

     dVdVppppattern
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Based on Equations (6-2) and (6-3), the potential energy difference between the 

patterned and flat states can be calculated as   

       dVEdV
p

flatpattern

222

3

2

2
2

1
2

2
E




                            (6-4) 

When the applied electric field  E  is 0, it is obvious that the flat state is energetically 

favorable as Equation (6-4) is positive. When E  increases to a critical value, Equation (6-

4) becomes 0 so that the creases or lines set in the polymer layer. Because  , p , and   

are constants in Equation (6-4), the electric fields can be rescaled by  
p / . 

Considering previous results(62, 63), we can express the critical field for the initiation of 

patterns in uniaxially pre-stretched polymer layers as 





p

c ZE   (6-5) 

where Z is a non-dimensional constant which has been calculated to be 1.03 using finite-

element models(62, 63). From Equation (6-5), we can see that the uniaxial pre-stretch will 

decrease the critical electric field for the initiation of patterns. The theoretical prediction 

of Equation (6-5) has been plotted on Figure 6-1B.  It can be seen that the theoretical 

prediction matches very well with experimental data when 5.2p . However, the 

experimental results show that the uniaxial pre-stretch increases the critical electric field 

when 5.2p . This is because the silicone rubber stiffens when 5.2p , ceasing to 
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follow the neo-Hookean model (see Figure 5-S5). The stiffening requires a higher electric 

field to deform the polymer layer, and thus increases the critical electric field cE . 

Next we discuss the wavelengths of patterns generated by DEL. The 

wavelengths can be tuned from millimeter to micrometer as shown qualitatively on 

Figure 1D and quantitatively on Figure 6-4. The tunable wavelength of DEL provides a 

broad range of feature sizes which are of critical importance to the applications of DEL 

in various technologies (105, 159-165). Two parameters control the wavelengths of DEL 

patterns, i.e. the unstretched polymer thickness H  and the uniaxial pre-stretch p . Since 

the length scale for the interaction of two neighbor features (e.g. two creases, two craters 

or two lines) is the thickness of the film at the pre-stretched state, the wavelength of 

patterns can be expressed as 

p

H
Kl


  (6-6) 

where  l  is the wavelength of the pattern, and K  a non-dimensional constant. The 

prediction of Equation (6-6) has been validated by patterns of random creases and 

craters(62). Figure 6-4 further gives experimentally measured wavelengths of aligned 

creases, craters and lines on polymer layers with various values of H  and p . From 

Figure 6-4, it is evident that the theoretical prediction of Equation (6-6) matches 

consistently with the experimental results. In addition, Figure 6-4 gives that the 
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parameter K  in Equation (6-6) is ~1.5 for aligned creases and craters and ~1.0 for aligned 

lines. 

 

Figure 6-4: The wavelengths of aligned creases and craters (A) and aligned 

lines (B) are linearly proportional to the thicknesses of the pre-stretched polymer 

layers. 

Next we demonstrate the capability of DEL in generating various patterns on 

large-area and curved polymer surfaces. As illustrated in Figure 6-5A, a polymer layer is 

bonded on the inner or outer surface of a substrate of a cone shape (see Figure 6-S2 for 

experimental details). The size of the cone is around 4cm, and the radius of curvature of 

the polymer surface on the cone varies from a few micrometers to centimeters. If the 

polymer layer is not pre-stretched (i.e. 1p ), random creases and craters can develop 

on the curved polymer surface under applied voltages (Figure 6-5B). If pre-stretched 

(e.g. 5p ) , the aligned lines arrange into concentric circles with well-defined distance 

on the polymer surfaces (Figure 6-5C).  
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Figure 6-5: Pattern formation by DEL on large-area curved surfaces. (A) A cone-

shape surface was produced by folding a polymer-substrate bilayer (See Figure S3 for 

experimental details). The polymer film can be on either the inner or outer surface of 

the cone. On the curved surface, randomly-oriented craters were formed in the 

polymer film without pre-stretch (B), and concentric circles were generated in the film 

with pre-stretch 5p  (C) 

6.3 Conclusion  

In summary, we invent a new technology named dynamic electrostatic lithography, 

which is capable of dynamically generating patterns with various shapes and sizes on 

large-area curved polymer surfaces.  The morphology of the patterns is controlled by the 

applied electric field and the pre-stretch in the polymer, and the wavelength is governed 

by the thickness of the pre-stretched polymer layer. A theory has been developed to 

calculate the critical electric fields for pattern transition and to predict the wavelengths 

of the patterns. The theoretical predictions match consistently with experimental results. 

A general phase diagram is further constructed to characterize the transition between 
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various patterns generated by DEL. The theory and the phase diagram will provide 

quantitative guidelines for future applications of DEL in various technologies. 

6.4 Experimental 

Silicon elastomer Ecoflex 00-10 (Smooth-on, USA) with volume ratio of two parts 

0.2:1, was spin-coated on a glass slide covered by Scotch tape (3M, USA), and cured at 

room temperature for 12 hours. The thicknesses of the films were measured by Dektak 

150 Stylus Profiler (Bruker AXS, USA), and the shear modulus of the Ecoflex film was 

measured by uniaxial tensile tests (TA instruments, USA).  The uniaxially pre-stretched 

film of Ecoflex was adhered to a rigid polymer film, Kapton (Dupont, USA), which was 

bounded on a metal electrode. The top surface of the Ecoflex film was immersed in a 

transparent conformal electrode (e.g. 20 wt% NaCl solution) to observe the surface of the 

film. A voltage was applied between the two electrodes by a high voltage supply 

(Mastsusada, Japan) with a ramping rate of 10 V/s. Images and videos of pattern 

formation on the polymer surface were recorded by a camera mounted on an optical 

microscope (Nikon, Japan).  The electric voltages for the pattern transition were 

recorded as the critical voltages c and the critical electric fields were calculated by 

 sscc HhE  //  , where  h  is the thickness of the pre-stretched Ecoflex film, 

mHs 125 is the thickness of the substrate, 02.5  and 03.5s  are the dielectric 

constants of Ecoflex and Kapton respectively, and  12 1

0 8.85 10 Fm    is the 
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permittivity of vacuum. The wavelengths of the patterns were measured as average 

center-to-center distances of the neighbor features in the microscope image. 
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7. Bioinspired Surfaces with Dynamic Topography for 
Active Control of Biofouling

1
 

7.1 Introduction 

Biofouling, the accumulation of boiomolecules, cells, organisms and their 

deposits on submerged and implanted surfaces, is a ubiquitous problem across many 

human endeavors including maritime operations, medicine, food industries and 

biotechnology. (180-182) Examples include: (i) the high cost of mitigation of biofouling 

on maritime vessels,(183) (ii) the growing significance of infectious biofilms (matrix-

enclosed microbial adlayers) as a failure mode of implanted materials and devices,(180) 

and (iii) the adaptation of antibiotic resistant bacterial strains within biofilms in medical 

and industrial settings. (184) Creating environmentally friendly and biocompatible 

surfaces that can effectively manage biofouling has been an extremely challenging “holy 

grail”. In spite of substantial research efforts for several decades, cost effective control of 

biofouling is still an elusive goal in all areas that require long-term compatibility with 

biological systems. (181) Current commercial antifouling approaches and technologies 

include self-polishing surfaces that rely on controlled release of biocides (185, 186) and 

fouling-release surfaces. (187) The next generation of fouling management includes 

specialized surface chemistries (188)  and topographic patterns (54, 189) that deter 

                                                      

1 This chapter is based on Phanindhar Shivapooja#, Qiming Wang#, Beatriz Orihuela, Daniel Rittschof, 

Gabriel P. López, Xuanhe Zhao, Bioinspired Surfaces with Dynamic Topography for Active Control of 

Biofouling, Advanced Materials, 25, 1430  (2013) (#: Equal contribution) 
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settlement of biofouling organisms.  These approaches are generally limited to specific 

organisms or levels of fouling (180, 182, 183, 188, 190, 191) or have unacceptable impacts 

on the environment or human health with long-term usage. (186)  

 Nature offers multipronged solutions to biofouling that have not been 

implemented by humans. (192) An enormous number of biological surfaces clean 

themselves through active deformation and motion. (192-196) For example, cilia on the 

surfaces of respiratory tracts constantly sweep out inhaled foreign particles that are 

sequestered in hydrated, protective mucus layers. (193-195) Ciliary cleaning is also 

widely used by mollusks, corals and many other marine organisms for active fouling 

management in marine environments.(192, 196) Engineering surfaces coated with pillars 

that mimic cilia have been fabricated and proposed for biofouling management. (195, 

197-200) Despite their potential, surfaces coated with biomimetic cilia (i) generally 

require complicated fabrication processes and are thus limited to relatively small areas, 

(ii) still require development of practical actuation schemes, and (iii) are made of fragile 

structures not suitable for harsh biofouling environments.  
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Figure 7-1: Detachment of bacterial biofilms from dielectric elastomers under 

voltages. (a) Schematic illustration of the laminate structure, actuation mechanism 

and the detachment of a bacterial biofilm. (b) The applied electric field can induce 

significant deformation of the elastomer surface as given by the contours of maximum 

principal strain. (c) The deformation detaches over 95% of a biofilm (C. marina) 

adhered to the elastomer surface, which is periodically actuated for 200 cycles within 

10 minutes. 

Here, we report a general, bio-inspired approach for actively and effectively 

detaching micro- and macro-fouling organisms through dynamic change of surface area 

and topology of elastomers in response to external stimuli. These dynamic surfaces can 

be fabricated from materials that are already commonly used in marine coatings and 

medical devices and can be actuated by practical electrical and pneumatic stimulation. 

New antifouling management strategies based on active surface deformation can also be 

used in combination with other existing and emerging management approaches for 

biofouling. 
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7.2 Results 

Figure 7-1a illustrates the structure of an electro-active antifouling coating (See 

Methods for details of fabrication). Films of a silicone elastomer, a rigid insulating 

substrate, and a metal foil were bonded together to form a trilayer laminate. (61, 62) The 

laminate can be readily fabricated to cover large areas. The elastomer surfaces were 

exposed to artificial-seawater suspensions of a model marine bacterium, Cobetia marina 

(7 x 107 cells/mL), which is known to colonize many materials rapidly and to mediate the 

attachment of other fouling organisms in seawater, (201-203) and allowed to form 

biofilms for 4 days (Figure 7-1a). The elastomer surfaces were electrically grounded by 

placing a ground electrode into artificial seawater, which flowed gently over the surface 

of the attached biofilm. Control studies showed that the flow alone does not detach 

biofilms (see Figure 7-S1). As a DC voltage was applied to the metal foil under the 

laminate, an electric field developed in the elastomer. When the electric field exceeds a 

critical value, the surface of the elastomer became unstable, deforming into a pattern of 

“micro-craters” (Figs 1a and b). The critical electric field for the cratering instability can 

be expressed as (61)  

5.1cE  (7-1) 

where and  are the shear modulus and dielectric constant of the elastomer. When the 

electric field was removed, the elastomer returned to its initial, flat topography. We 

characterized the surface strain of the elastomer under electric fields by imprinting 
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markers on its surface (Figure 1b). The size of the markers is much smaller than that of 

the craters and the markers form a regular square lattice on the undeformed surface. The 

surface strain is calculated by tracking the relative displacements of the markers (see 

Figure 7-S2). Fig 1b gives the distribution of the maximum principal strain on the 

deformed surface. It can be seen that the maximum principal strain is over 20% on most 

area of the surface. After 200 on-off cycles of the applied voltage in 10 min, over 95% of 

the biofilm on the elastomer surface is detached (Figure 7-1c). To our knowledge, this is 

the first observation that voltage-induced dynamic topology of polymer surfaces can 

actively and effectively detach adherent biofilms.  

 
Figure 7-2: Debonding of biofilms from stretched elastomer films. (a) 

Schematic illustration of the debonding mechanism. (b) Percentage of detachment of 

C. marina biofilm as a function of the applied strain. (c) Percentage of detachment of 

E. coli biofilm as a function of the applied strain. The elastomers are periodically 

stretched uniaxially to a prescribed strain for 30 cycles within 3 minutes. 
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Table 7-1: The percentage of C. marina biofilm detached (%) from Sylgard 184 

films with various moduli and under a range of applied electric fields. The 

crosslinker density of the Sylgard 184 was varied to obtain elastomer films with shear 

moduli ranging from ~60 kPa to 365 kPa. The electric field was periodically varied 

between zero and a certain value (as shown in the table) for 200 cycles in 10 minutes. 

Imposition of electric fields below cE  caused no surface deformation and had 

minimal percentage (~15%) of biofilm detached (green boxes). Imposition of electric 

fields below cE  resulted in formation of ‘micro-craters’ such that the surface switched 

reversibly from a flat state to a catering state resulting in high percentage (~95%) of 

biofilm detachment (white boxes). 

 

We hypothesized that the deformation of the elastomer surface, and not the 

presence of the electric field, causes biofilm detachment. To test this hypothesis, we 

decoupled the effects of the voltage and surface deformation on biofilm detachment 

using a number of silicone elastomer layers with moduli ranging from 60 kPa to 365 kPa. 

Biofilms of C. marina were grown on the elastomer surfaces as described above. The 

applied electric fields in the elastomers were controlled according to Equation (6-1), such 

that the same electric field E can induce significant deformation for those elastomers 

where cEE   but not for those where cEE  . In Table 7-1, the deformed surfaces are 

denoted by white cells and the undeformed as green ones; significant detachment of 

biofilms (i.e., >85%) occurs only on those surfaces that undergo deformation. Although 
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they were subjected to the same electric fields, the undeformed surfaces exhibited 

minimal detachment (i.e., <15%) of biofilms. These results suggest that surface 

deformation is the dominant mechanism for detachment of biofilms from the elastomer 

surfaces actuated by electric fields. 

Next we studied the effect of surface deformation on the detachment of various 

forms of biofouling by stretching elastomers without imposition of electric fields. 

Biofilms of different thicknesses on the elastomers were formed from C. marina and 

Escherichia coli by varying their time in culture. (204) Thereafter, each elastomer with 

biofilm was stretched uniaxially to a prescribed strain for 30 cycles within 3 minutes, 

while artificial seawater was gently flushed across the surface of the elastomer to carry 

away detached biofilm. After stretching, the percentage of biofilm detachment was 

measured as a function of the applied strain. Figures 7-2c and d show that surface 

deformation induces significant detachment of C. marina and E. coli biofilms (i.e. >80%) 

when the applied strain exceeds critical values ranging from 2% to 14%. The critical 

value of the applied strain depends on the thickness of the biofilm (Figure 7-2c). 

Interestingly, a thicker biofilm requires a lower critical strain for significant detachment. 

We interpret the detachment of biofilms as a debonding process from the 

substrate. (87) Prior to debonding, the mechanical strain in the polymer layer and the 

biofilm is the same. If the biofilm is considered to be linear elastic at the deformation 

rates used in the current study, (205) the elastic energy per unit area in the biofilm can be 
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expressed as 22HYe , where e is the applied strain,Y is the plane-strain Young’s 

modulus of the biofilm, and H the thickness of the biofilm. Given that the biofilm 

maintains integrity over a length scale much larger than its thickness (See Figure 7-S3), 

debonding occurs when the elastic energy of the biofilm exceeds the adhesion energy 

between biofilm and the polymer. Therefore, the critical applied strain for the 

detachment of biofilm can be expressed as 

HY
ec




2
 (7-2) 

where is the biofilm-polymer adhesion energy per unit area. Equation (6-2) predicts 

that the critical strain is a monotonically decreasing function of the biofilm thickness. 

The prediction is consistent with the experimental results in Figure 2c, where a thinner 

biofilm requires a higher critical strain for detachment.    



 

108 

 
Figure 7-3: Debonding of barnacles from stretched elastomer films. (a) 

Schematic illustration of the debonding mechanism. (b) A photo showing the 

detachment of barnacles from a stretched elastomer film. (c) The shear stress 

necessary to detach barnacles from the elastomer film decreases with the applied 

strain on the film. The elastomers are periodically stretched uniaxially to a prescribed 

strain for 30 cycles within 3 minutes. 

To examine the effect of surface deformation on macrofouling organisms, we 

reattached adult barnacles (Amphibalanus (= Balanus) amphitrite)(206) to the surfaces of 

elastomers (Figure 7-3a, see SI for details.). After the barnacles were firmly reattached, 

the elastomer layers were stretched to various prescribed strains periodically and then 

the shear forces for detaching the barnacles were determined.(206) The shear force for 

barnacle detachment was plotted as a function of the applied strain on the elastomer 

layer (Figure 7-3c). Deformation of the polymer significantly reduced the shear force 

required for detachment. For instance, an applied strain of 25% on the Sylgard™ 184 
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substrate reduced the detachment force by 63%, and an applied strain of 100% fully 

detached the barnacles.  

The debonding process of a barnacle due to substrate deformation can be 

understood as the symmetric propagation of two cracks at the barnacle-polymer 

interface (Figure 7-3b). The cracks will propagate if the decrease of the elastic energy of 

barnacle-polymer system exceeds the adhesion energy between barnacle and polymer 

substrate. (207) The base plate of the barnacle is much more rigid than the polymer 

substrate. (208) The substrate under a row of barnacles (Figure 3c) is assumed to deform 

under a plane-strain condition  (Figures 3a and b). The energy release rate due to crack 

propagation (i.e., the decrease of the system’s elastic energy when the crack propagates a 

unit area) can be expressed as  SLeLfG s , , where s is the shear modulus of the 

polymer substrate, L the length of the adhered region between barnacle and substrate, 

S the width of the substrate, and f  a non-dimensional function given in Figure 7-S4 by 

finite-element calculation. From Figure 7-S4, it can be seen that G is a monotonically 

increasing function of s , e  and L . By equating the energy release rate G  with the 

adhesion energy between barnacle and substrate , we have 

 SLeLfs ,  (7-3) 

The adhesion length L  between barnacle and substrate at any applied strain e  

can be calculated by solving Equation (6-3). From Figure 7-3d, it can be seen that the 

adhesion strengths for barnacle-Sylgard 184 and barnacle-Ecoflex systems are 
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approximately the same. However, the Sylgard 184 has a much higher shear modulus 

than the Ecoflex (See SI for detailed values), and so, when subjected to the same applied 

strain, the Sylgard 184 substrate should detach barnacles more effectively (i.e. giving 

smaller L) than the Ecoflex substrate. This prediction is consistent with the experimental 

results (Figure 3d). Debonding of rigid islands from deformed substrates has been 

intensively studied theoretically (207, 209) and experimentally. (210, 211) However, to 

the best of our knowledge, this is the first demonstration of debonding of barnacles by 

stretching polymer substrates.  

 
Figure 7-4: Detachment of bacterial biofilms from dynamic surfaces actuated 

by pressurized air. (a) Schematic of the structure of the dynamic surface colonized by 

both a biofilm of C. marina and barnacles, (b) photos and fluorescent microscope 

images of the surface before and after actuation, and (c) the percentage of biofilm 

detachment and the detachment shear stress for barnacles as functions of applied 

pressure. The dynamic surfaces are actuated for 30 cycles within 3 minutes. 
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As an alternative means for achieving surface deformation, we examined the use 

of pneumatic networks (212) for active detachment of micro- and macro-biofouling 

models. As illustrated in Figure 7-4a, air channels were fabricated beneath an elastomer 

layer, while the bottom surface of the network was bonded to a rigid plate (see Figure 7-

S6 for details). When air is pumped into the channels, the top surface of the network 

buckles out and induces controlled surface deformation (Figure 4a). The relation 

between the air pressure and the strain of the surface is given in Figure 7-S7. Biofilms of 

C. marina were grown on the surface of the elastomers for 7 days after adult barnacles 

were reattached to the surfaces and grown. The pressure in the air channels was 

gradually increased, and the coverage of biofilms and detachment shear stress for 

barnacles were measured. As shown on Figure 7-4b and Figure 7-4c, the dynamic 

elastomer surface of the pneumatic network can actively and effectively detach both 

biofilms and barnacles. For example, an air pressure of 3kPa induced 23% surface strain 

and almost 100% detachment of the biofilm. To fully detach the barnacles, a higher 

pressure (~ 15kPa) was required. Soft robots (212) and snapping surfaces (213) driven by 

pressured air have been recently studied and proposed for a variety of applications. 

Here, we give the first demonstration of antifouling capabilities of dynamic surfaces 

actuated by pneumatic networks. We expect that hydraulic networks for deformation of 

elastomers (214) will perform similarly.  
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7.3 Conclusion 

In summary, we discovered that the deformation of polymer surfaces can 

effectively detach microbial biofilms and macro-fouling organisms. Inspired by active 

biological surfaces, we created simple elastomer surfaces capable of dynamic 

deformation in response to external stimuli including electrical voltage, mechanical 

stretching and air pressure. The use of dynamic surface deformation is complementary 

and may enhance other means for biofouling management such as surface modification, 

controlled release and micro- and nanotopography.  

7.4 Experimental 

Fabrication of electroactive surfaces: A rigid polymer substrate, Kapton, (DuPont, USA) 

with Young’s modulus of 2.5 GPa and thickness of 125 µm was sputter-coated with a 10 nm gold 

layer underneath. A 50 µm polydimethyl siloxane (Sylgard 184™ Dow Corning, USA) film, was 

spin coated on top of the Kapton film and cured at 65C for 12 hours. The crosslinker density of 

the Sylgard 184 was varied from 2% to 10% to obtain elastomer films with shear moduli ranging 

from 60 kPa to 365 kPa. The thickness and shear modulus of the film were measured by Dektak 

150 Stylus Profiler (Bruker AXS, USA) and a uniaxial tensile tester (TA instruments, USA), 

respectively.   

Formation of bacterial biofilms: Cobetia marina (basonym, Halomonas marina) (ATTC 

4741) and Escherichia coli (ATTC 15222) in marine broth (MB) (2216, Difco, ATTC, USA) 

and trypsin soy broth broth (TSB), respectively, containing 20% glycerol were stored 

frozen in stock aliquots at -80C. Artificial seawater was prepared as reported previously 



 

113 

(185). Experimental stock preparations were maintained on agar slants and were stored 

at 4C for up to 2 weeks. A single colony from an agar slant was inoculated into 50 mL 

of MB (for C. marina) or TSB (for E. coli) and grown overnight with shaking at 25C (C. 

marina) or 37C (E. coli). The bacterial concentrations were 7 X 107 cells mL-1 and 11 X 107 

cells mL-1 for C. marina and E. coli, respectively.  

The surfaces used for growing biofilms were sterilized by rinsing several times 

with ethanol and then with copious amounts of sterilized DI water. About 1 mL of the C. 

marina or E. coli bacterial culture was placed on the sample surface along with 5 mL of 

sterilized artificial seawater or TSB broth. The samples were stored for a desired period 

in an incubator maintained at 26 C for C. marina and 37 C for E. coli. The samples were 

carefully monitored, and about 1 to 2 mL artificial seawater or TSB broth was added as 

needed every day to compensate for dehydration. The thicknesses of biofilms were 

measured by inverted confocal microscope (Zeiss LSM 510) (vide infra). 

Barnacle reattachment on surfaces and adhesion strength measurements: Reattachment 

of barnacles followed a previously published protocol (206). Briefly, barnacles 

(Amphibalanus (=Balanus)  amphitrite) were reared to cyprids, settled on T2®  (a gift from 

North Dakota State University) and cultured to a basal diameter of 0.5 cm in about 7 

weeks.  Barnacles were pushed off the T2 surface and immediately placed on the test 

surfaces in air and incubated in 100% humidity for 24 hours.  Thereafter, the surfaces 
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were submerged in running sea water and fed with brine shrimp daily for 2 weeks and 

tested.   

Biofilm detachment from electroactive surface: A DC voltage was applied between 

artificial seawater and the bottom electrode by a controllable voltage supply 

(Mastsusada, Japan). The voltage was switched on and off at a frequency of 0.33 Hz for 

10 minutes on each sample with a continuous low-shear flow (0.5 mL/min) of artificial 

seawater to carry away the detached biofilms. The electric fields shown in Table 1 were 

calculated using  ssHhE  , where  is the applied voltage, h  is the thickness 

of Sylgard 184 film, mHs 125 is the thickness of the substrate, 065.2   and 

05.3  s  
are the dielectric constants of Sylgard 184 and Kapton respectively, 

where 112

0 1085.8  Fm  is the permittivity of vacuum.  

Analysis of biofilm detachment: The biofilms on control and electroactuated 

samples were stained using SYTO 13 (Invitrogen Inc.); the procedure is detailed 

elsewhere (215). The stain-washed biofilm surface was air dried in the dark for about 30 

minutes and analyzed using a fluorescent microscope (Ziess Axio Observer) using a 10X 

objective. At least five images at different regions were captured from each stained 

surface under same exposure time. The average percentage of biofilm detached from the 

surfaces was calculated by comparing the relative fluorescence intensities between the 

experimental and control samples.   
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Biofilm and barnacle detachment from stretched surfaces: Films of the silicone 

elastomer, Ecoflex 00-10 (Smooth-On, USA) were used to detach biofilms or barnacles by 

mechanical stretching. The thickness and shear modulus of the Ecoflex films was 1 mm 

and 10.4 kPa, respectively. After biofilms and barnacles adhered to a film, the two ends 

of the film were clamped and stretched and relaxed in a periodic manner. The film was 

stretched to prescribed strains and relaxed for 30 cycles in 3 minutes, during which a 

continuous low-shear flow (0.5 mL/min) of artificial seawater was used to carry away 

the debonded organisms.  

Fabrication of dynamic surfaces actuated by pressured air: As shown in Fig S6, a 

plastic prototype fabricated in a 3D printer (Stratasys, USA) was used as a mold to cast 

an Ecoflex layer with patterned air-pass channels inside. The Ecoflex layer was then 

adhered to an uncured Ecoflex film (~200 µm) on a glass plate to bond the patterned 

Ecoflex layer with the glass plate. 

Biofilm and barnacle detachment from dynamic surfaces actuated by air pressure: 

Barnacles were re-attached on the surfaces of Ecoflex layers and C. marina biofilms were 

formed on the surfaces with barnacles for 6 days following the procedures described 

above. The Ecoflex layers were then actuated using a pneumatic pump (MasterFlex). By 

controlling the air pressure in the channels of the Ecoflex layers, the surfaces of the layer 

was reversibly deformed for 30 cycles in 3 minutes. The barnacle adhesion strength and 

the amount of biofilm released were analyzed following the procedure described above. 
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8. Conclusions and outlook 

8.1 Concluding remarks 

Traditional Engineering usually involves hard machines and materials with rigid 

metallic surfaces; however, Nature creates soft machines, such as animals and plants, 

with soft active surfaces. Under environmental stimuli, surfaces of soft machines 

actively display large deformation and dynamic morphological surfaces. Seeking 

inspirations from Nature, this dissertation aims to address two fundamental questions: 

(1) How to understand the large deformation and morphological patterns of soft 

machines? (2) How to translate the wisdom to design soft machines with controllable 

active surfaces for extraordinary functions? Towards answering these two questions, the 

following major findings and accomplishments are achieved from the current 

dissertation:  

1. Various Surface instabilities, such as wrinkle, crease, delaminated buckle and 

other advanced modes, can be analyzed in unified phase diagrams that are constructed 

by mismatch strain, rigidity ratio and film-substrate adhesion. The phase diagrams can 

be used to guide the design of soft material systems to achieve desired modes of 

instabilities. 

2. Electro-creasing to cratering instability is discovered on a substrate-bonded 

elastic polymer subject to an ultrahigh electric field. The critical field for the electro-

creasing instability scales with the square root of the polymer’s shear modulus. 



 

117 

3. Once surface energy on the elastic polymer surface prevails over the elastic 

energy, the creasing instability can be transited into wrinkling instability. 

4. When a drop is embedded in a soft dielectric under sufficiently high electric 

fields, the drop will elongate and burst in the field direction, forming electro-cavitation 

instability. This observation not only advances the fundamental understanding of 

electrified drops but also suggests a new failure mechanism of high-energy-density 

dielectric polymers. 

5. A new technology named dynamic electrostatic lithography is invented with 

capability of dynamically generating patterns with various shapes and sizes on large-

area curved polymer surfaces. 

6. Active surface of soft polymers in response to external stimuli can effectively 

detach microbial biofilms and macro-fouling organisms, leading to a new technology for 

anti-biofouling.  

8.2 Outlook of future work 

 The mechanically active surfaces and interfaces of soft materials are of scientific 

interest and technologically important. This dissertation is focused on designing and 

understanding the large deformation and morphological structures of active surfaces of 

soft materials. This dissertation can also throw light on many other aspects and 

directions that are waiting for future explorations (216).  
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 First, future development of designing mechanically active surfaces of soft 

materials demands advanced Computational Mechanics as tools and guidelines. The 

large deformation, complex geometry and multi-field coupling of the topographical 

structures of soft materials usually cause analytical analysis extremely difficult; current 

analysis primarily relies on computational models. Most of existing computational 

models of soft materials under the activation of physical fields (e.g., electric field) are 

based on finite element method (217-219). The capabilities of calculating instabilities, 

fracture, fatigue, and singularity of soft materials under physical fields still need to be 

implemented or significantly improved in existing computational models. For example, 

it is still challenging to accurately simulate the electro-creasing to cratering and electro-

cavitation instabilities in soft dielectrics, not to mention crack initiation and propagation 

during the instabilities (219). The development of versatile and robust computational 

models that can accurately characterize various emerging properties of soft materials 

and simulate various important phenomena will greatly facilitate the fundamental 

understanding and practical applications of active surface of soft materials. 

Second, active surfaces of soft materials provide a number of opportunities in 

preventing and removing biofoulings from marine structures and biomedical devices. 

The current anti-biofouling strategies include self-polishing surfaces that rely on 

controlled release of biocides (185, 186) and fouling-release surfaces (187), and 

specialized surface chemistries (188)  and topographic patterns (54, 189) that deter 
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settlement of biofouling organisms. Using active surface of soft materials in response to 

external stimuli can effectively detach micro- and macro-fouling organisms through 

dynamic change of surface area and topology. This method is low cost, highly efficient 

and environment-friendly, and thus may become an important technology in anti-

fouling field. To further advance the technology, the detailed observation and 

understanding of the fouling detachment process will be needed. In addition, designing 

novel surface structures applied in marine and medical devices can also become 

appealing (220).   

Finally, active surfaces of soft materials can also be used to actively control 

chemistry. Active surfaces of soft materials enable platforms, on which the 

topographical structure and stress state of the materials can be dynamically switched 

under the activation of the external stimuli. This active switch may open venues for 

actively controlling chemical reactions on the surface or inside the soft materials. For 

example, a type of mechanochemically responsive polymer can change color and exhibit 

fluorescence under the activation of large force and deformation (221). The soft materials 

under the activation of physical fields (e.g., electric field) can display various 

topographical structures, accompanied with a pattern of large deformation. The large-

deformation pattern can further activate the mechanochemically responsive polymer to 

exhibit a pattern of color and fluorescence. By coupling enzymes and catalysts, the 

system may further release molecules and show the capability of actively sensing. 
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Appendix A 

 

Figure 2-S1: The nominal stress vs. stretch curve of the Sylgard films used in 

the current study under uniaxial tension. When the stretch is lower than 2.2, the 

Sylgard films follow the neo-Hookean law  31  S .  

 

Figure 2-S2: The evolution of potential energies of film-substrate systems from 

flat state to wrinkled state calculated by the finite-element model as shown in the 
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inset (a). The critical strain for wrinkling for various modulus ratio 
sf  and 

prestretch 
p  

(b). The calculated critical strain for wrinkling in (a) matches the 

prediction in (b). In the finite element calculation, the thickness of the substrate and 

width of the model are much larger than the film thickness. A small force 

perturbation is applied to the film under compression to trigger the wrinkling. 
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Appendix B 

 

Figure 3-S1: The shear modulus of the PDMS elastomer as a function of the 

crosslinker concentration (a), and the PDMS-film thickness as a function of the spin 

speed for PDMS with various crosslinker concentrations (b). The shear moduli were 

measured by uniaxial tensile tests with a Micro-Strain Analyzer (TA Instruments, 

USA) under a loading rate 5105  s-1. The film thicknesses were measured by Dektak 

150 Stylus Profiler (Bruker AXS, USA). 

 

Figure 3-S2: The deformation and electric potential distribution in a block of a 

polymer subject to an applied voltage. The model is taken to deform under plain-

strain conditions. An analytical relation between the deformation and the applied 

voltage can be derived as    4/1// HhH   . The result from the finite 

element model matches well with the analytical solution. 
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Figure 3-S3: Schematic for linear perturbation analysis. 

We perturb the surface of the flat film with a sinusoidal deflection kxsin  . 

The film is taken to be incompressible, so that the change in the elastic energy from the 

flat state to the perturbed state per unit thickness of the region is 

  
kn

elastic dx
H

/2

0

2
 

  (3-s1) 

The  change in the electrostatic potential energy per unit thickness of the region 

is (222) 
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To the leading order of the perturbation amplitude, the changes in the potential 

energy is 
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Setting Eq. (3-s3) to zero, the critical electric field can be calculated as 

 /2cE . 
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Appendix C 

Measurement of shear moduli of elastomers 

 

Figure 4-S1: The measured storage and loss moduli of Sylgard with cross-

linker concentrations of 1%(a), 1.2%(b), 1.6%(c) and 1.8%(d). The shear moduli of 

Sylgard (e) and Ecoflex (f) as functions of cross-linker concentrations. 

The shear moduli of elastomers were measured by frequency sweep tests using a 

rheometer (TA instrument, USA).  Cross-hatch steel parallel plates with diameter of 8 

mm were used for the tests. During the tests, the applied strain was controlled to 

oscillate from 0 to 0.05. When the cross-linker concentration in Sylgard is lower or higher 

than 1.2%, the measured storage modulus of the elastomer is correspondingly lower or 

higher than the loss modulus, and therefore it is in liquid-like or solid-like state, 
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respectively [Figs. 4-S1(a)-(d)]. We chose elastomers in solid-like states (i.e., cross-linker 

concentration higher than 1.2%) for studying the wrinkling-creasing transitions and 

measuring the critical electric fields of the instabilities [Fig. 4-S1(e)]. Since we used 

quasi-static loading condition in the current dissertation, we regarded the storage 

moduli at near-zero frequency as the shear moduli of the elastomer [Fig. 4-S1(e)]. The 

shear moduli of another elastomer Ecoflex were also measured using the same method 

[Fig. 4-S1(f)]. 

Analysis of wrinkling instability in elastomers under electric fields 

The analysis of the wrinkling instability follows Ref [7]. We consider a region of 

the elastomer as shown in the inset of Fig. 4-2(a). For simplicity, the rigid substrate is not 

included in the current analysis. We assume a voltage  is applied on the elastomer film 

with thickness H . When the elastomer is at the flat state, the electric field in the 

elastomer film is homogeneous, with the electric field vector as  TE,0E , where 

HE  is the applied electric field.  

When the elastomer is at the initial wrinkled state, the surface of elastomer film 

undergoes a sinusoidal undulation with small amplitude . The electric field in the 

elastomer film can be approximately expressed as  TE,0E , where    HE . 

The electrical stress in the elastomer can now be written as 
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Since H is small, 22

E can be linearly approximated as 

































 


2

2

22

2

22

1

H
O

HHH
E


                            (4-S2) 

For small deformation at the wrinkling initiation, the mechanical stress in the 

elastomer can be linearized as   Iuuσ pT

M   , where  Tyx uu ,u is the 

displacement vector and p is the hydrostatic pressure.  

Stress equilibrium in the elastomer reads 0 σ , where EM σσσ  . From Eqs. 

(4-S1) and (4-S2), we can approximately obtain 0 Eσ , so the stress equilibrium can 

be reduced as  

02  pu                                          (4-S3) 

Boundary conditions can be written as 

0,
2

,

2
2 

yxMxxyyyM u
H

E
E 


        at y=H                          (4-S4) 

0 yx uu        at y=0                          (4-S5) 

Eqs. (4-S3-5) constitute a boundary value problem with a homogenous solution 

and perturbed solutions, i.e., 
ph

uuu   and 
ph ppp  . The homogenous solution is  

2

2
,0 Ep hh 

u                                          (4-S6) 
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Eliminating the homogenous solution, the perturbed solutions are solved as follows.  

The incompressibility condition of the elastomer 0 u  permits a stream 

function  yx, such that (note p
uu   ) 

x
u

y
u yx












,      .                                    (4-S7) 

We assume the wrinkling instability has sinusoidal morphology; therefore, we 

are looking for a perturbed solution for stream function and hydrostatic pressure with 

the form 

           kxypyxpkxyyx pp sin,,cos,   .                        (4-S8) 

The governing equation (Eq. 4-S3) can be written as 
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with boundary conditions as 

       ypykYk
dy

yd
k p 


 32 , and 
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   at y=H          (4-S10) 
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     at y=0             (4-S11) 

where HEY 2 . Eq. (4-S9) can be solved as 
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The boundary conditions [Eqs. (4-S10) and (4-S11)] require  
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The existence of roots requires the determinant of the coefficient matrix in Eq. (4-

S14) to be equal to zero. The resultant equation for the electric fields that satisfy the 

equilibrium condition is  
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As illustrated in Fig. 4-2(a), the normalized electric field E  first decreases 

and then increases Hk , and the minimum electric field that satisfies Eq. (4-S19) gives 

the critical electric field c

wrinkleE
 
for the wrinkling instability.  

Next, we prove that the viscoelastic effect of the elastomer film is not necessary 

to be considered to calculate the critical electric fields for the wrinkling instability. If the 

elastomer film is considered as a viscoelastic solid with a constitutive law written as 

Ieeσ pM   22                                                      (4-S20) 

where   2uue
T  and   is the viscosity of the elastomer. We can repeat the above 

analysis by assuming 

            tt ekxyptyxpekxytyx  sin,,,cos,,                   (4-S21) 

where  is the growth rate of the wrinkle amplitude. Therefore, we obtain the 

equivalent equation for Eq. (4-S19) as  
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                           (4-S22) 

which only replaces  in Eq. (4-S19) with   . For viscoelastic elastomers under 

electric fields, the critical electric field is the minimum electric field that satisfies zero 

growth rate of the wrinkling amplitude, i.e., 0 . Therefore, the critical electric field 
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calculated from Eq. (4-S22) for a viscoelastic elastomer is the same as the one from Eq. 

(4-S19) for the corresponding elastic elastomer.  

An evidence of the concave pattern of creasing instability  

 
Figure 4-S2: Surface topography of a highly deformed Sylgard layer by electric 

field. A 2% Sylgard films with a thickness ~10µm was subjected to an electric field much 

higher than the critical electric field for the creasing instability. As a result, the electric field 

highly deforms the polymer film after the creasing instability, inducing a permanently 

damaged pattern of concave craters. The pattern of craters was characterized by AFM, 

once the electric field was withdrawn. 

Critical sizes of defects to nucleate creases under critical electric fields  

 

Figure 4-S3: The calculated critical sizes of defects to nucleate creases under 

critical electric fields. Elastomers with relatively high values of  H /  require 
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defects of relatively large sizes to nucleate creases under the critical electric field. If 

the defects are not present on elastomer surfaces in the experiments, a higher applied 

electric field than the calculated critical field is required to initiate creases. Therefore, 

the theory may underestimate the observed electric fields for creasing instability in 

elastomers with relatively high values of  H / . 

Creasing-wrinkling transition in Ecoflex  

 

Figure 4-S4: Wrinkling-creasing instability transitions in Ecoflex films.  

Wrinkling instability is observed in an Ecoflex film with mN04.0 , 

mH 210  , and kPa2.1 (a). By decreasing surface energy to mN7004.0  (b) 

or by increasing the film thickness to mH 359  (c), the creasing instability occurs 

instead. 
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Appendix D 

 

Figure 5-S1: The experimental setup for in situ observation of the 

morphological evolution of conductive drops in a dielectric polymer.  Drops of a 

conductive liquid (10% wt NaCl solution) are trapped in a layer of a dielectric 

polymer. The radius of the drop is much smaller than the thickness of the polymer. 

The polymer is then sandwiched between two rigid insulating films, coated with 

transparent electrodes. The two electrodes were then subject to a ramping voltage. 

The rigid films suppress overall deformation and electric breakdown of the dielectric 

polymer, enabling in situ observation of the drops undergoing morphological 

changes. The electric field far away from the drop is uniform and is regarded as the 

applied electric field, E, on the drop. 

 

Figure 5-S2: Evolution of a drop of a conductive liquid in a polymer observed 

along the applied electric field. The radius of the center circle of the water drop 

decrease with the increase of the electric field. 
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Figure 5-S3: Evolution of a drop of conductive liquid in a polymer under 

oscillating electric field. In the first cycle, the drop deforms into a spheroid shape and 

reversibly returns to the original spherical shape. In the second cycle, the drop forms 

a sharp tip and then reversibly returns to the original spherical shape. In the third 

cycle, when the drop forms tubes on its apexes, the polymer around the apexes is 

fractured and the drop cannot return to its original spherical shape. The ramping and 

retreating rate of the voltage is  0.1kVs-1. The scale bar is 100 µm. 
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Figure 5-S4: Schematics of a drop in the polymer right before the onset of 

sharp tips. Before the formation of the sharp tips, the electric field causes the drop to 

take a spheroid shape.  Due to the deformation of the drop, each apex of the drop is in 

a biaxially stretched state with 1.13p  . 

 

Figure 5-S5: The nominal stress vs. stretch curve of the polymer used in the 

current study under uniaxial tension. When the stretch is lower than 2.5, the polymer 
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follows the neo-Hookean law; and when the stretch exceeds 2.5, the polymer deviates 

from the neo-Hookean law due to nonlinear stiffening. 

 

Figure 5-S6: Finite-element calculation of the critical electric field for the onset 

of a sharp tip in a biaxially stretched polymer with 1.13p  . (a) The equipotential 

contours in the polymer at the sharp-tip state calculated from the finite-element 

model. (b) Potential-energy difference between the sharp-tip and flat states as a 

function of the local electric field apex
E . As the local electric field reaches  /1.2 , 

the potential-energy difference reaches zero and the sharp tip sets in. 



 

136 

 

Figure 5-S7: Calculation of the critical electric field for the onset of a sharp tip 

in Figure 3a. (a) The polymer is under biaxial stretch of 04.1p . (b) Potential-energy 

difference between the sharp-tip and flat states as a function of the local electric field. 

As the local electric field reaches 1.60   , the potential energy difference reaches 

zero and the sharp tip sets in. Because the local electric field is 4.4 times of the applied 

electric field (Fig. 3d), the critical applied field is 0.36   . 
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Figure 5-S8: The enhancement of electric field on the surface of two conductive 

drops. (a) Schematic of two conductive drops of equal radius under an applied electric 

field E along an arbitrary direction  . (b) The maximum electric field on the surfaces 

of the drop pairs varies with their distance aRd and the direction of the applied field 

 35. When the distance decreases, the maximum field increases. A higher 

enhancement of the electric field can give a lower critical electric field for the 

instability. 

 

Figure 5-S9: Schematics of the experimental setup for measuring electric 

breakdown fields of polymers with water drops and air bubbles.  The rod and plate 

configuration can suppress the pull-in instability and electro-creasing instability. 
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Appendix E 

 

Figure 6-S1: Schematic of the experimental set-up for the traditional 

Electrostatic Lithography. 

 

 

Figure 6-S2: Schematic illustration of the fabrication process of the cone-

shaped surface. (A) An Ecoflex polymer film was uniaxially pre-stretched and then 

bonded on a rigid substrate, Kapton. (B, C) The polymer-substrate bilayer was cut 

following the dash lines marked on its surface. (D) The resultant bilayer was folded 

and glued to form a cone-shape structure. (E) Electrodes were attached to the inner 

and outer surfaces of the cone and an electric voltage was applied between the 

electrodes for pattern formation. 
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Appendix F 

 

Figure 7-S1: Effect of the shear flow on detachment of biofilms. (a) Schematic 

showing the flow on the C. marina biofilm grown on Sylgard 184 for 6 days. 

Fluorescence images of the stained biofilm captured using 10 x objective (b) before 

flow and (c) after flow. 

7-S1. Effect of shear flow alone on the detachment of biofilms  

Biofilms formed on Sylgard 184 surfaces were subjected to a continuous flow of 

artificial sea water at 0.5 mL/min for 10 minutes as shown in Figure 7-S1a. Analysis of 

the biofilm surfaces before and after flow did not show any significant detachment of 

the adhered biofilms as shown in Figure 7-S1b and c. Thus, the flow was only able to 

remove the detached biofilm upon electro-actuation (Figure 7-1). 
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Figure 7-S2: Surface deformation due to electro-actuation. (a) Schematic 

depiction of process for fabrication of the Sylgard 184 surface with markers. Phase 

contrast optical microscopy images of the Sylgard 184 surface in the undeformed, flat 

state (b) and the deformed, “cratered” state (c). 

7-S2. Characterization of surface strain  

The surface strain due to electro-actuation was characterized using markers 

imprinted on the surface. The fabrication procedure for the surface with markers is 

shown in Figure 7-S2a

Sylgard 184 film on a silicon mold with pillars arranged in a square lattice generated 

with photolithography. The feature size of the pillars on the mold is represented in 

Figure 7-S2a. The 

negligible 

effect on the deformation of the Sylgard 184 film. Images (shown in Figure 7-S2b) of the 

Sylgard 184 surface at flat and deformed states were captured through a microscope 
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(Nikon, Japan). The initial ( JX ) and deformed coordinates ( ix ) were measured with 

an image processing software (ImageJ, NIH, USA) and the deformation 

gradient JiiJ XxF   was computed using finite element analysis. The Green strain 

was then calculated as   2IFFE T  , where I denotes the Kronecker delta tensor. 

The maximum principal Green strain was computed and plotted and is shown in Figure 

1b. 

 

Figure 7-S3: Fluorescence microscopy images of C. marina biofilm surface 

before stretching (a) and after stretching to 20% strain (b). 

7-S3. Biofilm morphology on deformed substrate  

Biofilms of C. marina were grown on rectangular Ecoflex surfaces for six days 

and stained (see Methods). The stained biofilm gave a uniform coverage over most of 

the Ecoflex surface as shown in Figure 7-S3a. The Ecoflex substrate containing the 

stained biofilm was then clamped on two opposing edges and manually slowly 

stretched in uniaxial direction to 20% strain. The substrate was held in the stretched state 

and observed under the microscope to examine the effect of surface deformation on 
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biofilm morphology. As shown in Figure 7-S3b, the biofilms on the deformed substrate 

maintained its integrity over a length scale much larger than the thickness of the 

bi - 

as a debonding process of a film.  

 

Figure 7-S4: Energy release rate for debonding of barnacle from the substrate. 

(a) Schematic for the elastomer-barnacle system under uniaxial stretching. (b) The 

relation between the normalized energy release rate with applied strain e  and aspect 

ratio SL . 

7-S4. Energy release rate for debonding of barnacles. 

The system of a row of barnacles on an elastomer film (Figure 7-3c) was 

simplified as a 2D plane-strain model as shown in Figure 7-S4a. The Ecoflex film was 

modeled as a Neo-Hookean material with shear modulus s and was assumed to be 

infinitely thick. The barnacle was modeled as a rigid body. The bonding length between 
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the barnacle and the polymer substrate is denoted as L . The energy release rate was 

computed by a commercial finite element package ABAQUS 6.10.1 (SIMULIA, USA), as 

illustrated in Figure 7-S4b. If the deformation is small (< 10% strain), the energy release 

rate follows  











S

L
SeG s

2
tan2 

                                                     (7-S1) 

where S  is the width of the polymer film. As shown in Figure 7-S4b, the energy release 

rate increases with the polymer shear modulus s and the normalized contact length 

SL . The initial parts (i.e., low strain values) of the curves match consistently with the 

theoretical result.  

 

Figure 7-S5: Confocal images of the C. marina biofilm grown on Ecoflex for 4-

days. (a) Z-stack image of C. marina biofilm surface as seen from the top, (b) the cross-

sectional view of the biofilm and (c) the 3-D reconstruction image of the biofilm. 

7-S5. Biofilm thickness measurements 
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As shown in Figure 7-S5, the thickness of the biofilm formed on the surface was 

measured using an inverted confocal microscope (Zeiss LSM 510) equipped with an 

argon ion laser operating at an excitation wavelength of 488 nm. For imaging, the 

biofilm was stained using SYTO 13 (see Methods). Using a 40X objective, a series of 

images were collected across the depth of the biofilm using the Z-stack software module 

provided by Zeiss. The start and end points for Z-stack imaging were determined by 

doing a fast XY scan while focusing on and out of the specimen surface; the images were 

automatically captured at each z-axis depth interval of 3 µm.  
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Figure 7-S6: Fabrication of dynamic surfaces actuated by pressurized air. (a) A 

plastic prototype fabricated by a 3D printer was used as a mold to cast a patterned 

Ecoflex network. (b) Patterned Ecoflex with air-pass channels inside. (c) The patterned 

Ecoflex with air-pass channels inside was adhered on a glass slide with uncured 

Ecoflex. (d) After curing, the patterned Ecoflex with embedded air channels was 

firmly bonded to a glass slide. 

7-S6. Process for fabrication of pressure-actuation prototype 

As shown in Figure 7-S6, a plastic prototype fabricated by a 3D printer 

(Stratasys, USA) was used as a mold to cast a patterned Ecoflex network. The network 

(Figure S6b) was then placed over an uncured Ecoflex film (~200 µm) spin-coated on a 
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glass slide. After curing, the patterned Ecoflex network was firmly bonded to the glass 

slide to form enclosed air channels. Each air channel was covered by a long Ecoflex 

strips with thickness of ~1mm. Small holes were punched on two opposite walls of the 

network: one connected to a rubber tubing for air inlet and the other to a digital pressure 

transducer (Tachikara Inc.). As air pressure in the channels increases, the thin Ecoflex 

strip above the air channel buckles upward generating surface deformation. 

 

Figure 7-S7: Pressure vs. strain for dynamic surfaces actuated by air pressure. 

(a) 2D schematic for blistering of the Ecoflex surface due to air pressure. (b) Relation 

between the surface strain and the air pressure. 

7-S7. Pressure vs. strain for dynamic surfaces actuated by pressurized air 



 

147 

The pressure-controlled buckling of the Ecoflex strip above the air channel 

network was modeled as shown in Figure 7-S7a. A 2D plane-strain model was 

constructed to account for the deformation of the long Ecoflex strip. The Ecoflex strip 

clamped at two ends was subjected to a uniform pressure P , buckling out as an arc with 

radius R . We denote the initial and blistered length as L2 and l2 , and initial and 

blistered thickness of the film as H and h . As illustrated in Figure 7-S7a, force balance 

gives  

   hPR                                                          (7-S2) 

where   is the membrane stress. The two principal stretches in the film are 

   





sin


L

l
,   




1


H

h
r                                         (7-S3) 

where 2  is the angle of the arc as show in Figure 7-S7a. The Ecoflex film obeys the 

Neo-Hookean model, i.e.  

   0

2 P   ,  0

2 Prr                                       (7-S4)                

where 0P  is the hydrostatic pressure to ensure the imcompressibility of the elastomer. 

Given that the radial stress 0r  , Equation (7-S4) gives 

    22

r                                                    (7-S5)                                              

Combining Equations. (7-S2, 7-S3, and 7-S5), we can calculate the relation between the 

applied pressure P and the surface strain of the Ecoflex film 1 e . The theoretical 

results consistently match with the experimental data (Figure 7-S7b). 
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