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Abstract 

Sound and light are everywhere in a city. The unwanted noise of traffic and direct or 

reflected glares of the sun are annoyances to urban residents which adversely affects the 

urban livability. As parts of the high-rise-building facades, smart windows could mitigate 

the sound-and-light pollutions by replacing the conventional glass glazing and curtains. 

Existing solutions of smart windows are imperfect and costly for simultaneous control 

of light transmission and sound absorption. For example, an optical smart window based 

on polymer dispersed liquid crystals (PDLC) ages when exposed to UV for years; an 

electrochromic window is pricey and prone to leakage; micro-perforated glass absorbers 

are only effective to absorb mid-frequency sound over a moderate bandwidth. Their 

absorption spectrum is fixed and was not tunable to target spectrum variation of noise. 

Alternative technology of smart window is in need of tunable acoustic and optical 

properties. 

This work presented novel smart windows capable of regulating the light transmission 

and the sound absorption. Being useful for daylighting and privacy, the smart optical 

window can switch between transparent and opaque. In addition, they can be equipped 

with a transparent micro-perforated dielectric elastomer actuator (DEA) for tunable and 

broader sound absorption. These smart windows can be used to make green smart 

building and could potentially enhance the urban livability. 

While glass is the choice of material for making a window panel, the rigidity of glass 

prohibits its electro-mechanical activation to tune its optical and acoustic properties. 

Instead, soft dielectric elastomers are preferable as electroactive materials. Recently, 

dielectric elastomer actuators (DEA) with metallic or graphene electrodes were used to 

make tunable window devices. Their surface roughness is variable by means of surface 

microwrinkling or unfolding through dielectric elastomer actuation. As a tunable optical 

surface scatter, it turns transparent with a smooth surface like a flat glass; but it turns 

‘opaque’ (translucent) with the micro-rough surface. However, nanometric metallic thin 

films are not clear enough while few-layer graphene electrodes cannot be frosted enough 
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to switch between clear and translucent. In addition, they needed a large area strain to 

unfold the microwrinkles, covering only a small fraction of the window. These issues 

motivate the present development of tunable optical films based on microwrinkling of 

TiO2 and poly (3, 4-ethylene dioxythiophene)-poly styrene sulfonate (PEDOT-PSS) thin 

films on a dielectric elastomer. While using a low-strain induced microwrinkling and 

unfolding, these optical tunable devices exceed the performance of a PDLC based smart 

window device. 

Recently, a tunable acoustic membrane absorber has been developed based on a 

membrane DEA. Its resonant frequency is tunable by controlling membrane tension 

through voltage activation. While the peak absorption is high, the absorption bandwidth 

for this absorber is very narrow. To solve this problem, this work developed a micro-

perforated dielectric elastomer actuator (MPDEA) absorber with tunable acoustic 

absorption spectrum. The elastomer membrane’s tension and holes diameter are changed 

using voltage activation; this, in turn, tunes its acoustic resonant frequency. In addition, 

PEDOT:PSS thin film electrodes were ink-jet printed on the elastomer substrate to make 

transparent MPDEA absorber, which promises to make large-area tunable absorber for 

windows. 
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Chapter 1 Introduction 

1.1 Background 

Glass panels are widely used as transparent facades to buildings. They are optically 

transparent to allow daylighting while being acoustic barriers to isolate the outdoor noise. 

However, these transparent glasses cannot be tuned to provide privacy in the buildings. 

In addition, the glass panels reverberate sound in a large indoor space [1]. This indoor 

echo reduces the speech intelligibility, for example in a crowded restaurant [2-4].  

 

Figure 1-1. Curtains for blocking visibility and absorbing sound: (a) Opaque and porous 

absorber type curtain; (b) Translucent perforated curtain (Absorber Light, Gerriets 

GmbH (adapted from [5]). 

There are needs for window solutions to regulate optical visibility and absorb sound. 

Curtains are the simplest solution but require manual handling. Opaque textile curtains 

can provide privacy by blocking light (see Figure 1-1(a)); being porous acoustic 

absorbers, curtains can also attenuate the indoor noise [6]. Yet, curtains cannot allow 

light transmission while absorbing sound. A translucent sound-absorbing curtain 

provides a solution to this need. For example, Absorber Light curtains developed by 

Gerriets GmbH can absorb sound while allowing diffuse lighting (see Figure 1-1(b)) [5]. 

But, it is a hassle to manually open and close large curtains to regulate visibility. 

(a) (b)
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Glasses can be manufactured for a specific optical or acoustic property. For example, 

frosted glasses can diffuse light; tinted glasses can absorb light; perforated glasses can 

absorb sound [7-9]. However, the optical or acoustic properties of these glasses are fixed. 

The frosted glass cannot turn to be clear once manufactured. Likewise, the resonant 

frequency and the absorption spectrum of micro-perforated glasses are fixed once 

manufactured. A novel smart window can actively tune the acoustic absorption spectrum 

and optical transmittance to regulate the indoor ambiance. This regulation ensures a 

comfortable indoor ambiance. 

 

Figure 1-2. Transparency tuning by commercial smart windows based on: (a) 

Electrochromic devices; (b) Polymer dispersed liquid crystal devices. 

Existing smart windows can switch between transparent and opaque or translucent by 

changing their optical properties. They are used to regulate the indoor daylighting while 

providing privacy as an indoor partition. Current technologies of commercial smart 

windows are based on (1) electrochromic glasses [10, 11], (2) polymer-dispersed liquid 

crystal (PDLC) devices [12, 13] and (3) suspended particle devices (SPD) [14]. 

Electrochromic devices having a battery construction can change color and thus absorb 

light upon charging or discharging of the electrochromic layer (see Figure 1-2(a)). PDLC 

devices is a polymer matrix that is impregnated with the liquid crystal droplets. The 

PDLC device appears milky due to refractive index inhomogeneity of the randomly 

oriented birefringent liquid crystal droplets. AC Activation turns the PDLC to appear 

clear by aligning the orientation of liquid crystals such that its refractive index is 

directionally matched with the solid polymer matrix (see Figure 1-2(b)). Similarly, SPD 
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can operate like a blind or light shutter by electrical re-orientation of the light absorbing 

nanorods which was initially randomly oriented. 

Common existing technologies of smart windows are costly for adoption. For example, 

a PDLC costs $200 per square foot [10]. In addition, the complex construction of 

electrochromic devices leads to high manufacturing cost and worsen the durability. 

Speed can be an issue for electrochromic windows which takes 5 minutes to switch (a 

0.01m2 panel) [15]. The transparency tuning range of PDLC and SPD are limited. Their 

clear state is not so transparent and ranges between 50% to 80% transmittance [14]. 

Moreover, their power consumption is high over a large area. Furthermore, aging can 

decolorize an electrochromic window or deteriorate the birefringent liquid crystals in 

PDLC. This will fail the tunability of the optical transmittance. (refer to Table 1-1 for a 

detailed comparison). 

Table 1-1. Performance comparison of existing transparency tuning smart windows. 

Smart window 

[Ref] 
Substrate 

Transmittance 

change@550nm 

Response 

time 
Power 

Sale price 

(brand) as in 

2016 

Electrochromic 

[11, 14] 
Glass 5%-65% 

300sec 

(5x20 cm2) 

0.1-0.5 

Whr/sq.m 

$1000/sq.m 

(View glass) 

Polymer 

dispersed liquid 

crystal [14] 

Polymer 

composite 
6%-62% 500 ms 

5-20 

W/sq.m 

$396/sq.m 

(sonte) 

$100-300 

(Alibaba) 

Suspended 

Particle Device 

[14] 

Glass 2.4%- 59% 100-200 ms 
1.9-16 

W/sq.m 
- 

The transparent sound absorber is recently proposed to be installed next to window 

glazing for dampening the indoor noise (echo) [7-9] (see Figure 1-3). The existing 

solutions are micro-perforated glasses and porous translucent curtains [6, 16]. The porous 

translucent curtains can absorb broadband sound from low-frequency to mid-high 

frequency. These curtains which are made of weaves of transparent fabrics, however, are 

optically diffusive (refer to Figure 1-1). In comparison, micro-perforated glass is good at 
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absorbing the mid-frequency sound over a moderate bandwidth due to the nature of 

acoustic resonance (see Figure 1-4(c)). They are proposed to be integrated into the 

modern architecture which makes use of structural glass panel (see Figure 1-3). So far, 

the absorption spectrum of these transparent or translucent absorbers is fixed and thus 

cannot be adjusted to match the varying indoor noise spectrum.  

 

Figure 1-3.Effect of sound absorbing glasses in dampening reverberation in a room 

(adapted from [17]). 

 

Figure 1-4. (a) Transparent triple glazing windows for soundproofing house (adapted from 

[18]); (b) micro-perforated panel absorber for windows (adapted from [19]). 

Normal glass

causes 

Reverberation
Acoustic absorbers

Reduce 

Reverberation

d
D

D2a

(b)

Multiple window glazing

(a)

Micro-perforated panel absorber
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1.2 Motivation and Objectives 

While glass is the choice of material for making a window panel, the rigidity of glass 

disables its electro-mechanical activation for variable optical and acoustic properties. 

Instead, soft dielectric elastomers are the choice of electroactive materials to make a 

capacitive actuator for tunable optics and acoustics. A soft capacitive actuator or 

dielectric elastomer actuator (DEA) in short can undergo a large deformation under 

Maxwell stress upon high-voltage activation. With active strain and stress comparable to 

natural muscles, DEAs were initially used to drive bioinspired robots, such as human-

like robotic arms and robotic fingers. Their maximum active stress is less than 1MPa 

because soft dielectric elastomer shows limited strength, mechanical and electrical.  

Recently, dielectric elastomer actuators found new applications in tunable optics and 

acoustics as the silent distributed actuators. In the application to tunable optics, DEA 

drives either a deformable lens for variable focal length or tune the optical transmittance 

(light diffusion) of a smart window. In the application of the tunable acoustics, a DEA 

can be used as a loudspeaker or an acoustic membrane absorber. These DEA tunable 

devices can potentially realize a smart window capable of optical and acoustic tuning. 

However, the performance of the reported transparency tunable windows are merely 

average as compared to the commercial PDLC or electrochromic devices [20-24]. For 

example, the DEA-based window devices using crumpled graphene cannot switch to be 

fully frosted for concealing images [22]. In addition, large area strain (>50%)  is required 

to switch to a frosted state, making it impractical to be a window device. Further, the 

previous prototype of DEA based tunable acoustic membrane absorbers are not 

transparent and their acoustic absorption bandwidth is narrow. 

This project is thus motivated to develop a novel window device for tunable optical 

transmittance and acoustic absorption. For a window device of variable optical 

transmittance, additional challenges of device design lie with the need for microwrinkle-

formation at a low area strain (possibly less than 5%). To this end, we first use a 

nanometric optical coating of high-refractive-index oxides to form microwrinkles on a 

soft dielectric elastomer substrate. For a transparent acoustic absorber, the challenges lie 
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with the need for transparent compliant electrodes and the achievement of tunable 

broadband absorption. To this end, we first use PEDOT:PSS as a transparent compliant 

electrode and first realized a tunable micro-perforated membrane absorber with voltage-

variable hole size. Finally, we shall integrate these DEA-based devices for tunable optics 

and tunable acoustic into a module of the multifunctional smart window (see Figure 1-5). 

 

 

Figure 1-5. Schematic of the smart window made of two components, the first component 

can tune its transparency and second can absorb broader band noise while adapting to the 

varying noise frequency. 

1.3 Novelty of the study 

The novel contributions of this research work are: 1) material selection, design, and 

analysis of multilayer microwrinkled compliant electrodes for optical diffusers, and 2) 

design and development of transparent microperforated membrane absorber with tunable 

resonant frequency using voltage controllable hole-size in the microperforated dielectric 

elastomer actuators. 

 

Transparency 

Tuning Unit 

Noise Absorbing 

Unit 

Indoor Noise

Reduced reflected sound

Controlled 

Daylight
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The existing smart windows based on microwrinkling is limited by their need of high 

area-strain (>50%) for transparency tuning. For the first time, this work showed 

microwrinkling of nanometric films of optical oxides such as ZnO and TiO2 of high 

refractive index being effective to diffuse light down to 1-2% inline transmittance (very 

frosted) upon less than 5% axial compressive strain. Moreover, bulk ZnO and TiO2  are 

hard and brittle. There was no previous work showing thin film of these materials can 

make a crack-free microwrinkled compliant electrode. Through theoretical analysis, we 

have shown that upon wrinkling even hard coating of TiO2 can obtain compliance 

comparable to an elastomer substrate. In addition, we show crack-free reversible 

wrinkling and unfolding of a brittle coating like TiO2 is possible provided the bending 

strain of the wrinkled thin film is lower than its fracture tensile strain. In addition, a 

conductive overcoat on the oxide film made of conductive polymer or metal provides 

electrical conductivity. Such multilayer thin film can make microwrinkled compliant 

electrode suitable for activating DEA and thus enables voltage induced unfolding of the 

microwrinkles to tune the transparency. 

Moreover, existing tunable microperforated panel (MPP) absorber use impractical noisy 

stepping motors and moving parts. Here, we show the first proof of concept on DEA-

based tunable MPP absorbers which can provide quiet actuation. We first devised a 

mechanism of tuning hole-diameter by activation of an MPDEA. Also, we developed an 

elastic model to predict the voltage-induced hole-diameter change. These MPDEA can 

shrink hole size by applying Maxwell stress that reduces the membrane’s tension. This 

helps electrically tuning the resonant frequency of the DEA-based acoustic membrane. 

Consequently, the DEA-based absorber’s peak-frequency can adapt to a varying 

broadband noise in real-time. This quiet and distributed actuation of DEA is suitable for 

large-area windows.  
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1.4 Organization of Thesis 

This report presented two parts of the DEA-based smart window devices. In Part 1 

Chapter 2-5 and presents the work on transparency tuning. In Part 2 Chapter 6-8 presents 

the work on tunable acoustic absorbers. The chapters are organized as follows: 

Chapter 1 introduces the background and the motivation of this research.  

In Part I, Chapter 2 reviews the literature on existing technologies of smart windows and 

some low-cost alternative for transparency tuning. The pros and cons of these devices 

will be discussed and compared. Chapter 3 presents the mechanics to make compliant 

electrode out of microwrinkled thin films. We shall review the material selection and 

fabrication technique to make conductive thin films. Chapter 4 presents the preliminary 

results of transparency tuning by mechanically microwrinkling of ZnO thin film on 

elastomer substrate. Chapter 5 presents electrically tunable optical diffuser as a smart 

window using hybrid multilayer of PEDOT:PSS/TiO2 as the microwrinkled electrodes. 

In Part II, Chapter 6 reviews the literature of acoustic absorbers and discusses the 

feasibility of using them for window appliance has been discussed. Chapter 7 presents 

the various DEA design and mathematical models suitable for tunable acoustic devices. 

Chapter 8 presents the novel tunable acoustic absorber based on micro-perforated 

dielectric elastomer actuators (MPDEA). Chapter 9 presents the inkjet-printing of 

PEDOT:PSS electrodes suitable for making DEA and tunable acoustic absorbers. 

Finally, Chapter 10 concludes the thesis with a possible outlook for the future directions 

for this research. 
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Part I Transparency Tuning 
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Chapter 2 Review of Smart Optical Windows 

This chapter reviews various technologies for active smart windows. Smart window glass 

or glazing can switch between transparent and translucent or opaque. Their optical 

transmittance is responsive to one of the following external stimuli; electric field, heat or 

light. Conventional commercial smart window technologies include: (1) electrochromic 

glasses, (2) polymer dispersed liquid crystal devices (PDLC) and (3) suspended particle 

devices (SPD). There are also new technologies recently developed and reported for 

active smart windows. 

  

Figure 2-1. Classification of the smart window devices for transparency tuning according 

to optics principle. 

Smart windows work on various optical principles, namely: (a) by tuning light 

absorption, (b) by tuning light reflection and (c) by tuning diffuse transmission [25]. 
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Figure 2-1 classifies various smart window technologies according to the three optical 

principles. For example, electrochromic glass or SPD shows tunable optical absorbance 

and thus can alter the optical transmittance [26]. Meanwhile, optofluidic glasses and 

micro-blinds tune the reflection and thus alters the transmittance. Diffuse transmission 

or scattering can also reduce the optical clarity (visibility). It can be obtained firstly by 

tuning the refractive index of the blended particles and secondly by the optical phase 

difference. For example, PDLC appears hazy by light scattering across the interfaces 

between liquid crystal droplets with random anisotropic refractive index and the polymer 

matrix (i.e. material phase difference). It switches to be clear when the liquid crystal 

droplets are realigned to have the normal refractive index matched with the polymer 

matrix's refractive index. On the contrary, rough surfaces of the transparent optical 

medium can scatter light by means of random optical path difference (i.e. optical phase). 

For example, while a flat glass is clear; a ground glass appears hazy. Hence, tunable 

surface roughness provides a means for tunable optical diffusion and thus change the 

specular optical transmittance. 

 

Figure 2-2. Schematic showing: (a) light reflection, absorption, and transmission; (b) same 

for normal incidence. 

When a light beam interacts an optical medium, it is partially transmitted, reflected, and 

absorbed (see Figure 2-2(a)) [27-29]. The ratio of the transmitted, reflected, and absorbed 

light intensity to incident intensity is called transmittance (T), reflectance (R) and 

absorbance (A) respectively. For example, clear glasses usually have fixed transmittance 

of 90-92%, reflectance of 6-8% and the absorbance of 2-4%. Based on energy 

conservation, the transmittance, reflectance, and absorbance follow the relationship: 
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   𝐴      (2.1) 

This relationship suggests optical transmittance can change in response to the change of 

absorbance and reflectance.  

Due to the ease of measurement, the performance of smart window devices is usually 

measured in terms of inline or specular optical transmittance. Inline or specular 

transmittance is defined as  𝑠𝑝𝑒𝑐  𝐼𝑠𝑝𝑒𝑐/𝐼𝑜, i.e. the ratio of the specular transmitted light 

intensity 𝐼𝑠𝑝𝑒𝑐 to the incident light intensity 𝐼𝑜. A specular transmittance of  𝑠𝑝𝑒𝑐    

suggests perfect optical clarity; whereas  𝑠𝑝𝑒𝑐  0 suggests complete translucence or 

opacity. These smart window technologies are further discussed and compared in 

subsequent sections. 

2.1 Conventional Smart Windows 

Smart windows have been around for decades. They have been used in airplanes like 

Boeing 787 Dreamliner, in cars like Mercedes-Benz SLK and in corporate buildings. 

These commercial smart windows are based on one of the following technologies: (1) 

electrochromic glasses, (2) polymer dispersed liquid crystal devices (PDLC) and (3) 

suspended particle devices (SPD). 

 

Figure 2-3. Schematic diagram of an electrochromic glass at: (left) Off state; (right) On 

state. 
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Electrochromic glasses can change color thus tunes the amount of light absorption. They 

consist of an electrochromic, electrolyte and ion storage layer sandwiched between two 

transparent conductive layers. The electrochromic materials are mostly based on 

inorganic materials like oxides of tungsten and nickel [25, 26]. Some organic compounds 

based on viologens, anthraquinones, diphthalocyanines, and tetrathiafulvalenes can also 

make an electrochromic layer [30]. The inorganic electrochromic layer changes color as 

ions like H+ and Li+ are inserted or extracted from them by applying an electric field. 

Organic electrochromics achieve coloration by oxidation-reduction reaction. 

 

Figure 2-4. Schematic diagram of a smart window based on polymer dispersed liquid 

crystals at: (left) Off state; (right) On state. 

PDLC can tune light scattering to switch between hazy and clear. It consists of 

micrometer-sized liquid crystals droplets dispersed in a polymer matrix. This matrix is 

sandwiched between two transparent conductive films like ITO. The liquid crystals are 

birefringent materials with different refractive index along different orientations. For 

example, MLC-9200-100 is a commercial liquid crystal with an orientation dependent 

refractive index of ne=1.61 (along extraordinary orientation) and no=1.49 (along ordinary 

orientation) for the light of 550nm [31]. The polymer matrix is chosen such that its 

refractive index matches the liquid crystal’s ordinary index. At the off state, the liquid 

crystals of anisotropic refractive index are randomly orientated and thus they scatter 

incident light to appear hazy and milky [12, 30, 32]. They behave like optical shutters; 
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They become clear upon applying AC electric field, which normally reorients the liquid 

crystals such that their refractive index is matched with the polymer matrix’s. This 

maximizes the specular transmission through the composite. 

SPD can electrically tune the amount of light absorption. It consists of needle-shaped 

dipole particles suspended in organic liquid or gel matrix. The particles are made of 

~1μm long polyiodides or paraphathite [30]. The matrix is sandwiched between two 

transparent conductive films. At off state, particles are randomly oriented to absorb light 

and appear opaque. Upon application of an electric field, the particles align to transmit 

more light and appear transparent (see Figure 2-5) [14, 30]. 

 

Figure 2-5. Schematic diagram of a suspended particle device at: (left) Off state; (right) On 

state. 

Existing technologies of smart windows are costly for adoption. For example, a PDLC 

costs $200 per square foot [10]. In addition, the complex construction of electrochromic 

devices leads to high manufacturing cost and worsen the durability. In addition, 

activation of electrochromic windows is slow, e.g. a 0.01m2 panel takes 5 minutes to 

switch [15]. The transparency tuning range of PDLC and SPD are limited. Their clear 

state is not so transparent and ranges between 50% to 80% transmittance [14]. Moreover, 

their power consumption is high over a large area. Furthermore, aging can decolorize an 
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fail the tunability of the optical transmittance. (refer to Table 1-1 for a detailed 

comparison). There are a few new technologies which can replace the conventional smart 

windows. They are discussed in subsequent sections. 

2.2 Tunable Light Absorption 

This type of active smart window shows tunable optical absorbance. For example, 

electrochromic glasses tunes absorbance by using electrochemical reaction of the 

chromic layer (e.g. WO3(transparent) + x(H+ or Li+ or Na+) + xe- ↔ (H+ or Li+ or 

Na+)xWO3 (Blue)), which changes its color from light to dark [26]. According to Beer-

Lambert law, the transmitted light (I) across an optical absorbent medium follows 

 𝐼  𝐼𝑜𝑒
−𝜇ℎ, (2.2) 

where 𝐼𝑜 is the incident intensity, h is the optical depth of the material and 𝜇 is the linear 

attenuation coefficient. The attenuation coefficient changes with the color change in the 

electrochromic glass. On the other hand, a suspension with light absorbing dyes can show 

variable light absorbance by changing the concentration of the dyes (see Figure 2-6 (a) 

and (b)). Linear attenuation coefficient of such dye-filled suspensions follows the 

relationship 𝜇  𝜎𝐶, where C is dye concentration and 𝜎 is dye's cross-section area. 

 

Figure 2-6. Schematic of the Beer-Lambert law of light absorption: (a) lower concentration 

of particles; (b) higher particle concentration; (c) and (d) visibility through polymer with 

low and high dye concentration; (e) and (f) the optical micrograph of the same polymers; 

(g) transparency changes with surface concentration of the dye. (adapted from[33]) 
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Similarly, the dye-filled transparent polymer can absorb light. Its light absorption 

increases with increasing the dye concentration. Given a constant volume concentration, 

the surface concentration decreases by thinning of the dye-filled polymer. This provides 

a means of mechanical tuning of optical absorbance and eventually optical transmittance 

tuning of the dye-filled transparent polymer (see Figure 2-6(g)). Based on this principle, 

dye-suspended polymer composites shows tunable light absorption [33]. 

 

Figure 2-7. Tuning transparency by a stretch-induced reduction in surface concentration. 

Schematic showing change in the amount of light absorbed by mechanically thinning the 

dye suspended polymer: (a) unstretched state; (b) stretched to thin down; (c) 

Transmittance change of the same composite polymer with thickness stretch; (d) change in 

visibility obtained by inflating the balloon of the polymer composite with C=0.5% and 

ho=1.8mm ; (e) plot of the corresponding transmittance change upon cyclic loading and 

unloading (adapted from [33]). 
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light absorbance is related to the spatial density of the dye particles following the 

experimental correlation: 𝐴  log⁡(𝑒𝜇ℎ), where A is the light absorbance, 𝜇 is the linear 

attenuation coefficient and h is the polymer thickness. Tuning of the light absorbance is 

achieved by stretch-induced thinning of the polymer composite (see Figure 2-7) [33]. 

The composite polymeric membrane can be stretched by inflation and bulging like 

blowing a balloon (see Figure 2-7). This method of actuation demonstrates a 

transmittance change from 5% at 0kPa and 45% at 24kPa. The transmittance change is 

repeatable under cycles of inflation and deflation (see Figure 2-7(e)) [33]. Yet, the area 

strain required for this transmittance change is more than 100%. 

2.3 Tunable Light Reflection 

A smart window can also tune visibility by switching between a reflective and a 

transmissive surface. A typical mirror consists of a glass and a permanent reflective 

coating of silver. On the contrary, a switchable mirror can switch between a reflective 

metallic state and a transparent state with the formation of metal hydride. A microblind 

is developed to tune light reflectance by opening and closing bendable micro-mirror 

strips [34]. Meanwhile, optofluidic glasses change from the light transmitting state to 

total internal reflecting state upon filling its prism-shaped compartments with fluids [35]. 

Micro-blinds. Devices based on micro-blinds can switch between transparent to 

reflective by opening or closing their micro-apertures using reflective metal coated strips. 

As an ideal mirror, these strips can specularly reflect an incident light ray at an angle of 

the same magnitude as the incident angle with respect to the normal of the mirror surface. 

Reflection of the glass/metal interface follows Fresnel equations. For a light traveling 

from a medium of refractive index (  ) at normal incidence to another medium of 

refractive index (  ), the normal reflectance is given by Fresnel equation following (see 

Figure 2-2(b)) [36]: 

   
(     )

 

(     ) 
 (2.3) 
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When light is incident at an angle, it is partially transmitted along the angle of refraction 

and partially reflected following Fresnel equations. For example, at the interface between 

air and silvered mirror the reflection coefficient is as much as 80-90% at 550nm 

wavelength where n1=1 for air and n2=0.05 for silver. 

The micro-blinds-based devices consist of an array of electrostatically reconfigurable 

roll-up micro-shutters. Each micro-shutter is made of microcantilever of laminated 

metal-SiO2 and rolled up using the mechanical unimorph effect. At the inactive state, the 

laminates are rolled up to produce a micro-aperture of glass. These micro-apertures allow 

light to transmit and the device appears transparent. Voltage activation generates an 

electrostatic force to unroll the cantilever to reduce the micro-aperture. It covers the 

aperture by the reflective flat metalized cantilever and switches the device from its 

transparent state to a reflective view concealing state. These micro-blinds require 55V to 

tune mechanical aperture between 0% to 55% which consequently tunes optical 

transmittance from 36% to 53% respectively [34]. 

 

Figure 2-8. Schematic of an electrostatically reconfigurable roll-up micro-shutter array: 

micro-shutters arrays at; (a) inactive rolled-up state; (b) active unrolled state; Visibility at: 

(c) off state; (d) on state;  (e) change in the aperture size with voltage activation; (f) change 

in transmittance with activation. (adapted from [34]) 
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Optofluidic Smart Glass. Optofluidic glass uses total internal reflection to switch from 

transparent to opaque. Total reflection happens when the incident angle is greater or 

equal to the critical angle (𝜃𝑐) as derived from the Snell’s law: 

 𝜃𝑐  𝑎𝑟𝑐𝑠𝑖 (
  
  
). (2.4) 

All the incident light is reflected by total internal reflection (see Figure 2-10(f)). For total 

internal reflection to occur the light must travel from a medium of higher refractive index 

(  ) to the lower index medium (  ). For example, a diver can observe the reflection of 

a fish due to total internal reflection (see Figure 2-9). Optofluidic smart glass utilizes this 

phenomenon which involves light transmission (refraction) across two optically 

transparent dielectric mediums of which one is replacable [35]. 

 

Figure 2-9. (a)(Left) Schematic of the total internal reflection; (Right) Real example of total 

internal reflection under water; (b) Total internal reflection in a prism.  

Optofluidic smart glasses consist of a compartment with an array of prism-like corner 

cube reflectors (see Figure 2-9(b) and Figure 2-10(e and f)), made of transparent material 

(Vero Clear by Stratasys with a refractive index of 1.52 at 589nm) [35]. The corner cubes 

are designed such that the cube faces are angled more than 𝜃𝑐  4 . 4
𝑜 with respect to 

device normal. Hence, light traveling normal to the device is subjected to multiple total 

internal reflections between the material-air interface (retroreflective). This makes the 

device opaque. When the compartments are filled with refractive index matching fluid 

(methyl salicylate whose refractive index is close to Vero Clear), light simply refracts 

though it. Inline transmittance modulation from 85% to 8% has been demonstrated using 
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this method. Their optical transmittance varies with the viewing angle, for example, the 

transmittance increased to 63% when the air-filled device was tilted by 55°. Moreover, 

they need a fluidic pump for operation and involvement of liquid makes sealing and 

safety an issue. 

 

Figure 2-10. Schematic of an optofluidic smart glass: (a) side view; (b) Isometric view; (c) 

specular transmission through the chamber filled with refractive index matching fluids; (d) 

visibility through the same device; (e) total reflection when the chambers are empty; (f) 

magnified view illustration total internal reflection; (g) Transmittance of the device when 

empty and filled with methyl salicylate. (adapted from [35])  

2.4 Tunable Optical Diffuser 

 

Figure 2-11. Various method of forward scattering of light. (a) by surface scatterer; (b) by 

bulk scatterer; (c) by a microrough surface. 
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scatterer, 2) bulk scatterer, and 3) microrough surface. To tune the optical diffusion, 

active smart window device can vary micro-geometry of these inherently transparent 

light scatterers. First, surface scatterers are transparent particles or micro-defects on a 

transparent polymeric substrate. Second, bulk scatterer is transparent particles, micro-

defect, or micro-droplet (of distinct refractive index) embedded in a transparent polymer 

matrix. Both bulk and surface scatterer consists of particles whose refractive index is 

mismatched form the substrate material to scatter light. Third, the micro-rough surface 

of a transparent media causes the random spatial distribution of optical phase and thus 

diffuses light. 

2.4.1 Variable Scattering by Surface and Bulk scatterers 

 

Figure 2-12. (a) Scattering of light by particles; (b) Rayleigh scattering and (c) Mie 

scattering of light by a particle. 

Recently, tunable light scattering was demonstrated using variations in surface and bulk 

scatterers. A tunable diffraction grating was demonstrated by varying the spacing of the 

surface scatterer particles. Also, other work demonstrated haze tunability by changing 

the phase of the blended particles to tune its refractive index to match the polymer 

matrix’s index.  t was obtained firstly by the inclusion of air bubbles or voids in the 

polymer matrix. Secondly, the haze was tuned by melting bulk or dispersed paraffin in a 

polymer matrix. 

In principle, both surface scatterer and bulk scatterer involves particle based light 

scattering to appear hazy. The principle of light scattering varies with scatterer size. 

Rayleigh scattering is the elastic scatter of light that happens to homogenous particles of 

a diameter smaller than the wavelength of incident light (see Figure 2-12(b)). Rayleigh 

scattering power is inversely proportional to the fourth power of wavelength. For 
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example, the presence of blue sky happens because air molecules scatter blue and violet 

light more strongly than they do to the yellow or red light of longer wavelength [29]. Mie 

scattering is the elastic scattering of light caused by particles of diameter similar to or 

larger than the wavelength of incident light (see Figure 2-12(c)) [37]. Mie scattering 

power is inversely proportional to the square of wavelength. Mie scattering power is 

stronger than Rayleigh scattering. Whitish appearance of fog and cloud is a result of Mie 

scattering by microscopic water droplets, dust, pollen and smoke in the fog or clouds. 

 

Figure 2-13. Mechanically stretching a PDMS substrate with PS microspheres assembled 

on its surface to make a tunable optical diffuser. Schematic diagram, SEM image, and 

corresponding diffraction pattern by the device: (a) at unstretched state, (b) when 

uniaxially stretched by 75%i to increase the particle distribution period; (c) corresponding 

change in the inline transmittance through the devices. (adapted from [38]) 

Tunable Diffraction Grating with Variable Spacing of Surface Scatterer. A tunable 

hexagonal diffraction grating was obtained by applying polystyrene (PS) nanosphere of 

1μm diameter (and 1.58 refractive index at 550nm wavelength [39]) on the surface of0 a 

plasma-treated PDMS substrate [38]. This tunable hexagonal diffraction grating can blur 
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were closely packed to form a hexagonal ball-grid array on the elastomeric substrate (see 

Figure 2-13). This hexagonal array of PS nanosphere can diffract a collimated laser beam 

into a hexagonal diffraction pattern, which consists of six minor bright spots at the 

vertices of hexagon and a major center spot. Stretch of the elastomer substrate can 

increase the distance between PS nanospheres. While its total transmittance is always 

high and independent of the stretch, the specular transmittance varies slightly with the 

stretch. For example, a 75% uniaxial stretch can increase the specular transmittance from 

19% to 26%.  

 

Figure 2-14. Formation of voids in a silica nanoparticle-PDMS composite upon mechanical 

strain: (a) Schematic illustration of unstretched composite (first row); optical image of the 

same (second row); corresponding visibility through the films (third row); (b) same 

composites when subjected to 100% strain; (c) compassion of the transmittance of the 

stretched composite with different nanoparticle size; (d) plot of change in transmittance 

upon straining the composite film. (adapted from [40]) 

Variable Void Formation. A blend of silica nanoparticles (of 1.457 refractive index at 

632.8nm wavelength) in a silicone rubber matrix (of 1.423 refractive index at 632.8nm 
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of refractive index. The transmittance of the non-stretched nano-silica-elastomeric 

composite is as high as 90%. When this elastomer composite is subjected to a large 

mechanical stretch, air voids are formed around the silica nanoparticles due to the 

delamination of the elastomeric matrix. A stretch of 100% strain can introduce enough 

air voids to reduce the transmittance down to 20%. The air void volume 𝑉𝑣𝑜 𝑑 is estimated 

to be linearly proportional to the applied strain 𝜀, following the relationship 𝑉𝑣𝑜 𝑑  

𝜀𝑉𝑠 𝑙 𝑐 , where 𝑉𝑠 𝑙 𝑐  is the loading volume of silica nanoparticles [40]. Figure 2-14(c) 

shows the normal transmittance reducing with increasing the applied strain. It is noted 

that the strain-induced transmittance reduction of the 306nm-diameter silica-filled 

PDMS is gradual than of 221nm-diameter silica-filled PDMS. But, the reduced 

transmittance by the 306nm-diameter silica-filled PDMS is relatively less dependent on 

the wavelength of light. This suggests the scattering by the air void of 306nm-diameter 

silica-filled PDMS is mostly due to Mie scattering effect. Meanwhile, Rayleigh 

scattering is dominant for air voids of 221nm-diameter silica-filled PDMS.  

 

Figure 2-15. Paraffin-PDMS composite film which is transparent when heated and opaque 

at room temperature (a) Schematic of the light transmission through the heated composite 

(top row); corresponding microstructure (mid row) and the corresponding visibility 

through the films (bottom row); (b) Same for the composite at room temperature, Paraffine 

crystals are visible in the microstructure; (c) plot of the transmittance of the heated and 

cooled composite of 1.3mm thickness. (adapted from [41]) 
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Melting Wax. Melting of Solid paraffin wax can change it from optically diffusive to a 

transparent state. Solid paraffin appears hazy or opaque due to the presence of crystallites 

of long alkyl chains that scatter light. Upon melting, the liquid paraffin becomes optically 

clear because the crystallites melt into an amorphous liquid [41, 42]. An elastomeric 

composite with homogenous microstructure can be obtained by dispersing and loading 

10 weight % of paraffin crystals of 5μm diameter into a silicone elastomer pre-polymer 

matrix at room temperature (see Figure 2-15) [41]. Refractive index of the paraffin 

crystals is 7% higher than that of PDMS matrix at room temperature; this leads to the 

hazy appearance of the paraffin-crystal-elastomeric composite at room temperature. 

When being heated above 46°C, this paraffin-loaded elastomeric composite turns to be 

clear. 

 

Figure 2-16. Paraffin-PDMS organogel layer with graphene film as a resistive heating 

element. Schematic of the device at (a) room temperature/ off state; (b) heated/on state; (c) 

specular transmittance of the device at heated and cooled states. (adapted from [43]) 

Another configuration of the device is based on a laminate of paraffin-PDMS organogel 

composite film sandwiched between a polyethylene terephthalate (PET) substrate and 

PDMS overcoat. It appears hazy (0.5% transmittance haze) below the 56-58°C melting 

point of paraffin. Electro-thermal activation of an integrated heater (graphene film on the 

PET substrate) at 18V and 0.33W/cm2 can melt the paraffin and increase the 

transmittance to 85% [43]. 
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2.4.2 Variable Surface Roughness 

Another type of active smart window is based on a tunable optical diffuser with variable 

rough surfaces. This is motivated by the fact that a flat glass with smooth surfaces is 

optically clear while a ground glass with a  rough surface is hazy or translucent. A flat 

glass allows specular transmission of light, which is refracted twice, first while entering 

through the air/glass interface and second while exiting the glass/air interface (see Figure 

2-17(a)). Upon incidence on a rough surface, the light is scattered into different 

directions, deviated from the specular direction (see Figure 2-17(b)). Though the total 

transmittance across a perfect transparent material with diffusive surface remains 

constant, the specular transmittance becomes lesser to only a fraction of the total 

transmittance. 

 

Figure 2-17. Schematic of light transmission through: (a) smooth surface; (b) rough surface 

and (c) magnified view of a roughened surface showing the forward scattering of an 

incident beam; (d) visibility through a smooth and roughened glass. 

A glass has a fixed surface roughness once it is manufactured. However, a soft optical 

media shows the potential of surface roughness changing in response to various physical 

stimuli. Three methods of electrically roughening a surface have been reported in the 

literature. First, the simplest method to vary the surface roughness is by inducing 

microwrinkles through mechanical compression of a hard-coated elastomer membrane. 

Unfolding of this buckled surface or microwrinkles can be done by mechanical stretching 
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or voltage-induced area expansion in a configuration of dielectric elastomer actuator. 

Second method to vary the surface roughness is by nanowire indentation of a dielectric 

elastomer membrane, whose surface was initially flat and smooth. Third method uses 

voltage induced surface instability of the soft DE membrane which can also be 

accompanied by nanowire indentation of the elastomer. The first method works only with 

a free membrane substrate and operates like folding a curtain and it is less practical for a 

smart window of fixed size. The second and the third methods, however, can also work 

on a membrane bonded to a rigid glass. Details of their working principles and 

performance are described in the following subsections. 

What is an optically smooth surface? A surface is considered smooth if the rms surface 

roughness 𝜎 is a small fraction of the wavelength of light 𝜆, fulfilling the Rayleigh 

criteria 𝜎 ≪ 𝜆/(8 cos 𝜃 ), where 𝜃  is the incident angle on the surface [44]. A Rayleigh 

smooth surface does not scatter much light and the total integrated scattering (TIS) across 

it is given by  𝐼𝑆 ≅ (
4𝜋𝜎 cos𝜃𝑖

𝜆
)
 

. 

A rough surface can be a better optical scatterer. Height variation of the rough surface 

between two optical media of distinct refractive index can induce phase difference (due 

to optical path difference) to scatter light rays. Consider two parallel rays incident at the 

rough surface at an incident angle 𝜃 . If the surface of variable height induces a phase 

difference greater than 𝜋/2 to the scattered light, it is considered rough according to 

Rayleigh criteria [45, 46]. 

According to Beckman and Spizzichino,[47, 48] the specular transmittance  𝑠𝑝𝑒𝑐 across 

a Gaussian surface is only a fraction of the total transmittance T. The fraction is an 

exponentially decaying function with an index of wavelength normalized by surface 

roughness and refractive index mismatch. The specular transmittance across two 

identical Gaussian surfaces becomes [47, 49, 50]: 

  𝑠𝑝𝑒𝑐   . 𝑒𝑥𝑝⁡{ [
2𝜋𝜎

𝜆
𝑐𝑜𝑠 ⁡𝜃 (     )]

 

} (2.5) 
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where       
4𝑛1𝑛2

(𝑛2+𝑛1)2
 is the total transmittance of the medium given by Fresnel 

equation [36],    and    are the refractive indices of two optical media which defines 

the interface. For example, for air/glass interface, the air refractive index is      while 

the glass refractive index     .4. The formula is valid to rms roughness which is 

smaller than the correlation length (i.e. a spatial pitch between adjacent peaks or adjacent 

valleys). This suggested that increased surface roughness relative to the wavelength can 

reduce the specular transmission. This provides a means for making a tunable optical 

diffuser by varying the surface microroughness of a transparent media. 

Microwrinkling on Free Elastomeric Membrane. Tunable microwrinkles on an 

elastomeric membrane can make smart windows (tunable diffuser). Such smart windows 

can be made of diverse materials. The material for the soft substrate includes silicone 

rubber (polydimethylsiloxane, PDMS), acrylate dielectric elastomer and so on [24, 51, 

52]. The hard-coating materials include a polyimide film, graphene oxide thin film, 

silicate film, metal films and so on. To enable electromechanical activation, the 

transparent coating needs to be conductive as well. The transparent conductive materials 

suitable for this application include few-layer graphene, metallic nanometric film, 

indium tin oxides, and other transparent conductive oxides or polymers. Table 2-1 

compares some of these smart window devices based on microwrinkling reported in the 

literature. 

Table 2-1. Comparison of the smart windows using microwrinkling of a free elastomer. 

S. N 
Coating Film 

(Thickness) 

Substrate 

material 
Strain state (%) 

Wrinkle 

Amplitude 

& (Pitch) 

Tspec 

change @ 

550nm 

Ref. 

1. 
Silicate (UVO & 

silane treated) 

PDMS 

(Nano-

pillars) 

0%-30% (uniaxial 

mechanical stretch) 

4.4 μm 

(31μm) 
40%-90% [51] 

2. 
Polyimide film 

(12.5μm) 
PDMS 

5% (uniaxial 

compression) 

~88 μm 

(680μm) 
- [53] 

3. 
Graphene Oxide 

(20nm) 

Silicon 

Rubber 

100% -300% (areal 

mechanical stretch) 

4–5 μm 

(1–2 μm) 
10%-90% [24] 
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4. Gold (13nm) 
3M VHB 

4910 

0%-70% (Biaxial 

mechanical stretch) 

2-4μm 

(8μm) 
0%-55% [54] 

5. 
Graphene (3-10 

layer) 

Silicon 

Rubber 

0%-100% (DEA 

areal expansion) 

N/A 

(0.2-2μm) 
40%-60% [22] 

6. 
Indium Tin Oxide 

(ITO) (50nm) 

3M VHB 

4910 

0%-37% (DEA 

areal expansion) 

N/A 

(2-3μm) 

39.14%-

52.08% 
[23] 

 

Mechanical compression of hard-coated elastomer membrane can induce microwrinkles 

on its surface. It can also be induced by releasing the pre-stretch in the coated-elastomer 

substrate [23, 55-58]. The surface roughness⁡𝜎 is related to the sinusoidally wrinkled 

surface’s amplitude (A) by 𝜎  𝐴/√2⁡. This surface buckling or wrinkling  can thus 

optically diffuse the light transmitting through it. 

The amplitude of the surface wrinkles needs to be large relative to the wavelength to 

cause effective optical diffusion. With an increase in the compressive strain, the wrinkle 

amplitude increases to form even rougher surface. The amplitude of the post-buckled 

wrinkles is given by [57], 

 𝐴  2𝜋𝑡𝑓√(
𝐸𝑓

3𝐸𝑠
)

3
⁡
√ +𝜈

𝜋
√|𝑒|  𝑒𝑐,  (2.6) 

where,⁡𝑒𝑐  
 

4
√(

3𝐸𝑠

𝐸𝑓
)
 3

 is critical buckling strain, 𝐸𝑠 and 𝐸𝑓 are Young’s moduli of the 

soft substrate and hard film respectively 𝑡𝑓 is the thickness of the coats, 𝜈 Poisson’s ratio 

of the substrate and 𝑒 is the applied compressive strain (see Figure 2-18(d)). Wrinkle 

amplitude increases with thickness and modulus of the coating films and with a 

compression larger than the critical strain. 

Figure 2-18 shows one such tunable diffuser made of polyimide (PI) film coated PDMS 

membrane substrate which forms submillimeter-sized wrinkles upon uniaxial 

compression [53]. While the polyimide film is 12.5μm thick with Young’s modulus of 

2.5GPa, the PDMS substrate is much softer with 1.3MPa Young’s modulus. Hence, a 

5% uniaxial compression buckles the hard PI surface into unidirectional large wrinkles 
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with ~680μm pitch and ~88μm amplitude (Figure 2-18(d-f)). This wrinkled surface 

diffuses the light passing through it and conceals the view behind the device (Figure 

2-18(b)). The divergence angle of the diffused light is at most θmax=12°. Hence, its effect 

of optical diffusion is only observable when the diffuser is spaced at a substantial 

distance from the image.  

 

Figure 2-18. Mechanical wrinkling of a PI coated PDMS substrate to scatter light. 

Schematic and corresponding visibility through the device at: (a) flat state; (b) Wrinkled 

state; (c) Diffused pattern formed on a screen when a laser beam is shone through the device 

at various compression strain; (d) Photo of the wrinkled device; (e) Wrinkle pitch and 

amplitude with progression of compressive strain and (f) corresponding diffusion induced 

broadening angle with respect to wrinkle aspect ratio. (adapted from [53]) 

S. G. Lee et al. [51] developed a microwrinkling device consisting of a soft PDMS 

substrate with a hard silicate coating and an array of nano-pillars on its surfaces. When 

the pre-stretch of the device is released, the hard silicate layer forms microwrinkles. The 

nano-pillars were molded on the PDMS substrate and then stiff silicate surface layer was 

formed by plasma treatment of the pre-stretched PDMS substrate. The nano-pillars 
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behaved as anti-reflecting structures (see Figure 2-19) [51, 52]. The different aspect ratio 

of the nanopillars interfered differently with the incident light. The micro-molded nano-

pillar had a 150nm top diameter and 300nm base diameter. The device with low aspect 

ratio nano-pillars (LNA) of 150nm height had reduced surface reflectance which made 

them highly transparent (~90% transmittance). But the devices with 700nm high aspect 

ratio nano-pillars (HNA) lowered the transmittance by light scattering (Figure 2-19(g-

h)). Under 30% uniaxial compressive strain, the device with LNA formed unidirectional 

wrinkles of 31μm wavelength and 4.4μm amplitude. Consequently, it scattered light to 

lower its transmittance to 40%. 

 

Figure 2-19. Mechanical wrinkling of a PDMS substrate with silicate coats to scatter light. 

(a), (b) and (c) are schematic of light transmission, confocal micrograph of the surface, and 

visibility through the membrane at flat state; (d) (e) and (f) are same at wrinkled state with 

a strain release of 30%; (g) SEM image of the device with low and high aspect ratio nano-

pillar arrays; (h) Specular transmittance at 0% and 30% strain state for the device with 

nano-pillar arrays of different aspect ratio. (adapted from [51]) 
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Though bulk metal is opaque, the nanometric metallic thin film can be transparent. A 

biaxially microwrinkled optical diffuser was made using a pre-stretched membrane 

(VHB 4910 tape) coated with a gold thin films [54]. The device with the flat gold film 

of 13nm thickness was almost transparent (transmittance 55%). Release of the biaxial 

pre-stretch in the dielectric membrane can buckle the surface coating of gold into ridges 

(see Figure 2-20(e)). Upon 70% biaxial compressive strain, the device formed ridges of 

2-4μm amplitude and 8μm pitch. Consequently, it turns translucent almost 0% specular 

transmittance. 

 

Figure 2-20. Biaxial compression of a gold thin film coated VHB elastomer to form ridges 

on the surface. Schematic diagram, SEM image, and visibility through the device at: (a), 

(b), and (c) 0% biaxial compressive strain; (d), (e), and (f) 67% biaxial compressive strain; 

(g) Change in specular transmittance upon biaxial compression. (adapted from [54]) 

Thomas et al. [24] used delamination buckling of the highly transparent graphene oxide 

(GO) thin films coated on a silicone rubber substrate to make a tunable diffuser. This GO 

film delaminated and buckled under biaxial compression while the silicone rubber 

substrate remained flat. The device consisted of a 100nm thick highly transparent coating 

of graphene oxide (GO) thin coated on pre-stretched silicone rubber substrates; it shows 

greater than 90% transmittance. Releasing the elastomer pre-stretch causes GO film 

detachment and buckling due to poor adhesion of the films to the substrate (see Figure 

2-21(b)). Under a 400% uniaxially compressed states, the device formed delaminated 
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buckling patterns of 4–5μm amplitudes and 1–2μm pitch. The delaminated buckled films 

slightly absorb and mostly scatters the incident beam (see Figure 2-21(c)). Here high 

aspect ratio buckled patterns can significantly scatter light. A high biaxial compression 

strain of 400% can lower the transmittance to 10%. 

 

Figure 2-21. Graphene oxide (GO) film as it is strained from a crumpled with ≈300% 

biaxial pre-compression to a fully flat state. Schematic of (a) flat GO films; (b) delamination 

buckled GO films; (c) light refraction through delaminated buckled GO film. Micrograph 

of the GO surface with insets showing appearance of letters placed behind the membrane 

at biaxial compression release of: (d) ≈ 400%, at 400% strain the applied tensile strain 

exceeds the pre-compression of the GO film and hence cracks appear in the film and (e) ≈ 

0%; (f) SEM image of the typical delamination buckling pattern of a GO on a silicon 

rubber; (g) Inline transmittance change and (h) Average diffuse transmittance change 

when releasing the delamination buckles. (adapted from [24]) 

Zang et al. [22] developed an electromechanically tunable optical diffuser using 

delamination buckling of a conductive few-layer graphene coated on an elastomer. The 

device made use of voltage-induced area expansion to unfold pre-microwrinkled 

electrodes. The device is a dielectric elastomer actuator which consists of a pair of 

graphene coating sandwiching a pre-stretched dielectric elastomer membrane (3M VHB 

4905). The device is optically clear (80% transmittance) with a flat coating of 3-10 

graphene layers, which was obtained by stamping on the 3-5 times biaxially pre-stretched 

elastomer substrate. Release of the elastomer pre-stretch causes delamination and 
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buckling of the graphene films. This yields random ridges of 0.2-2μm wavelength (see 

Figure 2-22) smaller or comparable to the visible light wavelength. Hence this device 

can only mildly scatter light. Even a 500% uniaxial mechanical compression merely 

lowers the transmittance of the device to 30%. A 100% areal expansion strain by DEA 

can unfold pre-ridges and increases transmittance to 60%. 

 

Figure 2-22. Wrinkling and unfolding of large-area graphene using DEA: (a) schematic of 

the DEA with wrinkled electrode; (b) SEM image of graphene sheet with delamination 

wrinkles (c) image behind the graphene film at the crumpled state; (d) schematic of 

flattening upon DEA activation; (e) SEM image of the flattened electrode; (f) image behind 

the graphene films at electrically flattened state; (g) The area actuation strain-induced 

change in transmittance. (adapted from [22]) 

Another DEA-based device used indium tin oxide (ITO) as a conductive coating on an 

elastomer to electrically unfold the microwrinkles. ITO is one of the few transparent 

conductive oxides commonly deposited on the glass to make transparent electrode of a 

touchscreen. But, physical vapor deposition of ITO on soft elastomeric substrate need 

proper optimization to achieve high clarity and low initial wrinkles. An initial attempt by 

H.-Y. Ong et al. [23] showed E-beam evaporation of nanometric ITO film (50nm) 

appears slightly brownish and is subjected to thermally induced microwrinkles on acrylic 

elastomer membrane. Hence, the initial wrinkles of as-deposited ITO nanometric films 

make this soft capacitor device slightly hazy (with only a 52% specular transmittance) 
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even without a radial compression. Upon radial compression of 14.2% strain, ITO 

nanometric on dielectric elastomer membrane is crumpled further to become hazier with 

the specular transmittance reduced to 39%. A 6kV activation induces a 37% areal 

expansion and thus restores the device clarity to 52% specular transmittance (see Figure 

2-23). 

 

Figure 2-23. SEM image of the ITO at: (a) as deposited with thermally induced wrinkles; 

(b) 14.2% crumpled state; (c) 3% stretched state with crack formation; (d) An object 

behind ITO before crumpling can be seen clearly with slight haze appearance; (e) upon 

14.2% biaxial compression it is able to conceal the image in the LCD screen; (f) Again upon 

reversible stretching back, the image in the LCD screen is clearly visible; (g) Transmittance 

of the ITO coated DEA at different compression strain; (e) Transmittance change through 

the DEA with 14% crumpled ITO upon step-wise increasing in voltage (adapted from[23]). 
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Indentation of Free DE membranes with Nanotube Electrodes. A dense coating of 

carbon nanotube network appears dark on an elastomer substrate; whereas, a sparse 

coating appears clearer with less light absorption. The biaxial areal expansion provides 

a means to tune the density of carbon nanotube network on the elastomer substrate and 

thus change the optical absorption. But, the voltage-induced indention of the elastomer 

by the nanotubes causes micro-bulging and thus roughen the elastomeric surface to cause 

the haziness. 

 

Figure 2-24. Changing density of the SWCNT network on a free elastomer membrane by 

DEA-induced area strain. Schematic: (a) at inactive state; (b) as the DEA is activated; SEM 

image of the surface at: (c) inactive state; (d) activated state; Visibility through the 

membrane: (e) at inactive state, (f) at activated state; (g) Area strain upon voltage activation 

and (h) corresponding change in transmittance (adapted from[59]). 

Figure 2-24 shows that a dielectric elastomer actuator sandwiched by a pair of the 100nm 
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background. As expected, voltage induced areal expansion can reduce the network 

density and lighten the darkness [59]. But, to surprise, activation of DEA blurs out the 

logo image despite causing a sparse network of carbon nanotubes [59, 60]. In 

comparison, Figure 2-25 shows a sample with a 15nm thick coating of carbon nanotube 

network. The DEA is slightly dark but can clearly show a black-and-white logo, which 

was placed behind it. When activated at 5kV, the device undergoes 200% areal strain but 

blur out the logo and become hazy. 

 

Figure 2-25. Light diffusion by the formation of an indented rough surface by activation of 

DEA with transparent single-walled carbon nanotube electrode on a free elastomer 

membrane. Schematic: (a) at inactive state; (b) as the DEA is activated; Visibility through 

the membrane: (c) at inactive state; (d) at activated state. (adapted from [60]) 

Voltage-induced Indentations and Surface Instability on Rigidly Bonded Rubber. 

Tunable roughness on the surface of a bonded rubber can make smart optical diffuser 

suitable for windows of fixed size. Such devices can be made either by using a thin film 

electrode or a nanowire-based electrode coated on a rigidly bonded rubber like a soft 

capacitor. First, the devices with conductive thin film form wrinkles by 

electromechanical instability upon high voltage activation. Second kind of device uses 

nanowire network to indent the elastomer substrate forming micro-bulges to roughen its 

surface upon high voltage activation [61, 62]. In addition to these micro-bulges, they can 
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Specular Transmission Diffuse Transmission
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form larger microroughness on the dielectric medium if they are activated up to the pull-

in instability. Table 2-2 compares these devices in terms of elastomer material, electrodes 

materials, transparency tuning range and the applied electric field. 

Table 2-2. Comparison of the smart windows based on voltage-induced surface instability 

and indentation of rigidly bonded elastomer. 

Substrate 

(Shear Modulus) 

Dielectric 

constant 
Electrodes 

Applied 

Electric 

field, E 

Surface 

Property 

Tspec 

@550nm 

Inactive 

Tspec 

@550nm 

Active 

Ref. 

Acrylate elastomer 

(~380kPa) 
20 

Gold thin 

film 

(40nm) 

and ITO 

14V/μm 
2A~2μm 

p ~10-30μm 
37% 33% [20] 

3M VHB4905 

(600kPa) 
4.7 

AgNW 

(ϕ=90nm) 

/ITO 

96V/μm 
2A~0.6μm 

p ~3μm 
70% 20% [62] 

3M VHBF9460PC 

(600kPa) 
2.92 

AgNW 

(ϕ=80nm) 
125V/μm N/A 62% 8% [61] 

PDMS-Sylgard 

184;50:1 (2.7kPa)  
2.68 

CNT 

(ϕ=4-5nm) 

/ITO 

33.3V/μm 
2A~19μm 

p~250μm 
80% 8% 

[63] 

[64] 

 

The tunable diffusers with flexible electrodes on a rigidly bonded elastomer exploits 

voltage-induced surface instability to induce microroughness. They consist of a soft 

transparent dielectric elastomer layer sandwiched by a flexible nanometric film or 

nanowire electrodes (see Figure 2-26). When a critically high voltage is applied across 

the two electrodes (one flexible and one rigid), the surface with flexible electrodes is 

subjected to electro-mechanical instability and thus forms microroughness and becomes 

hazy (see Figure 2-26(b)). The electromechanical instability occurs when the 

electrostatic pressure overcomes the elastic resistance stress of the elastomer layer. 

According to Ref. [65], the critical electrical field 𝐸𝑐 leading to the electromechanical 

instability is 
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 𝐸𝑐  √
𝜉𝑐𝑌

𝜀𝑜𝜀𝑟
, (2.7) 

where 𝜀𝑜 is the vacuum permittivity and 𝜀  is the dielectric constant of elastomer. The 

parameter 𝜉𝑐 is a function of the Poisson ratio, and it is experimentally found to vary in 

the range between 0.256 to 0.667 for soft elastomers. 

 

Figure 2-26. Schematic of the device, the corresponding surface topography of the device 

and visibility of the chess piece behind the device: (a) at voltage off state; (b) at activated 

state (light is scattered by roughened surface and the object is almost concealed); (c) 

Evolution of the surface roughness as voltage exceeds the critical voltage; (d) change in 

transmittance spectrum by voltage activation (adapted from [20]). 

Van den Ende et al. [20] recently developed a device which induces wrinkles though 

surface instability on a thin film coated elastomer which is bonded to glass. The device 

consists of a 24.5μm thick dielectric elastomer layer (acrylate elastomer of low Young’s 

modulus of 1.15MP, the high dielectric constant of 20) sandwiched by a gold nanometric 

film of 42nm thick and an ITO-coated glass. The surface of this dielectric elastomer is 

initially flat. But, its specular transmittance is only 37% due to light absorption and 

reflection by the gold thin film. A critical voltage activation above 345V (14V/μm) of 

the device causes surface microwrinkling with an average amplitude of up to 1μm and a 
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10-30μm pitch. A 500V activation of the device can roughen the surface up to the rms 

roughness of 600nm. This reduces the specular transmittance to 33 %, which is 11% 

lower than the off-and-flat state transmittance. This voltage-induced transmittance 

change is small because of mild wrinkle formation due to the lateral constraint by the 

rigid substrate and the gold thin film. A bonded elastomer layer becomes stiffen 

transversely across the thickness. Hence, such bonded rubber with metallic flexible 

electrode deforms little under electrostatic pressure. 

Instead of a metallic thin film, a sparse network of conductive nanowires or nanotubes 

can make a clearer and more compliant electrode. Consider a nanowire of radius R on a 

bonded dielectric elastomer layer of thickness H, of permittivity  on an ITO coated glass. 

Application of a voltage across the nanowire and the bottom flat electrode induces a 2-

dimensional non-uniform electrostatic field across the bonded dielectric elastomer layer. 

Figure 2-27(b)) shows an electrostatic force per unit length of the nanowire acting along 

its normal direction follows 
𝐹𝑛

𝑙
 

𝜋𝜀

4 2
𝑉2

[𝑐𝑜𝑠ℎ−1(
𝐻

𝑅
)]
2, [62] where 𝑎   /2(𝐻  √𝐻    ). 

This concentrated electrostatic force can locally indent the bonded rubber layer and 

causes elastomeric deformation to form surface micro-bulges. This roughens the 

elastomeric surface and thus diffuses the transmitting light. 

Figure 2-27 shows one such device which used a single-dielectric layer capacitor with 

nanowire electrodes on one side to indent the elastomer surface upon high-voltage 

activation. It consists of a pre-stretched acrylic elastomer membrane tape of 4 by 4 times 

biaxially pre-stretched VHB 4905 (modulus 600kPa) sandwiched by a silver nanowire 

mat (of 78mg/m2 areal density) and an ITO-coated glass. It is merely 70% clear at the 

inactive state because the mat of silver nanowires (90nm diameter and 20-60μm length) 

scatter light. When it is activated with 96V/μm, the silver nanowire network electrodes 

nano-indents into the elastomer surface and causes submicron bulging of 600nm peak-

to-valley deformation. This activation turns the device to be translucent at a 20% specular 

transmittance.  
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Figure 2-27. Smart window device made of a capacitor with single-dielectric layer 

sandwiched between dispersed AgNW and ITO coated glass. Schematic at: (a) off state; (b) 

on state showing bulging due to an electric field (E). Confocal images at (c) off state; (d) on 

state with 96MV/m electric field; Visibility through the device at (e) inactive and (f) when 

activated; (g) inline transmission at the different applied voltage. (adapted from [62]) 

Double variable roughness layers can obtain higher haze than using a single layer. 

Addition of a hard-dielectric layer between these soft layers allows this device to operate 

at higher electric-field without breakdown. Figure 2-28 shows such a device that used a 

triple-dielectric laminate soft capacitor which consists of a pair of nanowire electrode 

cladded acrylate elastomer films (of 3.1μm thick and 450kPa modulus) sandwiching a 

middle hard Mylar layer (13μm thick and 5.2GPa) [61]. Each of the elastomeric films 

was prepared from an acrylic adhesive tape (3M VHB F9460PC), which was biaxially 

pre-stretched 4 times. The electrode cladding is a sparse coating of the silver nanowire 

of 78mg/m2 areal density. At inactive state, this laminate capacitive device is clear with 

62% specular transmittance. A 2.4kV (125V/μm) dynamic activation at 3Hz can roughen 

the surface and reduce the specular transmittance down to 8% (see Figure 2-28(g)). This 

alternating-current (ac) high voltage activation is needed to prevent the drift in the 

activated transmittance. In comparison, a DC high-voltage activation of the device 
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cannot maintain a low transmittance. The DC-activated transmittance decays 

exponentially until it vanishes while the activation voltage is held constant (see Figure 

2-28(h)). This decaying trend of transmittance appears similar to discharging of a soft 

capacitor, but the reason was not clear. 

 

Figure 2-28. Smart window device made of double variable roughness layers with two 

dispersed AgNW as a compliant electrode. Schematic at: (a) off state; (b) on state. 

Micrograph at (c) off state; (d) on state with 125MV/m electric field; Visibility through the 

device (e) at 0V and (f) hazing at 2200V; (g) inline transmission at 550nm wavelength when 

gradually increasing the voltage; (h) Transmittance response with DC voltage activation;(i) 

Transmittance response with AC voltage activation. (adapted from [61]) 

Compared to the nano-indented surface, larger microroughness can be obtained on a very 

soft elastomer surface coated with nanotube electrodes through surface instabilities upon 

activation beyond a critical voltage. High-voltage activation of this device reduces the 

transmittance following an inverted sigmoid function. This transmittance change is 

characterized by 1) a gradual decrease due to nano-indentation and surface bulging under 

lower voltage, and 2) a sharp decrease due to surface instability at the critical voltage.  
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Figure 2-29. Smart window device working on surface instability induced roughness with 

CNT network as an electrode. Schematic of the device at: (a) Inactive state; (b) Indentation 

at low electric field; (c) Surface instability at electric field above Ec. Confocal micrograph 

at: (d) inactive state; (e) activated at E>Ec; Visibility through the device at: (c) inactive 

state; (d) activated state; (e) Change in inline transmittance obtained by corresponding 

voltage-induced roughness. (adapted from [63]) 

Figure 2-29 shows such a device which used a sparse mat of single-walled carbon 

nanotubes of 4-5nm diameter to make a much clearer device (80% specular 

transmittance) than silver nanowires coated ones in the inactive state [63]. It was made 

of a two-dielectric laminate soft capacitor, which consists of a top layer of sparsely 

electroded soft silicone (160μm thick, modulus 2.7 kPa) ), and a middle layer of hard 

silicone (55μm thick) on an ITO-coated glass. The top layer of soft silicone was cured 

from a liquid mixture of 50-part prepolymer resin and 1 part of crosslinker (Sylgard 184); 

it was measured with a shear modulus of 7kPa. The middle layer of hard silicone was 

prepared from a liquid mixture of 10 parts of prepolymer resin and 1 part of cross-linker 

(also, Sylgard 184); it was measured with a shear modulus of 700kPa. The compliant 

electrode was prepared from an aqueous/isopropanol solution of carboxylic-acid 

0

5

10

15

20

25

0

20

40

60

80

100

0 2000 4000 6000

P
ea

k
 t

o
 v

al
le

y
 d

is
ta

n
ce

 (
μ

m
)

T
sp

ec
 (

%
)

Voltage (V)

(d) (e)

(f) (g)

(h)

Inactive Active (E<Ec)

V
V

E

ITO
CNT

Glass

Soft PDMS

Indented Surface

Active (E>Ec)

Creasing by surface instability

Stiffer PDMS

(a) (b) (c) 



45 

 

functionalized single-walled carbon nanotubes. This solution is optically clear, and it can 

absorb 10% of transmitted light. Filtration of 0.2-0.2ml through a Teflon filter (100nm 

pore size and 47 diameters, Omnipore) yields a clear mat of carbon nanotube network, 

which was later transferred to the surface of a silicone layer. As a result of critical voltage 

activation (at 4600V), the top surface becomes roughened with a 250μm pitch and a 

19μm peak-to-valley height; this reduces specular transmittance to be only 8%. This 

device enables a wide range of transparency tuning from 80% to 8%. Deactivation is 

however subjected to substantial hysteresis. Compared to other nanowire-based smart 

windows, this device could obtain lower transmittance due to surface instabilities that 

induce high microroughness (refer to Table 2-2). Yet, due to the low aspect ratio of 

microtopography, the scattering angles is less than 10°. 

2.5 Summary 

Literature review shows commercial smart windows based on electrochromic and PDLC 

are still pricey for large area use (refer to Table A-1). The average-priced product of 

these smart windows can merely switch between low to moderate optical clarity (<65%). 

For some smart windows, a wide tunability up to high clarity is possible, but at a higher 

cost. To solve the above problems, many other new technologies have been developed 

for proof of concepts. Table 2-3 and Figure 2-30 summarizes their performance 

comparing their pros and cons. Among many demonstrations of the new active window, 

only a few can rival the commercial ones in terms of transparency tuning range. For 

example, optofluidic smart glass based on tunable total internal reflection can be 84% 

transparent when the prism-like corner compartments are filled with a liquid of matching 

refractive index; whereas it is only 8% transparent with the empty compartments. 

However, these devices involve pumping fluids in and out of the chambers which is 

difficult to handle and prone to leakage. Device-based on CNT indentation of a soft 

bonded rubber was reported to achieve a wide tunability from 8% to 80%. Yet, they are 

unable to obtain a highly frosted state (e.g. 1-2% transmittance) for privacy. 

Delamination buckling of graphene oxide thin film on silicon rubber seems to beat the 

obtainable range of transparency tuning (between 10% to 90%), but it requires areal 
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expansion of two to four times. This areal expansion to tune the optical diffusion cannot 

be applied to windows of nearly fixed size. This problem motivated this research work 

to create microwrinkle at low compression strain so that switching between clarity and 

frost can be obtained with small area change.  

 

Figure 2-30. Comparison of various smart windows which (a) involves area strain; (b) are 

bonded to a rigid substrate. 

Table 2-3. Performance comparison of the existing smart window technologies. 

Smart window 

type [Ref] 

Substrate 

material 

Thin Film 

Electrode 

(Thickness) 

Strain 

state (%)  

Tspec 

@550nm 

Inactive 

Tspec 

@550nm 

Active 

Ref. 

Electrochromic Glass - - 5% 65% 
[11, 
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Polymer 

dispersed liquid 

crystal 

Polymer 

composite 
- - 6% 62% [14] 

Suspended 

Particle Device 
Glass - - 2.4% 59% [14] 

Dye suspended 

polymer 

composite 

Polydimeth

yl siloxane 

(PDMS) 

- 

>100% 

(area 

strain) 

5% 45% [33] 

Optofluidic 

smart glass 

(Vero 

Clear) 
(8.5mm) 0% 8% 84% [35] 

Micro-blinds 

array 
Glass ITO/Al - 36% 53% [34] 

Wrinkling of 

thin film coated 

on a free 

elastomer 

substrate 

 

PDMS 

(Nano-

pillars) 

Silicate 

(UVO & 

silane treated) 

0%-30% 

(uniaxial 

mechanical 

stretch) 

40% 90% [51] 

Silicon 

Rubber 

Graphene 

Oxide (20nm) 

100% -

300% 

(areal 

mechanical 

stretch) 

10% 90% [24] 

Silicon 

Rubber 

Graphene (3-

10 layer) 

0%-100% 

(DEA areal 

expansion) 

40% 60% [22] 

3M VHB 

4910 
Gold (13nm) 

0%-70% 

(Biaxial 

mechanical 

stretch) 

0% 60% [54] 

3M VHB 

4910 

Indium Tin 

Oxide (ITO) 

(50nm) 

0%-37% 

(DEA areal 

expansion) 

39.14% 
52.08

% 
[23] 

Wrinkling of 

thin film coated 

on bonded 

substrate 

Acrylate 

elastomer 

on glass 

Gold and ITO 

(42nm) 
- 37% 33% [20] 

Nanowire 

indented 

elastomer 

3M VHB 

F9460 PC 

and Mylar 

Silver 

Nanowire 
- 62% 8% [61] 

3M 

VHB4905 

AgNW 

(ϕ=90nm) 

/ITO 

- 70% 20% [62] 

3M VHB 

4905 

Carbon 

Nanotubes 

(10-100nm) 

0-45% 

(areal 

expansion) 

37% 50% [59] 
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PDMS 

(Sylgard 

184) 

Carbon 

Nanotubes 

(4-5 nm) 

- 80% 8% [63] 
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Chapter 3 Compliant Electrodes and Wrinkling 

Mechanics 

A new kind of smart window has recently been developed based on microwrinkling of 

an optical thin film coated elastomer membrane. These coated elastomer membranes, 

which was optically clear with flat surface appears optically frosted when the coating 

forms microwrinkles (under mechanical compression). Mechanical compression and 

unfolding can tune the surface roughness and thus the degree of optical diffusion. Upon 

complete surface unfolding, the elastomer membrane will return to be optically clear. 

Such unfolding can be realized electromechanically by using a dielectric elastomer 

actuator (DEA). In such electrically tunable optical diffuser (based on DEA), the 

compliant electrodes are based on the microwrinkled thin film of high flexibility and 

electrical conductivity. 

So far, there are some works using silver and gold thin film to form microwrinkled 

compliant electrodes. However, silver and gold are not inherently transparent; They need 

to be deposited at a nanometric thickness to be optically clear. However, the compression 

strain required to cause microwrinkles to nanometric Au/Ag films on elastomer is large 

above 50%. Optical oxides are harder than metals. So far, there are few works to show 

microwrinkling of optical oxides on elastomer. There was no report of their use as 

compliant wrinkled electrodes. This chapter shall investigate the mechanics and design 

of compliant wrinkled electrodes out of transparent conductive oxide thin films or multi-

layered thin films. 

3.1 Compliant Electrodes 

A dielectric elastomer actuator consists of an elastomer membrane and a pair of 

compliant electrodes. Materials for the elastomeric membrane substrate are silicone or 

acrylate elastomers. Likewise, materials for the compliant electrodes include carbon 

grease, graphite or metal powders, composite of conductive powder and polymer, 

conductive polymers, metal thin films and so on. The electrodes for driving a dielectric 
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elastomer needs to be compliant to conform to large voltage-induced deformation of 

dielectric elastomer substrate [66, 67]. 

Conventionally, carbon black grease and graphite powder were used as the compliant 

electrodes for DEA. These electrodes have negligible stiffness with sheet resistivity in 

KΩ/□ range. But carbon grease and graphite poorly adhere to the elastomer and easily 

contaminate upon contact, causing shorting and DEA failure. In addition, carbon grease 

has poor stability over time because of the seeping and drying of the inherent solvent. In 

comparison, electrodes made of conductive polymer and metal thin films possess less of 

these issues. But, polymer and metal thin film electrodes are much stiffer with Young’s 

modulus ranging from 0.9GPa (for PEDOT:PSS)[68] to 79GPa (for gold) compared to 

elastomer substrate like 3M  HB having Young’s modulus of 1-2MPa. 

 

Figure 3-1. A dielectric elastomer actuator showing relative thickness and stiffness of the 

elastomer membrane and the compliant electrodes. 

The thin film electrodes must be axially softer than the elastomer substrate; otherwise, 

they will limit the actuation strain of the DEA [69]. For instance, shown in Figure 3-1, if 

Es is Young’s modulus of the elastomer substrate with a thickness of ts, to make a 

compliant electrode for the DEA, Young’s modulus of the electrodes (𝐸𝑓) with the 

thickness tf must be lesser than 

 𝐸𝑓  𝐸𝑠 ×
𝑡𝑠

 𝑡𝑓
. (3.1) 

However, based on Equation (3.1) even a pair of 55nm thin films of the soft polymeric 

electrode like PEDOT:PSS has a stiffness comparable to a 100μm thick  HB substrate. 

ts

tf

  

Dielectric Elastomer (𝐸𝑠)

Compliant Electrode (𝐸𝑓)

Compliant Electrode (𝐸𝑓)
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Hence, DEAs made of these thin film electrodes in the flat forms hinders their expansive 

actuation strain. 

 

Figure 3-2. (a) Non-stretchable flat film; (b) Stretchable corrugated thin film. 

Stiffness Analysis. Metals and metal-oxides in the form of flat thin films are non-

stretchable. But, their corrugated film as shown in Figure 3-2(b) become compliant. 

Consider a uniaxially corrugated thin film with profiles represented by circular arc 

segments. In the limit of small deformation, the compliance factor which is a decrease in 

the stiffness of the corrugated electrode relative to the flat one of the same thickness (𝑡𝑓) 

is given as  [70-72], 

 𝑓𝑐   2 (
𝐿

𝑠
) (

𝐴

𝑡𝑓
)
 

.  (3.2) 

where L is the spatial wavelength or the pitch, A is the amplitude and s is the are length 

along the full period. The effective Young’s modulus (𝐸𝑢𝑛  𝑥  𝑙) of the corrugate 

electrode is then given by: 

 𝐸𝑢𝑛  𝑥  𝑙  
𝐸
𝑓𝑐
⁄  (3.3) 

where E is actual Young’s modulus of the thin film. Uniaxially corrugated electrode is 

compliant in one direction. However, biaxially corrugated electrodes are needed to make 

radially compliant electrodes. Consider a biaxially corrugated plate in a sinusoidal 

profile: 

 ℎ  𝐴 s n
 𝜋

𝐿
⁡  (3.4) 

Flat thin film Corrugated thin film

(a) (b)

L  
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where h is the surface height, A is the amplitude and L is the spatial wavelength or the 

pitch. According to Timoshenko’s plate theory for corrugation [73, 74], the effective 

axial modulus becomes only a fraction of the intrinsic modulus (for a flat plate) 

following: 

 𝐸𝑏  𝑥  𝑙  (
𝜋2

6( +𝜈)
) (

 𝑡𝑓

𝐿
)
 

(
 

|𝑒|
)𝐸,  (3.5) 

where E and ν are actual Young’s modulus and Poisson’s ratio of the thin film, L is the 

corrugation pitch, and e is the biaxial compressive strain. Equation (3.5) shows a micro-

corrugation can reduce the axial modulus of a film by approximately three orders. 

Consequently, micro-corrugation of metal or conductive oxide thin films can make 

compliant electrodes for DEA.  

Fracture Limit. Bulk materials of metal-oxides are brittle. However, a nanometric thin 

film of metal-oxides can flex without exceeding the fracture limit. Here, we consider a 

flat nanometric thin film of thickness hf. When it flex (or bend) into a radius of curvature 

R, it is subjected to a maximum strain on the surface following the beam bending theory: 

 𝜖  
𝑡𝑓

 𝑅
  (3.6) 

where, 𝑡𝑓 is the thin film thickness. 

The maximum tensile strain happens at the peak or valley of the corrugated surface where 

the radius of curvature becomes the smallest. Consider a flexing into the sinusoidal 

profile as described by Equation (3.4) with an amplitude A and a pitch L. The smallest 

radius of curvature is derived to be [75]: 

   
[ +(

𝑑𝑡

𝑑𝑥
)
2
]
3/2

|
𝑑2𝑡

𝑑𝑥2
|

|

𝑥=𝜆/4

 
𝜆2

4𝜋2𝐴
  (3.7) 
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A finer-pitch wrinkling with a sharp bend may risk causing brittle fracture of metal-oxide 

thin films. To prevent fracture, the maximum strain of the flexing thin film as given by 

Equation (3.6) should not exceed the fracture limit of the material. 

3.2 Microwrinkle Formation and Electrical Unfolding 

As described before, a hard coating such as metal or conductive oxide in submicron 

thickness is axially stiffer and non-stretchable as compared to an elastomer substrate. 

But, under axial compression, it buckles into wrinkles. This microwrinkled thin film 

becomes stretchable as it is unfoldable. Hence, this microwrinkled thin films of metal or 

conductive oxides can make compliant electrodes for dielectric elastomer actuators. 

 

Figure 3-3. (a) Stretch states of a dielectric elastomer actuator during the wrinkle formation 

and unfolding; (b) Schematic of an isometric view of a wrinkled surface. 

Microwrinkle Formation. Here, we show the fabrication of wrinkled compliant 

electrodes for a DEA or a soft capacitor. The fabrication is done in three steps (see Figure 

3-3). First, a pristine elastomer membrane is radially pre-stretched. This enlarges the 

diameter of the elastomeric substrate from an initial value DS0 to be pre-stretched 

diameter DSI. Meanwhile, this reduces the membrane thickness from an initial value of 

t0 to tI, which follows the relationship of volume incompressibility 𝑡0𝐷𝑆0
  𝑡𝐼𝐷𝑆𝐼

 . 

Second, the thin films of metal or conductive oxides are deposited on both sides of the 

first pre-stretched elastomer substrate. The diameter of these as-deposited film is DI.  
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Third, the thin films are subjected to a biaxial compression by relaxing the elastomer pre-

stretch. This reduces the thin film diameter to DII in proportion to the elastomer diameter 

DSII following the relationship DII/DI=DSII/DSI. 

The pre-compression strain in the thin films is  

 
𝑒0  

𝐷𝐼𝐼

𝐷𝐼
  .  (3.8) 

Critical microwrinkling happens if the pre-compression strain is equal to the critical 

buckling strain given by (see Figure 3-3(b)) [57],  

 𝑒𝑐  
 

4
√(

3𝐸𝑠

𝐸𝑓
)
 

,
3

  (3.9) 

which depends on the modulus mismatch between the film and the substrate. Here, Es 

and Ef are Young’s modulus of the substrate and thin film respectively. 

Then, the critical pitch length 𝐿𝑐 of the microwrinkle is [56, 57, 76-78]: 

 𝐿𝑐  2𝜋𝑡𝑓√(
𝐸𝑓

3𝐸𝑠
)

3
  (3.10) 

where tf is the thickness of thin film. 

Post-buckling  happens to the thin film when pre-compressive strain is greater than the 

critical strain 𝑒𝑐 [57, 58, 74]. According to the Accordion bellow mechanics, the 

amplitude of the post buckled wrinkle is 

 𝐴  𝐿𝑐
√ +𝜈

𝜋
√|𝑒|  𝑒𝑐,  (3.11) 

while the pitch length decreases with an increase in the compressive strain as 

 𝐿  𝐿𝑐
( −|𝑒|)

( −𝑒𝑐)
.  (3.12) 
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Equation (3.10), (3.11), and (3.12) suggests that a harder coating can form wrinkles of 

higher amplitude even under a smaller compressive strain. These equations have been 

experimentally verified in Chapter 5. 

 

Figure 3-4. Schematic of a DEA at (a) in-active and (b) active states  

Voltage-induced Unfolding of Microwrinkles. Voltage-induced activation strain can 

unfold the microwrinkled thin film electrodes of a DEA. Let us consider a circular DEA 

sandwiched by circular wrinkled thin film compliant electrode disks as shown in Figure 

3-4.  Maxwell stress is exerted on the dielectric elastomer upon application of a voltage. 

The electrostatic pressure (𝑃𝑒) exerted on the elastomer membrane is expressed as [66, 

79-81], 

 𝑃𝑒  
𝜖𝑟𝜖𝑜(

𝑉

𝑡
)
2

 
,  (3.13) 

Here V and t are the applied voltage and thickness of the membrane. 

A high voltage (V) activation of the DEA induces a radial expansion with diameter 

increment Δ (V) = D(V) – DII, relative to the diameter prior electrical activation DII (see 

Figure 3-3). The voltage-induced net areal strain is simply the Poisson’s ratio effect of 

Maxwell stress. The elastomer membrane is subjected to the following radial expansive 

strain: 

 
𝛥𝐷(𝑉)

𝐷𝐼𝐼
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𝑡𝐼𝐼
)
 

,  (3.14) 

where 𝐸𝑠 is the Young modulus and ν is the Poisson’s ratio which has a value of 0.5 for 

the incompressible elastomer. In turn, the reduced compressive strain in the 

microwrinkled thin films relative to their as-deposited diameter (𝐷𝐼) is given as: 

Soft elastomer
Voltage Off

(a) (b)
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(3.15) 

This helps to unfold the microwrinkled electrodes. Such reversible microwrinkling and 

unfolding are useful to tune an optical diffuser. 

3.3 Material Selection 

Here, we review and select materials suitable to make compliant microwrinkled 

electrodes for the elastomeric tunable optical diffuser. This elastomeric tunable optical 

diffuser can be mechanically or electromechanically tuned with variable surface 

roughness and thus affect the optical diffusion. The selection of coating material is based 

on the following criteria: 

• Being optically clear 

• High refractive index 

• Depositable near room temperature on an elastomer substrate 

• Being conformal and smooth on the elastomer substrate 

• Having uniform nanometric thickness distribution 

• Good adhesion to the elastomer substrate 

• High toughness 

• Electrically conductive and stable 

• Microwrinklable under a small compression strain 

The clear state of this tunable optical diffuser depends on the inherent transparency and 

initial flatness of the deposited optical film on elastomer. A flat and smooth coating is 

only possible by room-temperature and low-stress deposition. Post-annealing process 

which was commonly used to improve the optical clarity and conductivity of transparent 

conductive oxide should be avoided because it introduces residual thermal stress and thus 

induces initial microwrinkles to the coating [23]. The initial microwrinkles results in 

hazy appearance which is harder to be tuned unless by a large stretch. 
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The frosted state of the diffuser requires mechanical compression to roughen the surface 

by microwrinkling. To fit into a window and remain tunable, activation strain 

requirements of the device needs to be small (say <5%) or it should involve only a small 

shrinkage of the active area. Otherwise, this device can only be operated like a curtain 

which folds under a large compression (greater than 50%) and will have a small window 

coverage. Equation (2.5) suggests, thin films with the higher refractive index can increase 

the light scattering power of these optical diffusers. Thus, these thin films enable 

transparency tuning using relatively smaller compression strain. 

A thin film can form microwrinkles under a small compression (<5%) provided they are 

nanometric uniform thickness and have a high modulus mismatch with respect to the 

substrate. For example, a nanometric film of silicon was shown to form a wavy surface 

on silicon elastomer under 4.87% compressive strain [82]. But, due to optical opacity 

silicon nanofilm is not suitable for tunable optical devices. While optical oxide film is 

transparent, it risks fracture under bending. Fortunately, nanometer thickness and good 

adhesion to the adhesive elastomer substrate alleviates the fracture issues with small local 

tensile stress well below the fracture limit. Inherent toughness of other optical coatings 

should also further extend the lifetime of microwrinkled electrodes. 

To make compliant electrodes out of the microwrinkled thin film, the thickness of the 

thin film must be several thousand times smaller than the soft substrate. While the flat 

optical coats are axially stiffer than the substrate, the microwrinkled coating could have 

comparable stiffness as the substrate, thanks to the axial stiffness reduction by 

microwrinkling. 

Table 3-1. Comparison of mechanical, optical and electrical properties of various 

transparent thin films. 

S. N 
Coating 

Material 

Processing 

technique 

(temperature) 

Thin film 

modulus 

Refracti

ve 

Index 

Tspec 

(%) 

Sheet 

resistance/ 

Resistivity 

Ref. 
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1. Al2O3 
Atomic layer 

deposition 

(168-182) 

GPa 

(50 nm) 

1.5-1.66 95% 106 
[83, 

84] 

2. ZnO 
RF sputtering 

25°C or (RT) 

68-125 GPa 

(2-3 µm) 
1.9-2 95% 

0.03-10-3 

Ω.cm 

[85, 

86] 

3. 
AZO (2 % Al-

doped) 

RF sputtering 

(RT) 

110 Gaps 

(500-800 

nm) 

1.87 87-93% 

0.8×10−3 to 

4.62x10-4 

Ω.cm 

[87, 

88] 

4. 
FZO (5% F-

doped) 

RF sputtering 

(RT) 
(300 nm) 1.5-1.6 80-85% 

1.5×10−3 

Ω.cm 
[89] 

5. WO3 
sputtering 

(120°C) 
150 GPa 1.9-2.3 75-88% 7.22 Ω/□ [90] 

6. TiO2 

E-beam 

evaporation/ 

low temp sol-

gel (150 °C) 

165GPa 2.5 88-95% 
2.3x104 to 

1010 Ω.cm 

[91, 

92] 

7. 
W-TiO2 (4.5% 

W-doped) 

Co-sputtering 

(650 °C) 

annealing/ 

CVD 500 °C 

(150 nm) - 50% 

1.5x10−2 

Ω.cm/ 

0.034 Ω.cm 

[93] 

8. 
Ti1-xNbxO2 

(TNO) 

sputtering RT 

annealing 

(500 °C) 

170 GPa 

(200 nm) 
2.4 60-80% 

2-3×10-4 

Ω.cm 
[94] 

9. ITO 
DC magnetron 

sputtering 
250 GPa 1.8 85% 

30 Ω/□ (400 

°C) 
[95] 

10. 
FTO (5% F-

doped) 

DC magnetron 

sputtering 

(170 °C) 

(400 nm) 2 82-85% 
6.71 × 10−3 

Ω.cm 
[96] 

11. PEDOT:PSS 
spin coating 

(RT) 

0.9 GPa 

(90 nm) 
1.44-1.6 71-95% 

0.0012 Ω.cm 

/ 40 Ω/□ 
[68] 

12. 

Poly N-vinyl 

carbazole/Ag / 

PEDOT:PSS 

E-beam 

evaporation / 

spin coating 

(50-60 nm)  85% 10 Ω/□ [97] 

 

Table 3-1 lists various optical thin film materials which could be microwrinkled to make 

transparency tuning device and compares them in terms of their processing technique, 

elastic modulus, refractive index, optical transmittance, and sheet resistance. These thin 
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film materials can be classified into four groups for comparison; namely, electrically 

insulating optical oxides (ZnO, TiO2), conductive oxides (ITO, AZO), conductive 

polymers (PEDOT:PSS), and metals (Ag, Au) (refer to Figure 3-5). 

 

Figure 3-5. Comparison of thin film materials based on transparency and electrical 

conductivity. 

 

Figure 3-6. Comparison of thin film materials based on refractive index and elastic 

modulus. 

Figure 3-5 shows the optical and electrical properties of the thin film materials under 

consideration. Among them, only a few are highly transparent and conductive, i.e. 

conductive polymer like PEDOT:PSS and conductive oxides like ITO, AZO. In 

comparison, metallic thin films are highly conductive but less transparent; insulating 
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optical coating like ZnO and TiO2 are transparent but electrically insulating. Figure 3-6 

compares Young’s modulus and the refractive index of these thin film materials. 

Insulating optical coating have higher refractive index and modulus. In comparison, 

conductive polymer films have much lower stiffness and refractive index. 

Figure 3-5 and Figure 3-6 suggests insulating optical oxides can easily form 

microwrinkles with small compression strain and also make better optical diffusers. But, 

they cannot be electrically tuned. Conductive transparent oxides like ITO thin film is 

ideal to make a microwrinkled compliant electrode. However, it needs post-annealing 

which forms residual wrinkles [23]. On the contrary, AZO nanometric thin films on 

dielectric elastomer have poor electrical conductivity. Moreover, conductive polymers 

merely have a small modulus mismatch with the elastomer substrate, thus they cannot 

form microwrinkles (see Figure 3-6). 

There are only a few choices of conductive transparent thin films which can be processed 

at room temperature and sustain the microwrinkling without fracture. This motivates us 

to use tough insulating optical coating (ZnO, TiO2) even though the coating may not be 

conductive. To achieve electrical conductivity, a conductive polymeric (PEDOT:PSS) 

overcoat can be applied to the insulating optical coating 

3.4 Summary 

Flat thin film electrodes of hard materials are non-stretchable, but they can make 

compliant electrodes upon microwrinkling. These compliant microwrinkled thin films 

can make electrodes for DEAs. Yet, the thin film materials to make DEAs for 

transparency tuning have additional requirements like high modulus, optically 

transparent, high refractive index, room-temperature processability and so on. Currently 

available thin film materials cannot individually meet these requirements. But, a 

combination of the multiple thin films made of insulating optical oxides and conductive 

thin film layer can make an appropriate DEA electrode for these transparency tuning 

devices. 
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Chapter 4 Tunable Window Device using ZnO 

Thin Film 

A room temperature deposited ZnO thin film which can be coated conformally on an 

elastomer substrate is highly transparent. If the ZnO coated elastomer could form surface 

microwrinkles, it could be useful to tune the optical diffusion. However, it is not clear if 

ZnO thin film can sustain reversible microwrinkling and unfolding cycles without being 

subjected to fracture. This chapter will investigate the feasibility of inducing 

microwrinkles and unfolding ZnO nanometric film for the purpose of transparency 

tuning. In addition, we will try extra conductive coating on ZnO film to make compliant 

microwrinkled electrodes for dielectric elastomer actuators. This DEA with 

microwrinkled electrodes can make an electrically tunable window device. Results 

presented in this chapter has been published in Ref. [75, 98]. 

4.1 Introduction 

Recent low-cost tunable window devices are developed based on elastomeric tunable 

optical diffusers [20, 23, 51, 54, 61]. They are made of deformable transparent elastomer 

substrate and nearly transparent electrodes. Their surface roughness changes with 

mechanical compression or electrical activation. With flat surfaces, they are transparent. 

But, with the surfaces roughened, they scatter light like an optical diffuser. Previously, 

gold thin films were used to induce electrical wrinkling on elastomer [20, 54], silver 

nanowires were used to electrically indent elastomer substrate [61]. These low-cost smart 

window devices have a moderate range of transparency tuning. For example, the clear 

state of 13-nm-thick gold coated elastomer has no better than 60% transmittance because 

the flat gold thin films are reflective and not so transparent [20, 54]. The transmittance 

of silver-nanowire coated elastomer is no better than 68%, because silver-nanowire 

networks are slightly hazy, scattering light even on the flat elastomer [61]. 

To improve on the clear state for transparency tuning, transparent conductive oxides 

(TCOs), such as indium tin oxides (ITO), could make a suitable transparent coating on 
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elastomer. Yet, preliminary experiments found that the evaporated ITO on the low-

temperature elastomer substrate is brownish and not so transparent. Hence, this ITO-

based electrically tunable window device [23] has merely a 52% transmittance as 

deposited. This low transparency is partly due to the thermally-induced initial wrinkles. 

Higher substrate temperature or post-annealing above 150°C [99] can improve 

transparency of the deposited ITO thin film but may risk melting the elastomer substrate 

and causing thermally induced wrinkles like the evaporated gold thin film on 

polydimethylsiloxane (PDMS) [100, 101]. Room-temperature deposited ZnO thin films 

reported to be flat with high transparency (of up to 95%) and good adhesion onto even a 

plastic substrate [102-104]. Hence, ZnO can possibly improve the range of transparency 

tuning if it could form wrinkles on the elastomer substrate. 

This study investigates the microscopic wrinkling of transparent nanometric ZnO thin 

film on elastomer and its use for a smart window device. We will theoretically analyze 

the effect of microscopic wrinkles on diffuse refraction of light, and experimentally 

demonstrate that the microwrinkling and unfolding are reversible to tune the 

transparency over a nearly full range. 

4.2 Theory 

Figure 4-1 shows our tunable window device with a transparent elastomeric surface of 

variable roughness to diffuse light. It has a transparent coating of nanometric zinc oxide 

thin film on an elastomer substrate. The surface roughness of the device’s top is tunable 

by diameter reduction, which induces microscopic wrinkle formation. At a flat state (see 

Figure 4-1(a)), an incident collimated ray of light is transmitted parallel in the same 

direction. When the same surface is roughened, it refracts the collimated rays of light in 

spatially varying directions (see Figure 4-1(b)). 
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Figure 4-1. Principle of tunable window device based on surface roughness tuning: (a) a 

flat ZnO thin film on elastomer that in parallel transmits light (at an incident angle θ = 0°); 

(b) a wrinkled ZnO thin film on elastomer that scatters light; (c) a model of unidirectional 

wrinkles with sinusoidal profile; and (d) multiple refraction of a ray of light through the 

wrinkled surface. 

For a simple analysis, consider unidirectional wrinkles in a sinusoidal surface profile (see 

Figure 4-1(c)) whose height w at the position x follows 

 𝑤  𝐴 s n 2𝜋𝑥/𝜆  (4.1) 

where A and λ are the amplitude and wavelength, respectively. Consider a collimated 

beam of light, which was incident to the flat surface at an incident angle θ. As the surface 

becomes wrinkled, the incident angles of the same collimated light vary spatially, 

following 

 𝛼  𝜃  
𝑑𝑤

𝑑𝑥
  (4.2) 

where dw∕dx varies spatially from 2π ∕λ to −2π ∕λ over a half wavelength. 

Consider a ray of light incident at a point tangent to the wrinkled surface (at an angle α 

as shown in (Figure 4-1(d)). The ray of light is subjected to refraction twice over the film 
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interfaces and once upon exiting the bottom of the elastomer substrate. The ZnO thin 

film is so thin that its two interfaces are parallel, and the refracted angle βf at the first 

interface is equal to the incident angle at the second interface. Therefore, the angle of 

refraction into the VHB layer can be predicted by Snell’s law, following 

  . s n 𝛼   s n 𝛽,  (4.3) 

This suggests that the refracted angle β in elastomer depends directly on the incident 

angle α in the air but is independent of the thin-film property. The refractive index of 

ZnO thin film is close to 2.0 [105], whereas the refractive index of elastomer used here 

(i.e., VHB 4910) ranges from 1.48 to 1.50 [61]. The third refraction occurs at the bottom 

interface of the elastomer substrate with air. The incident angle of (α − β) in the elastomer 

is refracted into an angle γ in the air following 

  s n(𝛼  𝛽)   . s n 𝛾,  (4.4) 

The exit refracted angle γ can be expressed only in terms of α upon substituting Equations 

(4.3) into Equation (4.4): 

 𝛾  s n− (s n(𝛼)√   s n 𝛼  
 

 
s n 2𝛼)  (4.5) 

This analysis suggests a higher ratio of  ∕λ (i.e., a large amplitude) for microwrinkles 

means a higher spatial variation of incident angles and thus better for diffuse refraction 

of light. In comparison to the unidirectional microwrinkles, biaxial wrinkles (as induced 

by radial compression) will scatter light more effectively. 

To increase the diffuse refraction, sharp wrinkles with few-micron-sized wavelength are 

desired. According to the mechanics for buckled thin films, the wavelength decreases, 

and the amplitude increases with increasing the compressive strain [58]. This means that 

a large compressive strain is needed to induce high amplitude wrinkles. Yet, the 

compression may cause delamination of the thin film off the substrate if adhesion is poor 

and the critical strain for delamination is exceeded [106]. A delaminated layer has the 

underlying substrate flattened and hence does not wrinkle much. The delamination even 

causes the amplitude reduction and wavelength increment to the neighboring wrinkles. 
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For example, a 100-nm thin film of radio frequency-sputtered ZnO with partial adhesion 

to the silicon substrate (polydimethylsiloxane) is subjected to buckle-delamination upon 

compression [107], and thus produces a rather long wavelength of 200μm at 5% 

compressive strain. 

In addition, a sharp bend of microwrinkled ZnO thin film may risk causing a brittle 

fracture. ZnO thin film has a high Young’s modulus of 110–137GPa [87, 108] relative 

to 1 MPa of acrylic elastomer [81]. A very small tensile fracture strain of 0.1% was 

reported for a 640-nm-thick ZnO free film, which was DC magnetron sputtered on a 

micro-bridge structure of 400-nm-thick silicon-nitride [108]. A higher crack onset strain 

of around 2% was reported from the controlled buckling test of a 75-nm-thick ZnO thin 

film DC-magnetron sputtered on a polyester sheet [102]. The buffer of submillimetre-

thick polyester substrate greatly improves the fracture strain of ZnO. This finding of 

improved fracture strain is encouraging, but it is not clear if a ZnO thin film can be bent 

into a microscopic radius of curvature without fracture. 

In this chapter, we will show that nanometric thin film of ZnO on an adhesive elastomer 

tape (VHB 4910) could meet this requirement for fine-pitch wrinkling. According to a 

3M datasheet [109], 3M VHB 4910 is an elastomeric foam tape with a very high bond. 

It is reported to have a 90° peel adhesion of 26 N/cm, a dynamic overlap shear of 480 

kPa to stainless steel, and a 690 kPa normal tensile adhesion to aluminum. Hence, its use 

as the elastomeric substrate can avoid delamination of the coated thin film. 

Equations (3.6) and (3.7) leads to an estimate of 2.5μm radius of curvature for a 

sinusoidal wrinkle of 10-μm wavelength and 1μm amplitude. At this radius, a 50-nm thin 

film of ZnO is subjected to a calculated maximum tensile strain of 1%, less than the 

reported fracture strain of 2%. Hence, the 50nm thin film of ZnO could survive this sharp 

wrinkling to cause the diffuse refraction. 
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4.3 Method and Material 

4.3.1 Device Fabrication 

Figure 4-1(a)–(c) shows the procedure to reversibly form wrinkles of ZnO thin film on a 

VHB membrane (3M VHB 4910). First, the VHB elastomer membrane (initially 1mm 

thick) is radially pre-stretched to be three times larger in diameter compared to its original 

diameter using a custom-made radial stretcher [23, 74, 110]. Second, a 50-nm thick thin 

film of ZnO is deposited conformably by e-beam evaporation technique on the pre-

stretched elastomer substrate through a Teflon film mask. Third, the radial pre-stretch of 

the elastomer substrate is partially released to apply the compressive stress on ZnO thin-

film resulting in the formation of microwrinkles. The radial compressive strain is 

calculated to be c=1-DII/DI where DI is the initial diameter of flat coating and DII is the 

reduced diameter of the wrinkled coating. A linear stage is used to manually drive the 

radial stretcher to achieve a controlled compression. Unfolding can restore the flat 

surface. 

 

Figure 4-2. Process steps for device making: (a) pre-stretch of elastomer substrate (VHB 

4910); (b) deposition of ZnO on the elastomer substrate and (c) wrinkle formation by 

partial release of the pre-stretched elastomer. 

The evaporation material is 99.9% undoped ZnO pellets. The process parameters for the 

e-beam evaporator (Coaxial Power Systems) are: 4.2 × 10−5 torr pressure, 1.6-mA 

current, and 4.89-kV bias voltage. The deposited film thickness is monitored using a 

quartz crystal microbalance. 

4.3.2 Experimental Setup 

A scanning electron micrograph of the sample allows inspection of the morphology and 

wavelength of the microwrinkles, whereas a confocal micrograph of a 0.16μm spatial 
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sampling and 4nm RMS roughness repeatability (using a Sensofar PLμ 2300 confocal 

image profiler) provides a measure of the wrinkle heights. A spectrometer (AvaSpec-

USB2 Fiber Optic) and halogen light source (AvaLight-Hal-S-Mini) were used in the 

experiment setup (see Figure A-4) to measure the in-line transmittance spectrum (of 

visible light range) through the sample of a ZnO/VHB-based device. To evaluate the 

repeatability of the transparency tuning cycles, a video capturing 30 cycles of 

transparency tuning was recorded. Relative Michelson contrast was used to 

quantitatively determine the perceived transparent state [111]. Gray values (intensity 

values) of a black logo in the captured video frames during transparency tuning cycles 

were extracted using the Image J software. 

4.4 Results and Discussions 

 

Figure 4-3. Schematic of a ZnO thin film coated on a VHB membrane at: (a) flat; and (b) 

wrinkled state. Scanning electron micrograph of the same (taken after 10 cycles of 

compression and unfolding) and optical appearance of a logo placed 10 mm beneath the 

same membrane: (c)–(e) the clear state at 0% radial compressive strain; and (d), (e) the 

translucent state at 14% radial compressive strain. 

Figure 4-3(c) shows a flat ZnO thin film, deposited on a pre-stretched elastomer 

membrane (VHB 4910) by an e-beam evaporation technique. The flat surface 
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morphology suggests that the deposition of ZnO thin film occurred at room temperature. 

The flat ZnO thin film on VHB appears transparent, and a logo placed 10 mm beneath it 

can be clearly seen. Wrinkles form when the ZnO thin film is radially compressed by 

releasing the elastomer substrate’s pre-stretch. Figure 4-3(d) shows that the ZnO 

wrinkles formed on VHB at 14% radial compression can fully obscure the logo beneath 

it (see Figure 4-3(f)). The wrinkle patterns are zig-zagged and irregular in orientation, 

with an average wavelength of approximately 7.6μm and an average amplitude of 

1.78μm. No observable cracks are on this sharply bent ZnO even though the sample for 

scanning electron microscopy has undergone 10 cycles of compression and unfolding. 

 

Figure 4-4. Confocal micrograph showing the surface morphology of ZnO thin film 

subjected to 14% radial compression (the inset is a top view of the same surface) (left); and 

the wavelength and amplitude plotted as a function of the radial compressive strain (right). 

Figure 4-4 shows a confocal micrograph of ZnO wrinkles formed at 14% radial 

compression with the wrinkle heights measured. The wavelength of microscopic 

wrinkles decreases with increasing compression while the amplitude increases. As the 

ZnO/VHB surface roughens with increasing compression, its in-line transmittance 

decreases for broadband of visible light (see Figure 4-5). It demonstrated a nearly full 

range of transparency tuning, exceeding the performance of many reported devices based 

on other material systems [20, 23, 54]. For example, a clear state of 93% transmittance 

switches to a translucent state of 3% transmittance upon a 14% radial compression. This 

transparency tuning is reversible. Mechanical unfolding can flatten the transparent 

surface and restore high transparency. 
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Figure 4-5. (a) In-line transmission spectra of visible light through ZnO/VHB at different 

radial compression; (b) the transmittance at 550nm wavelength as a function of the radial 

compression; (c) Michelson contrast over cycles of radial compression and unfolding. 

For a reversibility test, the device is subjected to 30 cycles of compression of up to 10% 

strain and unfolding while a video records the visibility of a black logo beneath it. The 

perceived transmittance over the cycles is measured in terms of the relative Michelson 

contrast. Figure 4-5(c) shows that the transparent state at zero compression consistently 

shows a high contrast of 0.8 for 30 cycles. Similarly, the translucent state at 10% radial 

compression consistently shows a low contrast of 0.1. This initial test result shows that 

microwrinkling and unfolding of ZnO nanometric thin-film on acrylic elastomer 

substrate are reversible and repeatable over cycles. But, the transmittance at the 

intermediate states is inconsistent over cycles. This could be due to the viscoelastic 

nature of acrylic elastomer that delays the occurrence of wrinkling or unfolding relative 

to the radial diameter change over time. 
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Figure 4-6: Schematic and SEM micrograph of the ZnO/Ag thin-films that sandwiches a 

VHB membrane and the visibility of the NTU logo placed 10 mm beneath the device: (a)–

(c) the clear state at 0% radial compressive strain; and (d)-(f) the translucent state at 10% 

radial compressive strain. 

To electrically tune transparency using a DEA, the coating layer must be a compliant 

electrode. Unlike ZnO thin films, a nanometric silver thin film is known to be transparent 

and conductive [112]. Hence, it is DC magnetron sputtered on a ZnO thin film coated 

VHB substrate to make a conductive electrode. Presented device is a DEA with a pair of 

10nm-Ag/30nm-ZnO thin-film electrodes deposited on both sides of a three times pre-

stretched DE membrane (VHB 4905). Surface morphology of the 70multilayer thin films 

and its effect on DEA’s optical appearance is shown in Figure 4-6. Initially, the multi-

layered thin films are equally flat as the elastomeric substrate. It has a roughness of 

approximately of 0.16μm. The device initially has a bluish appearance due to the 

plasmonic resonance effect [113] of the nanometric silver thin film which partially 

absorbs all visible light except the blue light. Figure 4-6(e) shows the multi-layer thin 

films wrinkled with ~3.35μm wavelength and maximum roughness of 1.443μm when 

subjected to 10% radial compression. At this state, the Ag/ZnO based device appears 

opaque and completely conceals the logo beneath it (see Figure 4-6(f)). 
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The DEA with the wrinkled Ag/ZnO thin film electrodes can electrically tune its 

transparency. Figure 4-7 shows it was opaque with 1% inline transmittance at 10% 

radially compressed state. It concealed a logo beneath it giving a Michelson contrast ratio 

of 0.05 (see Figure 4-7(b)). When activated with 6.5kV (i.e. 54MV/m), it produces an 

actuation expansion strain of 10%. This radial strain completely unfolds and flatten the 

electrodes restoring the initial transparency. At this activated state it has 47% in-line 

transmittance and the logo beneath it is clearly visible (at 0.72 Michelson contrast ratio. 

When the voltage off, the DEA gradually returns to its opaque state.  

 

Figure 4-7: (a) Inline transmittance spectra of the visible light through the transparency 

tuning device; (b) Change in Michelson contrast of the image placed beneath 

Ag/ZnO/VHB/ZnO/Ag and radial compressive strain when activation voltage is increased. 

A pulsed voltage activation (6kV, 50% duty cycle, and period of 2 seconds) can swiftly 

tune the device between opaque and transparent states. At on state, the electrode is 

radially expanded by ~10%. However, as the voltage is turned off, the dynamic recovery 

of Michelson contrast is incomplete (see Figure 4-8). VHB substrate’s viscoelastic nature 

is responsible for this slow off response. The device’s time constant can be determined 

by the visibility of a logo during its pulsed activation. While turning on the device, it 

takes 0.5 seconds to reach 90% of its transparent state (i.e. 0.72 Michelson contrast). For 

the few initial cycles, when the device is turned off, it returns to 0.3 Michelson contrast. 

Yet, the opaqueness during the off states decreases when activated more than 4000 

cycles. However, it returns to its initial opaqueness if the device is turned off for more 

than 10 seconds. The pulsed resistive heating of the elastomer might be the cause of this 
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slow recovery response. Despite multiple activation cycles, the device was still operable 

with no major performance degradation. This proves it to be reliable for long-life 

operation. 

 

Figure 4-8: Response of the Ag/ZnO coated DEA when activated by a square pulse of 6kV 

at 0.5Hz. Plot of Michelson contrast for: (left) the first four cycles; (right) last three of the 

4000 activation cycles. 

4.5 Summary 

This chapter developed a tunable window device capable of reversible tuning between 

the clear and translucent states upon wrinkling or unfolding of a transparent elastomeric 

surface. Its success lies with microscopic wrinkling of a zinc-oxide thin film on an 

adhesive elastomeric substrate. Analysis suggests that a large amplitude and aspect ratio 

of transparent microwrinkles are good for diffuse refraction of light. In addition, the use 

of nanometric thin film is essential to achieve the “crack-free” microwrinkling despite 

the brittle nature of zinc oxide. A conductive overcoat layer like Ag thin film on ZnO 

thin films can make a hybrid multi-layer electrode to tune transparency. However, the 

reflective and absorptive nature of Ag thin films reduces the transparency of the device. 

Moreover, the in-plane compression strain needed for the transparency switching is still 

too high to be used for a window device. 
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Chapter 5 Electrically Tunable Window Device 

using PEDOT:PSS/TiO2 Thin Films  

A microwrinkled surface of the transparent elastomer can diffuse light like frosted glass. 

Nanometric optical oxide films on an elastomer can form microwrinkles when 

compressed under a small compressive strain (<5% radial). However, only a few optical 

oxides are conductive. This chapter shows the use of an overcoat of transparent 

conductive polymer made of poly (3, 4-ethylene dioxythiophene)-poly styrene sulfonate 

(PEDOT-PSS) on high-refractive index coating of TiO2 to form microwrinkled 

compliant electrodes. This microwrinkled compliant electrode is suitable to make a 

dielectric elastomer actuator as the electrically tunable optical diffuser. This chapter shall 

show such a DEA-based device with excellent tunability of optical diffusion, and low 

area-specific power consumption as compared to the commercial smart window based 

on polymer dispersed liquid crystal (PDLC). Results presented in this chapter is 

published in Ref. [114]. 

5.1 Introduction 

Existing smart windows based on polymer dispersed liquid crystals (PDLCs) and 

electrochromes are still expensive for household use (see Table 1-1 for details), and they 

age under UV exposure [10, 14, 115-117]. In comparison, frosted glass is relatively 

cheap and reliable for window use to diffuse daylighting, to reduce sun glares, and to 

provide privacy. A frosted glass finish can be created by spraying aerosol of white paint 

on a transparent glass. Likewise, gel frost filters for theatrical lighting have a thin slurry 

of titanium dioxide (TiO2) coating on a transparent plastic film [118]. TiO2 is one of the 

few optical materials with the high refractive index [119]. TiO2 nanoparticles are 

commonly used as a bright white pigment for high-opacity paint [120] that diffuses 

visible light by Mie scattering. The scattering power varies with the size of and 

separations between these transparent nanoparticles [120] in resin. Being 'dense packing' 

of nanoparticles, a nanometric thin film of TiO2, however, becomes transparent [121] 
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due to the diminishing effect of Mie scattering. If the TiO2 nanometric thin film can 

switch between clear and frosted (translucent) upon micro-topography change, it can be 

useful to make a smart window. This could also make a tunable optical diffuser handy 

for cinematography lighting, [122] removing the need for manual changing of lighting 

diffusion gels/filters. 

Recent research and development [20, 22, 23, 34, 51, 53, 54, 61, 74] have witnessed 

various alternative technologies of the smart window. Among them, elastomeric tunable 

optical diffusers based on surface microwrinkling are one of the most promising and low-

cost technologies. The window device based on microwrinkling of nanometric optical 

thin films works almost like a transparent shower curtain: it is clear when being flat, but 

it becomes translucent or frosted when its surfaces fold (or buckle) under axial 

compression. It required a large stretch to unfold the active area to be clear again, for 

example, a manual stretch of up to 30% for unfolding a sub-millimeter wrinkled silicone 

rubber [51, 53]. The electromechanical unfolding of the microwrinkled surface is 

possible by using a dielectric elastomer actuator [22, 23, 54, 74, 123, 124]. However, the 

microwrinkled transparent compliant electrodes for transparency tuning occupied only a 

small fraction of the actuator device as they need room for large-strain unfolding [54, 

74]. 

While microwrinkled metallic thin film electrodes are commonly used in flexible and 

stretchable electronics,[124] nanometric metallic thin films with limited transparency are 

not perfect for transparency tuning [20, 125]. Recently, the nanometric optical coating 

was reported for tuning optical transmittance upon microwrinkle formation at a smaller 

strain down to 14.0% [23, 75]. Yet, few transparent and conductive oxides can make a 

long-life compliant microwrinkled electrodes without being prone to fatigue and fracture. 

A hybrid meta-material design [126-128] can potentially overcome the intrinsic material 

limits. Here, we shall consider this approach to design a tunable surface scatterer out of 

hybrid optical thin films for a smart window. 
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Figure 5-1. Smart window based on electric unfolding of microwrinkled TiO2 nanometric 

films: (A) switch between hiding or revealing of a Philips pattern on a liquid crystal display; 

(B) working principle of tunable light scattering from microwrinkled surfaces and voltage-

induced unfolding by a dielectric elastomer actuator (C) the topography change in the 

microwrinkles upon unfolding. 

This chapter demonstrates a transparency tuning smart window based on small-strain 

microwrinkling/unfolding to switch between frosted and clear. This tunable window 

device is a dielectric elastomer actuator sandwiched by a pair of microwrinkled thin-film 

electrodes of hybrid optical materials (see Figure 5-1). Each compliant electrode consists 

of a nanometric optical interface of TiO2, a nanometric conductive overcoat of poly (3,4-

ethylene dioxythiophene) polystyrene sulfonate (PEDOT:PSS), both on a membrane 

substrate of pre-stretched acrylic elastomeric foam tape. As a tunable surface scatterer, 

this TiO2 nanometric thin film readily forms crack-free microwrinkles under a smaller 

compression (e.g. 4-5%) despite the bulk nature of oxide being brittle and hard (Young's 

modulus of 165GPa [92]). A conductive, transparent and softer overcoat of PEDOT:PSS 

provides the necessary electrical conductivity, [129] missing from the TiO2 nanometric 

thin film. Figure 5-1A (left) and Figure 5-1B-C (top row) shows the microwrinkled 

surfaces appearing highly translucent to conceal the color-bars like a yellowish white 

paint does. These hybrid microwrinkled thin films can be unfolded electrically by means 

of voltage-induced areal expansion of dielectric elastomer. Figure 5-1A (right) and 

A. Translucent-to-transparent switching B. Method C. Topography
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Figure 5-1B-C (bottom row) shows the unfolded surfaces turning highly transparent and 

making visible the color-bars beneath it. 

5.2 Theory 

This tunable optical diffuser consists of two tunable optical scatterer surfaces 

sandwiching a dielectric elastomer membrane. Its surface topography change can tune 

the scattering of forward visible light. Figure 5-1B shows a monochromatic light of 

wavelength λ incident normally (θi = 0°) onto a device's surface between the air 

(refractive index n1) and dielectric elastomer (refractive index n2). For a smooth surface, 

the total transmittance at normal incidence is:       
4𝑛1𝑛2

(𝑛2+𝑛1)2
 according to Fresnel 

equations [36]. Consider a device with two identical Gaussian surfaces of voltage-

tunable roughness σ (V) and finite electrical conductivity [47, 49, 50, 130]. The specular 

(non-diffuse) part of the total transmittance through the device is obtained as 

  𝑠𝑝𝑒𝑐   
 .  xp { 2 [

 𝜋𝜎(𝑉)

𝜆
(     )]

 

}  (5.1) 

where      for air and    being greater than 1 for elastomer substrate (refer to 

Appendix B). This relationship suggests that a TiO2 coating of the higher refractive index 

(2.7) [119] can help achieve a stronger scattering effect (to visible light), more than other 

transparent materials do. 

The surface roughens upon formation of microwrinkle under biaxial compression (see 

Figure 5-2A). Consider a pair of thin-film electrodes (of stress-free diameter DI, 

thickness tf, Young's modulus Ef) sandwiching a radially pre-stretched elastomer 

membrane (of thickness ts and Young's modulus Es). Releasing the radial pre-stretch in 

the elastomeric membrane reduces the thin-film electrode diameter to be DII. When this 

radial compressive strain 𝑒0  
𝐷𝐼𝐼

𝐷𝐼
   exceeds the critical buckling strain 𝑒𝑐  

 

4
√(

3𝐸𝑠

𝐸𝑓
)
 3

 according to Ref. [58, 99], surface post-buckling happens to the radially 

compressed thin films. 
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Dielectric elastomer actuation can unfold this initially microwrinkled surfaces of 

compliant electrodes. High-voltage activation of dielectric elastomer actuator induces 

Maxwell stress between opposite electrodes [123, 131-134]. Due to Poisson's ratio effect, 

electrostatically squeezed membrane expands in area. Hence, this voltage-induced areal 

expansion can reduce the compressive strain in the thin-film electrodes to be 

 𝑒(𝑉)  
𝐷(𝑉)

𝐷𝐼
 𝑒0  (  𝑒0)

𝜀𝑟𝜀0

4𝐸𝑠
(
𝑉

𝑡𝑠
)
 

. (5.2) 

by assuming the elastomer being incompressible (with Poisson's ratio of ν = 0.5). Refer 

to Equation (3.14)-(3.15) given in Chapter 4 for detailed derivation. The parameters used 

here for a VHB substrate are Es = 200kPa according to Ref.[135, 136], ts = 65.0μm, and 

a dielectric constant 𝜀 = 4.5-4.7 and a vacuum permittivity of 8.85 pF/m. 

For a surface with a profile height h over a unit area (of lengths X and Y in the coordinates 

x and y respectively), the root mean square (rms) surface roughness is defined as [44] 

 𝜎  √
 

𝑋𝑌
∬(ℎ(𝑥, 𝑦)  ℎ̅)

 
𝑑𝑥𝑑𝑦⁡,  (5.3) 

where ℎ̅ is the mean profile height. For a harmonic profile of ℎ  𝐴⁡𝑠𝑖 ⁡2𝜋𝑥/𝐿 with pitch 

length L and amplitude A, the rms surface roughness is calculated to be 𝜎  𝐴/√2, the 

same as that for a 45°-inclined harmonic profile of ℎ  𝐴⁡𝑠𝑖 ⁡2𝜋(𝑥  𝑦)/√2𝐿. 

According to the surface instability model,[57] the amplitude A of a harmonic or 

herringbone wrinkles depends on the biaxial compressive strain which is voltage-

controllable here: 

 𝐴  𝐿𝑐
√ +𝜈

𝜋
√|𝑒|  𝑒𝑐  (5.4) 

in which 𝐿𝑐  2𝜋𝑡𝑓√(
𝐸𝑓

3𝐸𝑠
)

3
 is the wrinkle's critical spatial wavelength or the critical pitch 

length [57]. The parameters used here for the TiO2 thin film are: 𝐸𝑓=165GPa, and 

𝑡𝑓=19.79nm. 
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The relation of critical pitch length with moduli suggests that harder the coating modulus 

lesser the compressive strain required to induce the same microwrinkles. For example, a 

nanometric silicon film becomes wavy under 3.8% thermal pre-strain [137]. Yet, the 

harder coating may impede the voltage-induced areal expansion of dielectric elastomer. 

At the first sight, a hard nanometric coating of TiO2 (with Young's modulus of up to 

165GPa [138]) is almost inextensible to conform with the voltage-induced deformation 

of dielectric elastomer (e.g. VHB 4905 with a 0.2-1.0 MPa Young's modulus [132, 135, 

136]). Fortunately, a microwrinkled form of the TiO2 nanometric thin film becomes as 

stretchable and deformable as dielectric elastomer does due to the third-order reduction 

in effective axial stiffness (refer to Equation (3.5)) [74] by microwrinkling. 

5.3 Materials and Methods 

This tunable window device is a dielectric elastomer actuator with microwrinkled thin-

film electrodes of hybrid optical materials. Fabrication of this tunable window device 

follows the same procedures as making a dielectric electrode actuator with 

microwrinkled electrodes, [74] except the special use of TiO2 and PEDOT:PSS 

nanometric thin films as the surface scatterer. Fabrication steps include: 1) preparation 

of elastomer membrane substrate; 2) e-beam evaporation of TiO2 film; 3) spin coating of 

PEDOT:PSS film. Completion of these steps and membrane transfer to rigid window 

frame yields a complete device, which has aluminum leads to the power supply and 

electronic instrumentation during testing. The device is subjected to various testing, 

which includes electromechanical activation, and measurement for morphology, 

transmittance and light scattering. Details of the materials and methods are elaborated 

below. 

Elastomeric membrane substrate. The elastomeric membrane substrate is a pre-

stretched tape of acrylate elastomer (3M VHB4905). The tape was pre-stretched for 3.0 

times radially to have a 65μm thickness as measured by a micrometer. This measured 

membrane thickness is more than the estimated 500μm/(3x3) due to the release of the 

membrane’s free edges away from the sketcher's 9 contact points. The pre-stretched 
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elastomer membrane was left 24 hours to ensure that viscoelastic creeps settle down to a 

steady state. Subsequently, the pre-stretched membrane at steady state was deposited 

with optical thin films of higher modulus and elasticity. The optical thin films were 

radially compressed to form microwrinkles when the elastomer membrane has the pre-

stretch partially released from 3.0 times to 2.7 times. 

TiO2 thin films. An amorphous TiO2 thin film was e-beam evaporated on the elastomeric 

substrate. The evaporation material is 99.9% undoped TiO2 pellets. An e-beam 

evaporator (Edwards) was used for the physical vapor deposition, with the process 

parameters being: 5x105mbar pressure, 18mA current, and 5.01kV bias voltage. A built-

in quartz crystal microbalance was used to monitor the deposited film thickness and it 

thus enables the controlled deposition to a target thickness. A surface profiler (Dektak 

3ST Surface profilometer) was used to measure the actual thickness of the deposited 

film. Thickness measurement (see Figure 5-2B) shows the deposited film thickness is 

linearly proportional to the time of e-beam evaporation, at a measured deposition rate of 

0.32nm/min. 

The absence of thermally induced microwrinkles suggests that the substrate heating is 

minimal during this e-beam evaporation. Morphology of the deposited TiO2 thin film 

appears rather smooth. In addition, we evaluated the crystallinity of the deposited thin 

film by using an X-Ray Diffractometer (Empyrean, PANalytical). The XRD analysis is 

carried out at a low incidence angle of 0.5° to isolate the signal of the nanometric thin 

film from that of the elastomeric substrate. XRD measurement (see Figure 5-2C) shows 

no spike of crystallinity. Hence, the deposited TiO2 thin films are concluded to be 

amorphous. 

Transparent compliant electrodes. A transparent compliant electrode was spin coated 

as an overcoat on a TiO2 coated elastomer substrate. The conductive ink for spin coating 

is a water-based suspension, which was prepared by mixing one part by weight of as 

purchased PEDOT:PSS solution (Clevios P Jet HC V2, from Heraeus Deutschland 

GmbH &f Co. KG) with one part of deionized water. The static sessile drop method 
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(Optical Tensiometer, Attension Theta, KSV instruments) was used to measure the 

contact angle between a droplet of aqueous conductive ink and an elastomeric substrate. 

Procedures of the spin coating are described as follow. First, the aqueous suspension of 

conductive ink was drop cast and spread on the elastomeric substrate. Second, the 

substrate with a puddle of aqueous ink was spun at 1000 rpm for 1 minute. Third, drying 

in an oven at 50-60°C yielded a 38.79nm thick uniform solid coating of PEDOT:PSS on 

the elastomeric substrate. 

Measurement of surface topography. A confocal microscope (VK-X200 Series 3D 

Laser Scanning Confocal Microscope) was used to measure the three-dimensional (3D) 

morphology of a microwrinkled surface. This topography measurement yields the 

information about RMS roughness, wrinkle pitch and amplitude. This relevant roughness 

for Equation (5.1) was evaluated from the whole scan area by using a low pass filter with 

a 0.55μm cut-off spatial frequency. 

Measurement of electro-mechanical activation. Figure A-3 shows the experimental 

setup for electromechanical activation. A high voltage power supply (TREK 610E) was 

used to electrically activate a dielectric elastomer device. It can generate a step voltage 

output for steady-state activation, or a square pulse for cyclic activation. By default, a 

manual knob was used to control steady voltage output from the supply. A function 

generator (Agilent 33120A) was used to trigger the high-voltage supply for generating a 

high-voltage pulse. The supply's voltage and current were logged continuously by using 

a National Instrument data logger and a LABVIEW software installed to a computer. 

Voltage monitor of the supply provides a signal voltage output, at a gain of one 

thousandth. Meanwhile, a multimeter (Agilent 34410A) was used to measure the current 

charging the capacitive device. 

A digital single-lens reflex (DSLR) camera (Canon 550D) was used to take pictures or 

videos of dielectric elastomer actuation. A tracking software (Tracker) was used to track 

the electrode's diametral change from the pictures or videos. For the ease of image 

tracking of diameter change, the edge of a transparent/translucent compliant electrode 

was marked with two ink dots. 
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Measurement of transmittance spectra. Figure A-4 A shows a spectrometer from 

AvaSpec (USB2 Fiber Optic) used to measure the inline transmittance of a tunable 

optical diffuser. A halogen light source was used to generate a collimated light through 

a 6mm diameter collimator lens. An optical-fiber photodetector with a collimator lens 

was used to detect the specular light transmitted through the device, which is located at 

a distance of 70mm from the collimating lens. Forward scattering happens across the 

device's micro-rough surfaces. The in-line light transmittance at a wavelength λ is 

calculated as  𝑠𝑝𝑒𝑐,𝜆  
𝐼𝜆

𝐼𝜆𝑜
 where 𝐼𝜆 is the detected intensity of transmitted light in the 

presence of a diffuser and 𝐼𝜆𝑜 is a reference intensity of incident light (i.e. in the absence 

of the diffuser). 

Figure A-4B shows an integrating sphere (Avasphere) used together with the 

spectrometer for a total reflectance measurement. A white reference standard was used 

to set the dark reference (i.e. 0% reflectance) and bright reference (i.e. 100% reflectance). 

The integrating sphere collects all the reflected light from the tunable window device so 

that the spectrometer can measure the homogenized light intensity. 

Measurement of Light Scattering. Figure A-5 shows the experimental setup to measure 

the far-field patterns of forward light scattering. A red laser light source (635nm 

wavelength) with a 1mm-diameter aperture was used to shine a light beam through the 

tunable window device, and the transmitted light was projected on a planar image sensor 

(CMOS sensor of a digital camera, Sony 5100), which was placed at a distance of 20mm 

from the device. Software Image J is used to extract the intensity distribution from a 

monochrome image. This leads to the determination of the divergence angle and intensity 

profile of transmitted light. The intensity profile shows the light distribution as a function 

of angle; whereas, the divergence angle is measured as the width of the intensity profile 

at half the maximum (FWHM). 

Measurement of LCR. This tunable window device is a non-ideal capacitor, which is 

subjected to a current leak during the high voltage activation. It can be modeled by a 

parallel circuit of a parallel capacitor and a parallel resistor (see Figure 5-4D). An 

impedance analyzer (Agilent 4294A Precision Impedance Analyzer) was used to 
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measure the capacitance Cp and resistance Rp of this soft capacitor. The dielectric 

constant is calculated from the relationship: 𝜖  𝐶𝑝 × 𝑡/(𝐴𝜖𝑜) where 𝜖𝑜 is the air 

permittivity, A and t is the cross section areal and thickness of the soft capacitor. 

Similarly, the dielectric resistivity is calculated from the Ohm's law: 𝜌   𝑝 × 𝐴/𝑡. 

5.4 Results and Discussions 

 

Figure 5-2. Fabrication procedures: (A) from thin-film deposition to compression-induced 

surface buckling; (B) the rate of TiO2 thin-film deposition by e-beam evaporation; (C) X-

ray diffraction (XRD) of surfaces; (D-E) droplet wettability and coating uniformity of 

PEDOT:PSS on VHB substrate; (F-G) droplet wettability and coating uniformity of 

PEDOT:PSS on TiO2 coated VHB substrate. 

Figure 5-2 shows the creation of this tunable optical diffuser following the same 

procedures for making a dielectric elastomer actuator with microwrinkled compliant 

electrodes, except the extra interfaces of the TiO2 thin films. Brief process steps are 

outlined here. The substrate of the device is an acrylic adhesive membrane (3M very high 

bond tape, VHB 4905), which was pre-stretched radially 3.0 times and measured with a 

65μm pre-stretched membrane thickness. A 19.8 nm thick thin film of TiO2 was 

deposited onto each side of the substrate through a Teflon stencil mask. Figure 5-2(B-C) 

show the rate of thin-film deposition by e-beam evaporation and the evaporated thin film 

is amorphous. Second, we spin coated a uniform nanometric coating of PEDOT:PSS 

(e.g., 38.79 nm thick) on top of a TiO2-coated VHB substrate. Figure 5-2(F-G) show that 

an aqueous droplet of PEDOT:PSS ink spreads well on the TiO2-coated VHB substrate 
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at a low contact angle of 6.8°. In contrast, the contact angle of an aqueous droplet is 

higher at 44.5° on the slightly hydrophobic surface of an uncoated pristine VHB. In the 

absence of a hydrophilic interface, spin coating of the aqueous solution yields coffee 

rings and segregated stains on the VHB substrate. Third, we partially released the 

elastomer’s radial pre-stretch from 3.0 times to 2.7 times and thus buckled the hybrid 

multilayer thin films into microwrinkles. The active area of TiO2/PEDOT:PSS was 

merely compressed to 4−5% radial strain, while the mechanical stretcher (with nine rivet 

caps for adhesive mounting) partially released the pre-stretch in the dielectric elastomer 

membrane for an 11.0% radial strain. 

The basic device under test is a 45 mm diameter circular dielectric elastomer actuator 

with 20.0 mm diameter microwrinkled electrodes. Figure 5-3 shows this microwrinkled 

TiO2/PEDOT:PSS electrodes being crack free in a herringbone pattern under a low pre-

compression of 4-5% strain (DII/DI=0.96). Then, the average amplitude of the 

microwrinkles is 0.585±0.085μm while the whole-field rms roughness is 0.525μm. 

Complete unfolding (D(V)/DI =1.0) of the microwrinkled surface can reduce the rms 

roughness down to approximately 0.036μm. The analysis shows the microwrinkling of 

this nanometric oxide is within the fracture limit (see Equation (3.6) and (3.7) ) [75]. 

 

Figure 5-3. Topography of a microwrinkled optical surface: (A-B) confocal micrographs 

showing the topography of microwrinkles and the effect of voltage-controllable unfolding; 
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(C) profile heights of microwrinkles upon unfolding; (D) wrinkle amplitude and surface 

roughness with respect to voltage-induced unfolding; (F) wrinkle pitch with respect to 

voltage-induced unfolding. 

 

Figure 5-4. Activation and testing of a dielectric elastomer actuator, with microwrinkled 

TiO2/PEDOT:PSS compliant electrodes: (A) schematic showing the setup for electrical 

activation; (B, C) voltage-induced diametral expansion and leakage current across the soft 

capacitor; (D−F) non-ideal capacitor model and LCR measurement. 

Figure 5-4 shows the voltage controllable areal expansion (i.e. unfolding) of the 

microwrinkled electrodes agreeing to Equation (5.2). The 2.85kV activation 

(approximately 43.8MV/m) of dielectric elastomer almost completely unfold the 

microwrinkled surfaces. Towards complete unfolding, this flattened TiO2 becomes 

increasingly stiff in the biaxial direction; the actuation is thus tapered off despite 

increasing the applied voltage (see Figure 5-4B). Similarly, the same high-voltage 

activation cannot stretch the flat surfaces (with DII/DI = 1.0) at all due to high axial 

stiffness[69]. Interestingly, TiO2 interfaces greatly reduce the leakage current across the 

device during high-voltage activation (see Figure 5-4C). In comparison, the window 

device using PEDOT:PSS-only compliant electrodes consumes higher power during 

high voltage activation, although the PEDOT:PSS electrodes are softer (with a 0.5−1GPa 

Young’s modulus [129, 139]) and more stretchable than the TiO2 film (see Figure 5-4(B-
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C)). The PEDOT:PSS-only compliant electrodes of 38.79nm thickness can neither make 

a strong surface scatterer nor readily form microwrinkles under a small compression 

(refer to Appendix D and Figure A-2). 

In addition, we measured the capacitance and dielectric resistance of the tunable window 

device with TiO2/PEDOT:PSS thin-film compliant electrodes. For comparison, a 

reference device with PEDOT:PSS-only compliant electrodes were also tested. LCR 

measurements (see Figure 5-4(D-F)) show that the parallel capacitance does not change 

much with the types of compliant electrodes used. As measured from the soft capacitors 

of the same dielectric elastomer, the dielectric constant decreases slightly with the 

addition of TiO2 interfaces. Yet, the additional nanometric insulation interface of TiO2 

increases the dielectric resistivity. 

 

Figure 5-5. Tuning of visibility, total reflectance and specular transmittance by voltage-

controlled surface unfolding: (A) from hiding to revealing of a black-and-white logo placed 

beneath the diffuser; (B) total reflectance spectra being independent of topography change; 
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(C) Dependence of Michelson contrast ratio on the logo to diffuser distance; (D-E) specular 

transmittance change due to voltage-induced unfolding; (F) correlation between specular 

transmittance and RMS surface roughness. 

Figure 5-5A shows this tunable window device can electrically vary the visibility of a 

black and white logo (i.e. a laser-printed USAF resolution test chart) which was behind 

the device under front lighting. The device was activated with a square pulse (10 minutes 

on at 2.85kV and 10 minutes off). When being turned on, the device appears transparent 

with a contrast ratio close to 1.0. When being switched off, it becomes translucent and 

the contrast ratio becomes much lesser than 1.0 (see Figure 5-5B). The off-state contrast 

ratio decreases with increasing the distance between the device and the logo, for example, 

0.2 at a 10mm distance. 

When this tunable device is switched on from 0kV to 2.85kV, the diameter ratio increases 

from DII/DI ~ 0.96 towards 1.0 (see Figure 5-5D) and thus the microwrinkled surfaces 

are unfolded. While creeps happen to dielectric elastomer actuation, they taper off and 

eventually settle to a steady state. While the total reflectance (R = 1 - T) does not change 

with the surface unfolding (see Figure 5-5C), the specular (in-line) transmittance (Tspec) 

does change. The in-line transmittance (for the green light of 550nm wavelength) 

increases from 1.85-3.0% to 78-81%. In terms of speed, the switch to clarity takes 60 

seconds (90% rise time); whereas, the return to translucence takes 2 seconds. This 

suggests that a faster elastic recoil (wrinkling back) takes place at the thin-film-coated 

surface while a slow deactivated creep happens to the bulk viscoelastic elastomer. 

After all, the unfolding shows a broadband effect on increasing specular (in-line) 

transmittance (see Figure 5-5E). The measured specular transmittance is closely 

correlated to the rms surface roughness (see Figure 5-5F). Best fit by Equation (5.1) to 

the measurement yields the determination of an effective refractive index being    

 .6, higher than     .47 of VHB acrylic elastomer [140]. This enhanced light 

diffusion confirms a TiO2 nanometric film being a stronger surface scatterer than the 

elastomer substrate. 
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In addition, we measured the angle of light scattering by shining a collimated light beam 

(of a 635nm wavelength laser) through this tunable optical diffuser. Figure 5-6 shows a 

scattering angle of 44.77-degree (full width at half maximum) at the device's frosted state 

but almost no scattering at the device's clear state. 

 

Figure 5-6. Tunable light scattering by unfolding of microwrinkled surfaces: (A) CMOS 

images showing the switch from diffuse to non-diffuse light scattering; (B) light scattering 

angle change with respect to voltage-induced unfolding. 

In addition, we tested a larger squarish window device to diffuse lighting and provide 

privacy (see Figure 5-7). This device is a dielectric elastomeric membrane actuator of a 

total 80 × 80mm2 area, of which the active area covers 60 × 60mm2. Two color blocks 

were separately placed in front and behind a tunable diffuser device, while they are 

backlighted by a LED torchlight. When being inactive, this window device appears 

translucent to diffuse the backlighting (see Figure 5-7(c)top), and to hide the color blocks 

behind it (see Figure 5-7(b)left). When being activated, the device turns transparent to 

show the backlight source glaring (see Figure 5-7(c) bottom) and the color blocks behind 

it (see Figure 5-7(b) right). Such tunable light diffusion can vary the shadows from 

blurred to defined (see Figure 5-7 (d)). In addition, it can be useful as a tunable sun-visor 

against sun-glare. 
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Figure 5-7. Demonstration of the applications of the tunable optical diffuser. (a) Schematic 

of the experimental setup used for the demonstration of tunable light diffusion; 

Demonstration as (b) a privacy glass; (c) as an anti-glaring glass; (d) as an optical diffuser 

to produce different sharpness of shades (graph shows the sharpness of the shadow at on 

and off state of the device). 

To demonstrate life-long cyclic switching (see Figure 5-8(c)), we activated and 

deactivated the window device with a train of high-voltage square pulses (2.85kV 

amplitude, 50% duty cycle, and a pulse-on width of 1 minute). This accelerated test for 

one thousand cycles confirms that the TiO2 interfaces remain intact over repeated cycles 

of unfolding and wrinkling. At the activated clear state, this window device consumes 

merely a 0.831W/m2 area-specific electrical power despite high-voltage activation. In 

comparison, a polymer-dispersed-liquid crystal (PDLC) smart window, [10, 115] 

typically consumes 5-20W/m2 by alternating current (a.c.) activation to be clear. Since it 
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was first prepared four months ago, this tunable window device can still function for 

long-hour activation. The device remains stable and clear when being activated 

continuously for example 6 hours (see Figure 5-8(b)). There was no electrical breakdown 

observed during the hour-long activation. For practical application, the device needs to 

be cladded between the two protective glasses with an air-gap. The protective cladding 

glasses prevents possible damage upon physical contact and electrically isolates it to 

eliminate any possible electrical hazard. 

 

Figure 5-8. Squarish transparency tuning device (60mm length): (a) Visibility of the 

Phillips pattern in a liquid crystal display at voltage off and on states; (b) Consistent 

transparent state maintained when kept activated for 6 hours (c) Cyclic activation at 

8.334mHz for more than 1000 cycles showed consistent performance. 
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Figure 5-9. Benchmarking among various dielectric elastomer window devices in terms of 

the range of transmittance tuning and the actuation strain requirement. 

In comparison to our previous Ag/ZnO thin films based tunable optical diffuser, the 

device based on PEDOT:PSS/TiO2 thin film is clearer as the overcoat of PEDOT:PSS is 

more transparent that Ag films. In addition, TiO2 has a refractive index of 2.8 which is 

much higher than that of ZnO (refractive index of 2). Therefore, microwrinkled TiO2 thin 

films make better optical scatterer than ZnO thin films. Hence, a device using 

PEDOT:PSS/TiO2 films requires comparatively lower area strain for transparency 

tuning. 

For benchmarking, tunability of various dielectric elastomer optical diffusers reported so 

far are compared. Figure 5-9 shows the tuning range attained by these optical diffusers, 

as marked by the most translucent state (at which the diffuser is compressed with a 

diameter ratio DII=DI < 1) and the clearest state (at which the compression to diffuser is 

removed or reduced). In general, the tunable devices based on the metallic nanometric 

thin film, e.g. gold, show a limited range of transparency tuning. The nanometric gold 

thin film is moderately transparent with a smooth surface; it needs to be highly crumpled 

(by large compression of up to 70%) to become highly opaque [54]. In comparison, the 
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TiO2-based surfaces of high transparency attain a much wider range of transparency 

tuning between 81% to 1.85% transmittance at the least actuation (of not more than 5% 

strain). This excellent tunability even exceeds the reported tuning range (e.g. 6% and 

62% in-line transmittance) of a commercial PDLC window [14]. Furthermore, making 

this TiO2 based smart window costs low as compared to the existing smart window (see 

Table A-1 and Table A-2). 

5.5 Summary 

This chapter presented a tunable optical diffuser to make a durable and high-performance 

smart window at low cost, low power, in all solid state. We showed that the TiO2 

nanometric thin film of high transparency and higher refractive index turns to be a strong 

surface scatterer to visible light when being microwrinkled on dielectric elastomer under 

low radial compression. This hybrid design of optical surfaces overcomes the material 

limits to achieve unprecedentedly high electric tunability of optical diffusion. It also 

promises to greatly reduce the power consumption by the transparent dielectric elastomer 

actuator, useful for soft tunable optics and acoustics [141-143]. Moreover, these devices 

can easily be mass produced using currently available manufacturing technologies. 

Commercial membrane stretching machines [144, 145] are already available in the 

market. In addition, the thin film coating machines used for large area displays can easily 

be used to coat thin films in these stretched membranes [146], which makes these devices 

easily manufacturable at industrial scale. 
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Part II Tunable Acoustic Absorption 
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Chapter 6 Technology Review for Indoor 

Acoustic Treatment and Tunable Absorption 

This chapter reviews recent advances of acoustic absorbers and tunable acoustics which 

are used for sound attenuation. The sound that we hear is a mixture of directly 

transmitting sound and indirect reflection from the surfaces. Indoor and outdoor sources 

of noise like vehicles, loudspeaker, air conditioning systems and so on can produce noise 

of various audible frequency. The dominant frequency of the noise being produced by 

these sources also varies based on their types and state of operation. For instance, 

vehicles noise dominant frequencies changes with engine speed and even loading (see 

Figure 6-1). Hence, a lighter vehicle produces noise of higher frequencies that the heavier 

vehicles. In addition, traffic noise during off-peak hours is skewed towards higher 

frequencies than during traffic jams [147].  

 

Figure 6-1. (a) Various sources of noises; (b) Variation of dominant noise frequencies with 

engine speed (adapted from [148]). 

Hard and dense structures like concrete walls, ceilings, and window glasses reflect most 

of the incident sound. On the contrary, soft, pliable, or porous materials like foams and 

fiberglass absorb most of the incident sound. High acoustic reflection by concrete walls 

and window glasses causes echoes within an enclosed space (see Figure 6-2(a)). This 

indoor sound reverberation can degrade intelligibility of speech. It usually occurs in 

enclosed spaces like living rooms, auditoriums, and studios. Hence, various sound 
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absorbers are usually installed on the walls, ceilings and window glasses to attenuate the 

echo (see Figure 6-2(b-d)) [6]. 

 

Figure 6-2. (a) Schematic showing sound reflection in a room causing reverberation; 

Acoustic absorbers used in front of a hard surface like (b) walls; (c) ceiling and (d) windows 

(thick curtains serve as absorbers). 

Figure 6-3 classifies three categories of acoustic attenuation systems: (a) passive 

absorbers, (b) tunable absorbers and (c) active noise control (ANC) systems. Firstly, 

there are two kinds of passive acoustic absorbers namely, porous absorbers and resonant 

absorbers. Porous absorbents include foams, fiberglass; Resonant absorbers include 

panel absorbers, Helmholtz resonators and micro-perforated panels (MPPs). They work 

without the need for external power. Passive absorbers can have various working 

frequency and absorption bandwidth. For example, a porous absorber is good for 

broadband absorption, but only from mid-to-high audible frequency range. Meanwhile, 

resonant absorbers can be designed to absorb the sound of a specific low-frequency but 

only over a narrow frequency bandwidth. Their absorption coefficient peak at resonant 

frequency but drops substantially outside the bandwidth. Secondly, tunable acoustic 

absorbers are recently developed to shift and target their absorption spectrum to the noise 

dominant frequency. These are in principle resonant absorbers with tunable resonant 
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frequencies. Hence, their resonant frequency can be adjusted to target noise spectrum of 

varying dominant frequency, like engine noise which varies with speed and loading. In 

this way, the working frequency range of the tunable resonant absorber is widened more 

than that of a non-tunable one. Finally, ANC systems cancel the noise by generating a 

counter sound; but it is power hungry and so far, its application is limited to small 

enclosures. 

 

Figure 6-3. Classification of the existing acoustic absorbers. 

Sound propagates through gas, liquid, and solids in form of a longitudinal pressure wave. 

But, in solids, it can also propagate as transverse waves. When a sound impinges on a 

surface, it is partially reflected, absorbed and transmitted through the surface (see Figure 

6-4). Acoustic absorbers dissipate sound energy to heat. Their acoustic absorption 

coefficient (α) is measured as the ratio of absorbed intensity to the source intensity of the 

sound. The absorption coefficient varies with the sound frequency and angle of the 

incidence. It ranges between 0 and 1, where 0 means no absorption and 1 means complete 
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absorption. Direct experimental measurement of sound absorption is difficult. Instead, 

the reflected and transmitted sound energies are measured. The absorption coefficient 

(α) is calculated from the relationship: 

 𝛼    
𝐸𝑟

𝐸𝑖
 
𝐸𝑡

𝐸𝑖
  (6.1) 

where Er and Et are the reflected and transmitted portion of the incident acoustic power 

Ei. 

 

Figure 6-4 Illustration of absorption, transmission, and reflection of sound incident on an 

acoustical material. 

6.1 Passive Acoustic Absorbers 

There are two types of passive acoustic absorbers, namely: (1) porous absorber and (2) 

resonant absorber. 

6.1.1 Porous Absorber 

Porous absorbers consist of porous or fibrous materials. Examples of porous acoustic 

absorbers include curtain’s textiles, acoustic foams, aerated plasters, cushions, cotton, 

and fiberglass. The porous absorbers are largely filled with air, as high as 90% (see 

Figure 6-5(b-c)). These soft porous absorbers are usually mounted to a rigid backing like 

walls and ceilings (see Figure 6-5(a)). They effectively absorb the sound of moderate to 

high frequency. Mechanisms of sound absorption in the porous medium are due to 

viscous loss and momentum loss. When sound impinges on the porous absorber the air 

in the pores is driven to oscillate at the sound’s frequency.  iscous friction loss happens 
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at the submillimeter viscous boundary layer [6] next to the pore’s walls [149]. In 

addition, momentum loss happens when the sound wave propagates in pores of irregular 

shape. Therefore, interconnected open pore structure can better absorb sound than a 

closed pore structure (see Figure 6-5 (e) and (f)) [150]. 

 

Figure 6-5. (a) Schematic of sound absorption by a porous absorber. SEM images of porous 

material: (b) white foam; (c) Cotton fibers; Type of porous absorbers based on pore 

morphology: (d) closed and (e) open pore structures. (adapted from [6]) 

 

Figure 6-6. (a) Use of curtains place at a distance from the rigid walls as acoustic absorber; 

(b) Top view showing the effect of placing an absorber at a distance from the rigid wall. 
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The absorption coefficient of porous materials varies with material thickness (t) and the 

distance (D) from the rigid wall. The porous absorbers are more effective to attenuate 

sound traveling with high particle speed. The air particle speed is maximum at a quarter 

sound wavelength from the walls (i.e. at D=λ/4) but is zero upon at the wall (i.e. at D=0). 

Hence, the maximum absorption occurs when the porous absorber is placed at a distance 

of quarter wavelength from the rigid wall [151]. This suggests that absorption of the bass 

sound of low-frequency requires very thick porous absorbers (see Figure 6-7). 

Curtains and drapes can address the thickness limitation of the porous absorbers. They 

can be positioned at a distance (D) from the rigid wall for optimal absorption of low-

frequency sound (see Figure 6-6 and Figure 6-7) [152]. Maximum absorption occurs 

when the air gap is a quarter of the sound wavelength (i.e. at  =λ/4). A curtain with a 

deep fold presents more acoustic resistance and this can better absorb sound. But, thick 

curtains cannot be fitted in a small space. Recently, translucent curtains with micro-slits 

are developed to provide 0.5-0.6 absorption coefficient for sound frequency greater than 

500Hz [5, 6]. 

 

Figure 6-7. Typical sound absorption coefficient curves of porous sound absorbers with 

flow resistivities of 10,000 Nsm-4. (adapted from [16]) 

6.1.2 Resonant Absorber 

Resonant absorbers are mass-spring systems under excitation by a sound pressure wave 

[153-155]. The maximum acoustic absorption happens at the resonant frequency of the 

0

0.2

0.4

0.6

0.8

1

10 100 1,000 10,000 100,000

A
b

so
rp

ti
o
n
 C

o
ef

fi
ci

en
t 

(α
)

Frequency (Hz)

5cm thick porous material 

placed against rigid wall

5 cm thick porous material 

place at 10 cm away from 

of the rigid wall

15cm thick porous material 

placed against a rigid wall



101 

 

damped forced vibration. They perform best when being placed closer to the rigid walls, 

ceilings, and corners where the sound pressure is the highest. Hence, they can easily be 

fitted even in small rooms. There are three kinds of resonant absorbers, namely panel 

absorber, Helmholtz absorbers, and micro-perforated panel absorbers. 

Panel Absorbers. Panel absorbers are flexible panels/membranes backed by an air 

cavity in front of a rigid wall. The panels are often made of rubber, mass loaded vinyl 

and plywood. They are compact to be placed in front of rigid walls, ceilings, and window 

glazing (see Figure 6-8). The panel absorbers behave as a spring-mass system with a 

mass of panel and spring of partially the enclosed air and flexible panel. The system 

vibrates in response to incident sound pressure. The vibration-induced deformation of 

the panel transfers sound energy to mechanical energy [16]. The air cavity also helps to 

dissipate mechanical energy into heat. 

 

Figure 6-8. (a) Panel absorbers on ceiling of a room; (b) Schematic representation of a panel 

absorber backed by an air cavity and a rigid wall; (c) Resonant frequencies of a panel 

absorber predicted by Equation ((6.2)) for a panel with different surface mass density 

(adapted from [156]). 

The resonant frequency of a panel absorber is given by, [156]  

 ⁡𝑓𝑜 ≈
60

√𝑀𝐷
  (6.2) 

where M is mass per unit area of the panel and D is the depth of the back-cavity (see 

Figure 6-8(b)). Usually, panel absorbers can be designed with a low resonant frequency 

to absorb bass sound by proper selection of panel mass (M) and the cavity-depth (D)(see 

Panel absorber on ceilings

(a)

Vibrating

Panel Mass (M)

R
ig

id
 W

al
l

Back air 

cavity

Cross-sectional side view

Incident Sound

D

(b)

0

100

200

300

400

500

600

700

800

0 0.1 0.2 0.3

f o
(H

z)

d (m)

 /𝜌𝑜=0.2

 /𝜌𝑜=0.4 /𝜌𝑜=0.8

 /𝜌𝑜=1.6

(c)



102 

 

Figure 6-8(c)). Yet, their acoustic absorption bandwidth is narrow. To broaden the 

absorption spectrum, porous materials can be added to partially fill their air cavity (see 

Figure 6-9). This reduces the resonant frequency to be,[6] 

 𝑓𝑜 ≈
50

√𝑀𝐷
  (6.3) 

In this hybrid absorber, porous materials absorb the sound of high to the medium 

frequency, while the panel absorber absorbs the low-frequency sound. Yet, the porous 

materials are opaque and unsuitable for installation to window glazing. 

 

Figure 6-9. Schematic of a panel absorber with a back cavity filled with porous materials. 

Helmholtz Absorbers. A Helmholtz resonator consists of an enclosed air-cavity with a 

small opening or hole (see Figure 6-10(a)). This unit can be repeated in an array for large 

area coverage. The air in the hole neck serves as the resonating mass, while, the air in 

the enclosed chamber acts as a spring. When sound impinges the resonator surface, the 

air-plug in the hole neck oscillates. The friction between the oscillating air and neck wall 

dissipates sound energy into heat. 

Helmholtz absorber is best placed near the room boundaries where the sound pressure is 

maximum. A higher sound pressure increases the oscillation amplitude of the air plug 

and thus, increases the acoustic absorption. Maximum sound absorption by a Helmholtz 

absorber occurs at the resonant frequency given by,[157] 

 𝑓𝑜  
𝑐𝑜

 𝜋
√
𝑆

𝑉𝑡
  (6.4) 
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where (V) is the volume of the cavity, (S) is the area of the opening holes and (t) is the 

thickness of the holes. A bigger hole size (S) increases the absorber’s resonant frequency 

by allowing a faster rush of air through it. A larger cavity volume decreases the resonant 

frequency because of the increased compliance of the air cavity. A deeper hole increases 

the viscous friction but decreases the resonant frequency. According to Equation (6.4), a 

Helmholtz absorber for bass sound should have a large cavity volume and a smaller and 

deeper hole. 

 

Figure 6-10. Schematic diagram of a Helmholtz resonator (a) indicating the resonating air 

mass plug at the holes; (b) indicating the air particle velocity at the opening which suggests 

the best position to place a dissipative porous absorbent for a hybrid system; (c) Typical 

absorption spectrum of a Helmholtz absorber with and without porous absorbent in the 

cavity. (adapted from [158]) 

In a Helmholtz resonator, a hole in the panel helps convert high acoustic pressure into 

high particle speed. This leads to high absorption peaks over a narrow bandwidth (see 

Figure 6-10(c)). To broaden the bandwidth of Helmholtz resonator, porous absorbent can 

be added to fill part of the air cavity next to the hole (see Figure 6-10(b)) [158]. This, 

however, slows down the particle speed and slightly reduces the peak absorption (see 

Figure 6-10(c)). 

Micro-perforated panel absorbers. Micro-perforated panel (MPP) absorbers are a type 

of Helmholtz absorbers. They consist of a panel with an array of sub-millimeter diameter 

holes. Usually, for fabrication ease, MPP absorbers have MPPs backed by a non-

partitioned common air cavity for all the holes (see Figure 6-12(a)). MPP absorber can 

absorb the sound of a broader bandwidth than a simple Helmholtz resonator or a panel 
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absorber. Yet, it is still narrower than porous absorber’s absorption bandwidth (Figure 

6-11) [149, 155, 159]. It is generally used for absorption of mid-range frequency sound.  

 

Figure 6-11. Comparison of normal incidence absorption coefficient between: (a) a 

membrane absorber and an MPP absorber; (b) a porous absorber and an MPP with porous 

absorber placed at the back cavity (adapted from [6]). 

Like Helmholtz resonator, sound absorption mechanism of MPP absorbers is attributed 

to the viscous friction of air plugs. To enhance the viscous friction, the holes are sized 

comparably to the thickness of the viscous boundary layer of air. A broader absorption 

bandwidth of MPP absorber is achieved by a design with high acoustic resistance and a 

low acoustic mass reactance. For the aesthetic reason, micro-perforated glass panel can 

be made from glass. To ease the fabrication, micro-slots can be formed to the glass 

instead of micro-holes to serve the same function of comparable performance (see Figure 

6-12(b)) [160]. 

Consider a unit cell of MPP absorber with a square panel of width 2b and a hole of 

diameter d and depth t. Back-cavity for this absorber has a depth D. Resonant frequency 

of an MPP absorber can be estimated using a modified model from Helmholtz resonator 

(i.e. Equation (6.4)) as [6, 161]: 

 𝑓𝑜  
𝑐

 𝜋
√
𝜀

𝐷𝑡
  (6.5) 
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where 𝜀  
𝜋(𝑑/ )2

( 𝑏)2
 is the fraction of the open area of the perforated plate provided that 

the holes are on a square lattice. A more elaborate acoustic model of an MPP absorbers 

is presented below. 

 

Figure 6-12. Schematic representation of cavity backed (a) micro-perforated panel 

absorber; (b) magnified view showing a sound absorption mechanism; (c) micro-slotted 

panel absorber. 

Acoustic Model for a Rigid Micro-perforated Panel Absorber 

 

Figure 6-13. (a)Illustration of absorption and reflection of sound incident on an acoustic 

absorber placed on a rigid wall; (b) electro-acoustic model of the same absorber. 

The acoustic absorption coefficient of an absorber can be calculated from its acoustic 

impedance. Acoustic impedance  𝑠 is defined as the ratio of the acoustic pressure (p) in 

the medium to the particle velocity (v). It is the sum of the acoustic resistance 𝑟𝑠 that 

accounts for sound energy loss and acoustic reactance 𝑥𝑠 that changes phase between 

pressure wave and particle velocity. Figure 6-13 shows an electro-acoustic model for an 
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acoustic absorber with the prescribed acoustic impedance  𝑠. According to Ref. [162], 

its absorption coefficient is given as  

 𝛼    |
𝑧𝑠−𝜌𝑜𝑐𝑜

𝑧𝑠+𝜌𝑜𝑐𝑜
|
 

 
4 𝑠/𝜌𝑜𝑐𝑜

( 𝑠/𝜌𝑜𝑐𝑜+ )2+(𝑥𝑠/𝜌𝑜𝑐𝑜)2
  (6.6) 

where  𝑜  𝜌𝑜𝑐𝑜 is the acoustic impedance of the air,⁡𝜌𝑜 is the air density, and 𝑐𝑜 is the 

sound speed in air. Impedance mismatch between air and medium leads to increased 

sound reflection. Maximum absorption happens at zero reactance (i.e. 𝑥𝑠  0) (refer to 

Equation (6.6)). 

Maa et al. [163] estimated the absorption coefficient of an MPP absorber was by using 

an electro-acoustic circuit model shown in Figure 6-14(b). This model assumes a rigid 

panel (i.e. no panel vibration) and a no-slip condition which assumes air particle velocity 

is zero at the hole-wall.  Hence. the effect of MPP absorber is modeled by two acoustic 

impedance in series, i.e. one of MPP-holes and another of back cavity. The MPP-hole 

impedance is attributed to the in-phase resonance of air plugs.  

 

Figure 6-14. Schematic showing (a) an isometric view of an MPP absorber; (b) an electro-

acoustical model of an MPP absorber. 

The acoustic impedance of MPP-hole (z) is [163]: 

   𝑟  𝑗𝜔𝑚, (6.7) 

where r is the acoustic resistance and 𝜔𝑚 is the mass reactance following: 
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 𝑟  
3 𝜂𝑡

𝜎𝜌𝑜𝑐𝑑2
[(  

𝑘2

3 
)
 

 
√ 

3 
𝑘
𝑑

𝑡
],  (6.8) 

 𝜔𝑚  
𝜔𝑡

𝜎𝑐
[  (  

𝑘2

 
)
− / 

 0.85
𝑑

𝑡
],  (6.9) 

where k is the perforate-constant,⁡𝜎 is the porosity, t is the thickness of the panel, 𝜔  

2𝜋𝑓 is the angular frequency of the incident sound with c velocity, 𝜂 and 𝜌𝑜 are the 

coefficient of viscosity and density of air respectively. The perforate-constant k is a 

function of the ratio of hole radius to the viscous boundary layer thickness [163]. It is 

given by 𝑘  𝑑√𝜔𝜌𝑜/4𝜂. The porosity of a unit panel is given by 𝜎  𝜋𝑑 /4𝑆, where 

d is the hole diameter and⁡S is the surface area of a unit panel. The back-cavity only 

presents a reactance  𝐷  𝑗
𝜔𝐷

𝑐
, where D is the back-cavity depth. The electro-acoustic 

circuit for this cavity-backed MPP absorber produces the following absorption 

coefficient (see Figure 6-14(b)) [163] 

 𝛼  
4 

( + )2+(𝜔𝑚−cot(
𝜔𝐷

𝑐
))2

  (6.10) 

when driven by a pressure source. 

Maximum sound absorption occurs when the driving frequency of sound waves match 

with the system’s resonant frequency. At the resonance the system’s mass reactance 

vanishes which mean (𝜔𝑚  co (
𝜔𝐷

𝑐
))  0. As such, the maximum absorption 

coefficient is derived to be⁡𝛼𝑚 𝑥  4𝑟/(  𝑟)
 . The bandwidth of an acoustic absorber 

is calculated as the full width (𝑓  𝑓 ) for half maximum absorption coefficient (see 

Figure 6-11(a)). Lower and upper frequencies of the bandwidth, 𝑓  and 𝑓  can be obtained 

from the derived equation (𝜔𝑚  co (
𝜔𝐷

𝑐
))  ±(  𝑟).⁡The ratio of upper-bound 

frequency to lower-bound frequency is given by: 

 
𝑓2

𝑓1
 

𝜋

cot−1( + )
  ,  (6.11) 

This suggests that the absorption bandwidth (𝑓  𝑓 ) is proportional to the relative 

acoustic resistance (r). 
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We expect that an MPP with smaller and deeper holes can achieve a broader bandwidth 

(from Equation (6.8)), but it lowers the maximum absorption coefficient (from Equation 

(6.10) [163]. Smaller hole diameter (d) relative to the panel thickness (at d/t<1) helps 

maximize the absorption of sound at a lower frequency. More holes (or increased 

porosity) in the MPP can help broaden the absorption bandwidth [164]. However, the 

porosity above 8% can compromise the absorption of low-frequency sound. 

Performance of MPP absorber is not perfect for the whole range of sound frequency. 

While MPP has a broader absorption bandwidth as compared to panel absorber, a rigid 

MPP absorber is not good at absorbing bass sound. Furthermore, its absorption 

bandwidth is still not as broad as porous absorbers. 

A few methods were proposed to improve the performance of MPP absorbers without 

using a deep back-cavity (see Figure 6-15). The first method makes use of a flexible 

micro-perforated membrane absorber in replacement of rigid MPP that broadens the 

absorption bandwidth by lowering the lower-bound for the full-width half-maximum 

[165, 166]. The enhanced performance is a coupled effect of membrane resonance and 

air-plug resonance in holes as predicted by Chen Xi et al. [167]. The second method 

simply makes use of multiple MPPs arranged in series (see Figure 6-15(a)) [168, 169]. 

The third method uses a partitioned back-cavity using honeycomb structures (see Figure 

6-15(c)) [170]. Random distribution of hole size and cavity depth further helps to 

broaden the absorption bandwidth [171, 172]. For example, irregular cavity depth in each 

cell of back-cavity partitions help broaden the absorption bandwidth of MPP absorber 

(refer to Figure 6-15(c)) [173]. In another novel design, the back-cavity of a Helmholtz 

resonator or MPP is partitioned into connected channels in a shape similar to a coplanar 

spiral coil to help sound trapping and enhance sound absorption (refer to Figure 6-15(d)) 

[155]. Despite all these modifications to MPP absorbers, their absorption bandwidth is 

not as broad as porous absorbers absorption bandwidth. 
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Figure 6-15. Innovative modification to micro-perforated panel absorbers (a) Double 

layered MPP; (b) Honeycomb shaped partitions to the back cavity of the MPP (adapted 

from [170]); (c) non-uniform cavity depth of individual cells of the MPP (adapted from 

[173]) and (d) unit cell of a metasurface made of a perforated plate and individual coplanar 

coiled air chamber (adapted from [155]). 

6.2 Tunable Acoustic Absorber 

The resonant absorber is only good at absorbing sound that matches its resonant 

frequency. While the use of MPP-based resonant absorber helps to broaden the 

absorption bandwidth, the peak absorption occurs only at the fixed resonant frequency. 

As a solution, a tunable resonant absorber can timely or continuously shift the resonant 

frequency to match the varying noise frequency. This tuning is achieved by changing the 

geometry and material property of these absorbers, such as varying back cavity depth, 

hole size, and even membrane stiffness. Various actuators were used to actively tune the 

absorber’s geometric parameters, such as mechanical screw adjustments, stepping 

motors, electrostatic microactuators, electromagnets, dielectric elastomer actuators and 

so on. These tunable acoustic absorbers are compared in Table 6-1 in terms of tuning 

mechanism and frequency tuning range. 
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Table 6-1. Comparison of various tunable acoustic absorbers. 

S. N Tunable acoustic absorbers Driving mechanism 

Acoustic peak-

frequency tuning 

range 

Ref. 

1. 
Variable back-cavity 

(Helmholtz absorber) 
Screw adjustment 60Hz - 700Hz [158] 

2. 
Variable back-cavity 

(MPP absorber) 

Stepping motor 1050Hz - 800Hz [174] 

3. 
Electromechanical 

microactuators 
600Hz - 875Hz 

[174-

176] 

4. 
Variable Hole Size 

(MPP absorber) 

Mechanical linear 

stages 
1350Hz -2150Hz [177] 

5. 

Variable membrane tension 

(Membrane absorber) 

Electromagnets - [178] 

6. 

Electromagnets 

(magnetorheological 

membrane) 

238Hz-394Hz [179] 

7. 
Electric-field (parallel-

plate air capacitor) 
180Hz-110Hz [180] 

8. DEA ~400Hz-310Hz [181] 

 

6.2.1 Tunable Resonant Absorbers with Variable Back-Cavity 

A simplest tunable resonant absorber is realized by adjustment of the back-cavity depth 

of Helmholtz or MPP absorber. Equation (6.5) dictates the dependence of absorber’s 

resonant frequency on the back-cavity depth (D). Figure 6-16 shows the construction of 

such tunable absorbers. A screw adjustment (see Figure 6-16(a)) can slide the rigid back 

wall of the absorber to change its back-cavity volume. Such Helmholtz resonators were 

installed in the Royal Festival Hall in London to cover the frequency range from 60Hz 

to 700Hz [158]. In a similar design by S. Konishi et al. [174-176], a stepping motor was 

used to change the back-cavity depth (D) of an MPP absorber (see Figure 6-16 (b)). The 

MPP consisted of a plate of 40mm diameter and 1mm thickness with 400 holes of 100μm 

diameter arranged orthogonally in a square of 28mm. A cavity depth adjustment from 

6mm to 12mm can lower the MPP absorber’s resonant frequency from ~1050Hz to 
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800Hz respectively (see Figure 6-16(c)). However, this mechanical or electromechanical 

drive of a sliding back-wall is subjected to some issues. A mechanical sliding risks 

producing screeching noise; whereas the drive by the stepping motor is costly and 

requires power. Hence, such tunable absorber is limited in use for discrete adjustment, 

but not for real-time tuning. 

 

Figure 6-16. (a) Schematic showing setup for changing cavity depth of (a) a Helmholtz 

resonator (adapted from [158]); (b) an MPP absorber; (c) shifting of the peak absorption 

frequency by cavity depth variation of an MPP absorber. (adapted from [175, 176]) 

In another of tunable MPP absorber developed by Konishi et al. [174], electrostatic 

microactuators were proposed to close the holes of MPP absorber. The proposed absorber 

device consisted of two MPPs placed at a 10 mm spacing and a 20mm deep back cavity 

(see Figure 6-17(a)). The first MPP is a 1mm thick PMMA plate with 400 holes of 100μm 

diameter. The second MPP is integrated with an array of electrostatic C-shaped 

microactuators, each housing the holes of 1mm diameter (see Figure 6-17(a-b)). The 

microactuators can close the holes upon application of an electric field, and thus shift the 

absorption spectrum. At the open state of the second MPP, this absorber has a resonant 

frequency at ~600Hz. To experimentally simulate the closed state without the use of 

micro-actuators, a 7.5μm thick polyimide film is bonded to the second MPP. This closing 

of the second MPP holes raised the resonance to ~875Hz (see Figure 6-17(c)).  
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Figure 6-17. A conceptual MPPs setup with C-shaped microactuators to open and close the 

perforation holes of one of the MPP. (a) Schematic of the whole setup; (b) Schematic of the 

second MPP; (c) Magnified view of a single hole and actuator; (d) shifting the absorption 

spectrum by opening and closing the holes of the second MPP. (adapted from [174]) 

6.2.2 Tunable MPP Absorber of Variable Hole Size 

A tunable MPP absorber can be based on the hole size change. In a tunable MPP 

developed by Cherrier et al. [177], the hole size change is effected by the variable overlap 

of identical holes in two MPPs, one front and another rear (see Figure 6-18(a-c)). The 

through hole area is maximum when the front and rear holes are aligned and overlapped. 

But, the through hole area is reduced when the front and rear holes are partially offset by 

sliding the front MPP. The front movable MPP is slid relative to the rear fixed MPP by 

using a manual linear stage. A prototype of tunable MPP developed by Cherrier et al. 

consists of two 1mm thick MPPs with 1mm diameter holes and 5% porosity. The MPPs 

were backed by 10mm deep air-cavity. When the holes in the two MPPs are aligned, the 

resonant frequency of the tunable absorber is approximately 2150Hz. The resonant 

frequency is reduced to ~1350Hz when the front holes are offset by 0.9mm relative to 

the rear holes. This means of mechanical tuning of MPP, however, requires a complex 

drive which includes sliding rails, link rods, and translation stages. Moreover, the drive 

of two overlapped MPPs is subjected to high friction and noise generation. 
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Figure 6-18. Variation of the perforation size and shape of an MPP. Schematic: (a) showing 

two MPP plates, one of the plate slides to change the through hole area; (b) magnified view 

of the same; (c) Photograph showing top views of the same; (d) shifting of the absorption 

spectrum by sliding Plate 2. (adapted from [177])  

6.2.3 Tunable Membrane Resonator 

A tunable membrane resonator’s resonant frequency is shifted by adjustment of 

membrane tension (T) and stiffness following the relation 𝑓  
 .405

 𝜋 
√
𝑇

𝜌ℎ
 [179], where 𝜌, 

ℎ and a are mass density, thickness and radius of the membrane respectively [182, 183] 

(see Figure 6-19). 

In a membrane resonator with variable tension developed by Chen et al. [178], 

electromagnets were used to exert extra stress on a pre-stretched membrane. The pre-

stretched membrane of circular shape is placed in a tube with side holes in a periodic 

array. A DC electromagnet was activated to exert pressure at the outer annulus of the 

membrane. The pressure on the outer annulus radially stretches the circular membrane 

by sliding relative to the inner ring support (see Figure 6-19(a-c)). In this way, the 

membrane was stiffened from 1275N/m to 2047N/m (see Figure 6-19(d)) and thus 

shifted the transmission spectrum to higher frequencies (see Figure 6-19(e)). Drive of 

this tunable absorber by using electromagnets can be costly and limited to a small area. 
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Figure 6-19. Controlling membrane tension by using electromagnets. Schematic of: (a) a 

membrane at a small pre-tension; (b) a stretched membrane with increased tension; (c) 

Setup to electromagnetically add tension to the membrane; (d) Electromagnetically 

induced change in the membrane’s effective stiffness; (e) corresponding shifting in acoustic 

transmissions. (adapted from [178]) 

In a membrane resonator with variable resonant frequency developed by Chen et al. 

[179], an external magnetic field was applied to vary the stiffness of a 

magnetorheological elastomer membrane (see Figure 6-20(a)). The magnetorheological 

membrane was a silicone rubber filled with Fe3O4 particles. It was pre-stretched and 

fixed on rigid ring support (see Figure 6-20(b)). A permanent magnet is placed at a 

distance to induce a magnetic field gradient across the magnetorheological membrane. It 

exerts a uniform magnetic force 𝑃𝑜  ℎ𝜇𝑜 ∇𝐻 to the membrane, where, h and M are 

the thickness and magnetization of the magnetorheological membrane, 𝜇𝑜 is vacuum 

permeability, and H is the magnetic field intensity. In turn, this increase the membrane 

tension following the relationship ∆  [
𝐸ℎ 2𝑃𝑜

2

 4( −𝜈)
]
 /3

, where E, 𝜈 and a are Young’s 

modulus, Poisson’s ratio and radius of the membrane respectively. A 50mm shift of the 

magnet closer towards the membrane can raise the membrane’s resonant frequency from 
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238 Hz to 394 Hz (see Figure 6-20(d)). Drive of this tunable absorber requires a linear 

actuator or a manual stage for moving the magnet closer or away from the 

magnetorheological membrane. 

 

Figure 6-20. (a) Schematic showing effect of a magnetic field on a magnetorheological 

membrane; (b) photo of a magnetorheological membrane; (c) Impedance tube setup with 

a changeable permanent magnet to membrane distance; (d) Variation in the resonant 

frequency of the membrane with magnetic field gradient due to change in position of the 

permanent magnet.(adapted from [179]) 

In a novel tunable membrane absorber developed by Xiao et al. [180], a parallel-plate air 

capacitor is used to change the tension in an annular membrane surrounding a movable 

back plate. The air capacitor cum membrane absorber consists of a top fixed electrode in 

the form of a rigid fishnet and a bottom movable electrode in the form of a gold-coated 

disk of area S which was suspended by a ring of the pre-stretched membrane. The top 

conductive mesh electrode is placed at a distance d from the bottom disk. The mesh is 

transparent to sound propagation (see Figure 6-21(a)). 
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Figure 6-21. Membrane resonant frequency is tuned by an electric field. Schematic: (a) of 

the device; (b) at an inactive state; (c) when activated; (d) shift in acoustic transmission 

spectrum by an electric field. (adapted from [180])  

Electrostatic activation of the parallel-plate capacitor can electrically dampen the 

membrane spring. A DC voltage-induce electrostatic force is 𝐹𝐷𝐶   𝐹𝑜  𝐾̅∆ , where 

𝐹𝑜 is a static attractive force,⁡𝐾̅∆  is the dynamic attractive force which is proportional 

to the dynamic displacement ∆  of the membrane, and 𝐾̅  𝜀𝑆𝑉 /𝑑3 is the electrostatic 

force constant. This extra force acting on the deformable electroded elastomer membrane 

can modulate the membrane tension and thus shift the membrane resonant frequency to 

be 𝑓  
 

 𝜋
√
𝐾𝑜−𝐾̅

𝑚
, where 𝐾𝑜 is force constant due to membrane’s pre-stress and m is 

effective membrane mass. A 900V activation of the air-gap capacitor can reduce the 

membrane resonant frequency by 70Hz (see Figure 6-21(b)). 

6.2.4 Tunable Membrane Absorber based on Dielectric Elastomer Actuator 

In a novel membrane absorber, a dielectric elastomer actuator is used to vary the tension 

in the pre-stretched membrane. The dielectric elastomer actuator is a pre-stretched 

dielectric elastomer membrane sandwiched by a pair of compliant electrodes based on 

carbon grease. High-voltage activation of the dielectric elastomer can induce Maxwell 

stress which squeezes the membrane and thus reduces the membrane tension by ∆  
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𝜀 (
𝑉

𝑡
)
 

, where 𝜀 is the dielectric permittivity, and t is the thickness of the dielectric 

membrane (see Figure 6-22(a-b)) [182, 184]. 

Dubios et al. [182] demonstrated that the application of voltage can reduce the resonant 

frequency of a circular membrane of DEA. The first resonant frequency (𝑓 
0 ) for this 

DEA is voltage (V) dependent following the relationship, [182, 185] 

 𝑓 
0  

 

 𝜋𝑑√𝜌
√23. 3 ( 𝑜  

𝜀𝑉2

𝑡2
)  

 657𝐷

4𝑡𝑑2
  (6.12) 

where d is the membrane diameter, ρ and t are mass density and thickness of the 

membrane, and  𝑜  is the pre-stress in the membrane. Flexural rigidity of the membrane 

is the given by, 𝐷  
𝑌𝑡3

  ( −𝜈2)
, where Y and 𝜈 are the Young’s modulus and the Poisson 

ratio of the dielectric elastomer. For example, 1.8kV activation of a silicone rubber DEA 

with 4mm diameter and 20-35μm thick gold thin film electrodes can shift the resonant 

frequency from 1670Hz to 535Hz. 

Lu et al. [181, 184] first developed a tunable DEA-based membrane absorber as shown 

in Figure 6-22. The membrane absorber consists of a pre-stretched dielectric elastomer 

membrane of 100mm diameter (3M VHB4910) and an air-back cavity of 70mm depth. 

The pre-stretched membrane absorber can resonate in multiple modes under excitation 

by sound pressure wave and shows a peak acoustic absorption coefficient at resonance 

(see Figure 6-22(c)). Absorption bandwidth of the membrane absorber is narrow. While 

peak absorption coefficient can be as high as 1, the coefficient outside the bandwidth is 

merely 0.2. A 5kV activation can lower the resonant frequency by 87.2Hz (see Figure 

6-22(c-d)). An array of multiple DEA-based membrane absorbers can be applied to the 

large area (540mm by 160mm) to achieve a 90Hz shift in resonant frequency [186]. 
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Figure 6-22. A DEA-based tunable membrane absorber. Schematic of the absorbers (a) at 

inactive state; (b) at activated state; (c) absorption peak frequency shift by DEA activation 

with 5kV; (d) resonance shift by increasing activation voltage of the DEAs. (adapted from 

[181]) 

6.3 Active Noise Control Systems 

Active noise control (ANC) systems overcome the low-frequency limitation of the 

passive absorbers [187-189]. It actively introduces a counter sound field to destruct the 

unwanted sound field by interference [190]. The introduced canceling sound wave is the 

mirror image in terms of phase and amplitude of the unwanted sound waves. Hence, it 

enables the system to selectively attenuate the incoming sound waves [191]. 

ANC systems are suitable to dampen bass sound and resonating standing waves in an 

enclosed space like ducts and small rooms. Often, they are used as exhaust muffler to 

treat acoustic instabilities in an industrial combustor. Though ANC systems are usually 

limited to small enclosed spaces, multiple canceling sound sources can simultaneously 

be applied for larger rooms [192, 193]. However, they are more sophisticated systems 

and their performance drops with broadband and/or diffuse sound fields. This kind of the 

active system also consumes high power. 
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Figure 6-23. Sound absorption by ANC systems. Schematic of: (a) a general ANC system 

in an enclosed duct-like environment; (b) an ANC system with a transparent DEA (right) 

used as the loudspeaker; (c) Comparison of the sound transmission loss (STL) of an incident 

sound of 80dB by an inactive DEA membrane and the same in the ANC mode with 

excitation amplitude of 645V. (adapted from [189]) 

Active noise control (ANC) systems use a loudspeaker for sound cancellation. ANC 

systems also include a feedback loop to generate the canceling signal in response to the 

noise signal sensed by error microphones placed in the noise field. Figure 6-23(a) shows 

the canceling signal controls the loudspeaker’s output in real-time [191]. Recently, a 

loudspeaker made of transparent DEA membrane was used in replacement to voice coil 

motor to make a transparent ANC system. Figure 6-23(c) shows the ANC system using 

the DEA-based loudspeaker attenuates sound in the frequency range from 100 to 900Hz. 

Recently, a transparent loudspeaker based on hydrogel-electroded DEA was developed 

for active noise cancellation [189] (see Figure 6-23(b)).  

Hybrid active/passive absorber system combines an ANC system and a passive absorber. 

The passive absorber is placed in front of the control loudspeaker [194-197]. The control 

loudspeaker is used to tune the absorption characteristics of the passive absorbers to 

maintain optimal performance. Hybrid active/passive absorber systems can obtain 
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optimal acoustic absorption by using two control methods.  irst is by active “pressure 

releasing” on the back of the passive absorbers. Second is by active “impedance 

matching” of the passive absorber. 

 

Figure 6-24. An MPP based hybrid passive-active absorber operating in the pressure 

release condition. (a) Schematic of the same; (b) comparison of the absorption performance 

in the active and the passive mode of operation. (adapted from [192]) 

In the pressure releasing mode, the loudspeaker maintains a zero pressure at the air cavity 

between the passive absorber and the loudspeaker. Then, the low-frequency impedance 

of the system is matched to the flow resistance of the passive absorber in order to obtain 

maximum absorption. 

Meanwhile, in the impedance matching mode, the system’s impedance is actively 

controlled [198]. The loudspeaker is used to control particle velocity near the wall of the 

back cavity. Through the tuning of the back-cavity impedance, the system acoustic 

impedance is actively matched with the air-impedance. 

The passive component of a hybrid active/passive absorber system includes porous 

materials or resonant absorbers. For example, a hybrid system with a 3cm porous layer 

and a back-cavity of 7cm can achieve an absorption coefficient up to 0.95 over a 

frequency range of 90-850Hz using the pressure release strategy [195]. Recently, an MPP 

was used as the passive unit in a hybrid absorption system with a 5cm back cavity (see 

Figure 6-24) [192, 194, 198] and the system realized an absorption coefficient up to 0.82 

over a frequency range of 100-1600 Hz [198]. 
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6.4 Summary 

To attenuate the reverberating indoor sound, acoustic absorbers are needed at walls, 

ceiling, and windows. Transparent acoustic absorbers are needed at windows. Existing 

porous absorbers are optically opaque or translucent. In addition, they require an 

impractically thick layer of porous materials to absorb low-frequency sound. Passive 

resonant absorbers like a panel or MPP absorbers can address these issues. Panel 

absorbers are can absorb low-frequency noise, but only over a narrow frequency 

bandwidth. Meanwhile, MPP absorbers have slightly broader absorption bandwidth in 

the mid-low frequency range. Consequently, these resonant absorbers cannot effectively 

absorb the noise of widely varying frequencies like traffic noise. The ANC systems can 

resolve this limitation of the passive absorbers. They use a feedback system to selectively 

absorb the noise of varying frequencies. But they are bulky, power hungry, limited to the 

small enclosed environments. Tunable acoustic absorbers can be an alternative to passive 

absorbers and ANC systems. They can actively target a varying dominant noise 

frequency. But existing tunable absorbers use impractical and noisy tuning mechanisms. 

For example, some use stepping motors to change back-cavity depth or to slide the metal 

plates. Moreover, tunable absorbers based on panel/membrane absorbers have a narrow 

absorption bandwidth, hence they are unable to absorb a broadband noise. This motivates 

us to develop tunable absorbers with relatively broader absorption bandwidth. In 

addition, such absorbers must use silent mechanisms which are also feasible for large-

area absorbers like DEA. 

  



122 

 

 

 

 

  



123 

 

Chapter 7 Mechanics of DEA-based Tunable 

Acoustic Devices 

Recently, few acoustic absorbers are capable of actively tuning their absorption 

spectrum. This tunable acoustic absorber can be driven silently by using dielectric 

elastomer actuators. For example, a circular DEA was used to adjust the membrane 

tension in an acoustic absorber [181]. Previously, an annular DEA was used to relax the 

membrane tension that stretched a deformable lens of oil capsule at its centre [141, 199, 

200]. Here, this chapter first presents the mechanics of tuning the hole size of a 

membrane using such annular DEAs which can make a tunable microperforated panel 

absorber. These tunable devices are purposely designed to work under small strain 

activation (<5%). Hence, analysis of electrostatically induced deformation can assume 

small strain, and thus simple elastic models can be used instead of nonlinear models 

which were previously used for analysis of DEA induced large deformation (>100%) 

[81, 131]. 

 

Figure 7-1. Isometric cross-sectional view of the various designs of the DEAs. Schematic of 

(a) circular DEA for radial actuation under isotonic condition; (b) circular DEA for tension 

change under the isometric condition, (c) annular DEA for controlling the hole size in a 

passive membrane. 

A dielectric elastomer actuator is a soft capacitor that undergoes an areal expansion when 

being compressed by Maxwell stress [66, 67]. The Maxwell stress (electrostatic pressure) 

can modulate the membrane tension, which greatly helps to enhance the voltage-induced 

areal expansion. However, the level of actuation varies substantially with the boundary 
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and loading conditions, even when ideally compliant electrodes were used to drive the 

dielectric elastomer actuators. This chapter presented the analyses of three designs of 

dielectric elastomer actuators which are used to make tunable membrane absorber. They 

are shown in Figure 7-1, and includes (1) a circular DEA for radial actuation under 

isotonic condition; (2) a circular DEA for tension change under the isometric condition, 

(3) an annular DEA for controlling the hole size in a passive membrane. 

7.1 Circular DEA for Radial Actuation under Isotonic Condition 

 

Figure 7-2. DEA with circular disc electrodes at (left) inactivated state; (right) activated 

state. 

Let us consider a circular DEA sandwiched by small compliant electrode disks as shown 

in Figure 7-2. While being surrounded by a large passive pre-stretched membrane, the 

electroded membrane can maintain a constant pre-stress even during DEA activation. 

Under this biaxial isotonic condition, the voltage-induced net biaxial strains (∆𝑆  and 

∆𝑆 )  is simply the Poisson’s ratio effect of Maxwell stress and is given as: 

 ∆𝑆  𝑆  𝑆 0  
𝜈𝑃𝑒

𝐸
,  

(7.1)  

 ∆𝑆  𝑆  𝑆 0  
𝜈𝑃𝑒

𝐸
.  
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where E and ν are the Young modulus and Poisson's ratio of dielectric elastomer 

membrane, respectively. The biaxial pre-strains (𝑆 0 and 𝑆 0) due to initially applied 

biaxial pre-stress T10 and T20 is given by [201] 

 𝑆 0  
𝑇10

𝐸
 
𝜈𝑇20

𝐸
,  

(7.2)  

 𝑆 0  
𝑇20

𝐸
 
𝜈𝑇10

𝐸
,  

and the total biaxial strains under voltage activation are given by constitutive equations 

 𝑆  
𝑇1

𝐸
 
𝜈𝑇2

𝐸
 
𝜈𝑇3

𝐸
,  

(7.3)  

 𝑆  
𝑇2

𝐸
 
𝜈𝑇1

𝐸
 
𝜈𝑇3

𝐸
.  

where  3 is the normal traction due to the electrostatic pressure (𝑃𝑒) expressed as [66, 

79-81], 

  3   𝑃𝑒   
𝜖𝑟𝜖𝑜(

𝑉

𝑡
)
2

 
,  (7.4) 

and      0 and      0  for the isotonic condition. Here V and t are the applied 

voltage and thickness of the membrane. 

7.2 Circular DEA for Tension Change under Isometric Condition 

 

Figure 7-3. DEA with annular electrodes at (left) inactivated state; (right) activated state. 



126 

 

Next, we consider a circular DEA sandwiched fully by compliant electrodes as shown in 

Figure 7-3. There is no passive membrane and the whole DEA is surrounded by a fixed 

boundary. Under this isometric condition, activation of the DEA cannot produce any 

areal expansion, but it can reduce the membrane tension. Based on the constitutive 

equation for a biaxially pre-stretched membrane given in Equation (7.3) and isometric 

boundary condition 𝑆  𝑆 0 and 𝑆  𝑆 0, the membrane’s biaxial tensions under 

voltage activation of the DEA are derived to be 

 ⁡     0  
𝜈𝑃𝑒

 −𝜈
,  

(7.5)  

      0  
𝜈𝑃𝑒

 −𝜈
.  

using the isometric identity,⁡𝑆  𝜈𝑆  𝑆 0  𝜈𝑆 0⁡𝑜𝑟, 𝜈𝑆  𝑆  𝜈𝑆 0  𝑆 0. 

Under equibiaxial pre-tension, i.e.       and   0    0, the membrane stress change 

⁡Δ       0       0 is solely due to the electrostatic pressure following, 

 𝛥   
𝜈𝑃𝑒

 −𝜈
.  (7.6) 

7.3 Annular DEA for Controlling the Hole Size in a Passive Membrane 

 

Figure 7-4. Schematic of a DEA with an annular electrode surrounding a hole at: (left) 

inactivated state; (right) activated state. 
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Next, we consider a DEA of annular shape which is used to control the size of a hole 

through the central passive membrane (see Figure 7-4). The external annular DEA and 

the inner passive annulus are made of the same piece of pre-stretched dielectric elastomer 

membrane. The difference lies with the electrode coverage of the former. The diameter 

of through-hole at the center of the passive annular membrane is moderated by DEA. 

Voltage activation of the DEA can control membrane tension. In turn, this distant 

membrane tension change tunes the hole diameter of the passive inner annulus. 

 et’s consider an annular DEA of radius b with the through-hole of a radius, and an 

initial radial pre-stress 𝜎 
∞ (see Figure 7-4). In the case that DEA is much larger than the 

passive annulus, the voltage induced stress change (Δ𝜎 
∞)  can be approximated as that 

induced under the isometric condition (refer to Equation (7.6)) as 

 𝛥𝜎 
∞   

𝜈𝑃𝑒

 −𝜈
.  (7.7) 

Stress distribution in the DEA and passive annulus follows the general solution for stress 

surrounding a hole under radial loading, which is given as: 

𝜎   (
𝜎1
∞+𝜎2

∞

 
) (  

 2

 2
)  (

𝜎1
∞−𝜎2

∞

 
) (  

4 2

 2
 
3 4

 4
) 𝑐𝑜𝑠(2𝜃),  

(7.8)   𝜎 𝜃   (
𝜎1
∞−𝜎2

∞

 
) (  

  2

 2
 
3 4

 4
) 𝑠𝑖 (2𝜃),  

 𝜎𝜃𝜃  (
𝜎1
∞+𝜎2

∞

 
) (  

 2

 2
)  (

𝜎1
∞−𝜎2

∞

 
) (  

3 4

 4
) 𝑐𝑜𝑠(2𝜃),  

where 𝜎 
∞⁡𝑎 𝑑⁡𝜎 

∞ are the applied bi-axial pre-stress far away from the hole. For the case 

of radial pre-stretching i.e. 𝜎 
∞  𝜎 

∞, according to the plane stress analysis [202, 203], 

the stress distribution reduces to: 

 𝜎   (𝜎 
∞) (  

 2

 2
),  

(7.9)   𝜎 𝜃  0,  

 𝜎𝜃𝜃  (𝜎 
∞) (  

 2

 2
).  

Similarly, the change in stress distribution (∆𝜎  , ∆𝜎 𝜃⁡𝑎 𝑑⁡∆𝜎𝜃𝜃) are obtained by 

substituting Equation (7.7) in Equation (7.9) as, 
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 ∆𝜎   (∆𝜎 
∞) (  

 2

 2
)   

𝜈𝑃𝑒

 −𝜈
(  

 2

 2
),  

(7.10)   ∆𝜎 𝜃  0  

 ∆𝜎𝜃𝜃  (∆𝜎 
∞) (  

 2

 2
)   

𝜈𝑃𝑒

 −𝜈
(  

 2

 2
).  

Since there is no electrode near the holes, the stress along thickness direction near the 

perforation holes does not change. The radial strain can be calculated from the equivalent 

radial stress using these constitutive equations as, 

 ∆𝜀   
 

𝐸
(∆𝜎   𝜈∆𝜎𝜃𝜃  𝜈∆𝜎𝑧𝑧),  

(7.11)  

 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ 
 

𝐸
( 

𝜈𝑃𝑒

 −𝜈
(  

 2

 2
)  𝜈 (

𝜈𝑃𝑒

 −𝜈
) (  

 2

 2
)).  

Integration of this radial strain with respect to the radius yields the radial displacement 

as, 

 ∆𝑢  ∫∆𝜀  𝑑𝑟   
𝜈

 −𝜈

𝑃𝑒

𝐸
[(𝑟  

 2

 
)  𝜈 (𝑟  

 2

 
)]  𝑐(𝜃,  ),  (7.12) 

The unknown constant 𝑐(𝜃,  )⁡can be solved by using the isometric boundary condition 

that applies the outer edge of the DEA does not move, i.e.∆𝑢  0 at r=b as,  

 𝑐(𝜃,  )  
𝜈

 −𝜈

𝑃𝑒

𝐸
[(𝑏  

 2

𝑏
)  𝜈 (𝑏  

 2

𝑏
)]. (7.13) 

In turn, the radial displacement takes the following form, 

∆𝑢   
𝜈

 −𝜈

𝑃𝑒

𝐸
[(𝑟  

 2

 
)  𝜈 (𝑟  

 2

 
)  (𝑏  

 2

𝑏
)  𝜈 (𝑏  

 2

𝑏
)]  (7.14) 

As such, the reduction of the hole radius (i.e. ∆𝑢 ⁡at r=a) by voltage activation is given 

by 

 |∆𝑢 | =  ∆𝑎(𝑉)  
𝜈

 −𝜈

𝑃𝑒

𝐸
[𝑏  

 2

𝑏
 2𝑎  𝜈 (𝑏  

 2

𝑏
)]  (7.15) 

This equation is used to predict the hole size change of a tunable micro-perforated 

membrane absorber and is experimentally verified in Chapter 8.  
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7.4 Summary 

This chapter discussed and analyzed three designs of dielectric elastomer actuators, (1) 

a circular DEA for radial actuation under isotonic condition; (2) a circular DEA for 

tension change under the isometric condition, (3) an annular DEA for controlling the 

hole size in a passive membrane. The models were developed with the small strain 

assumptions, hence simple linear elastic models were applied. The model for the hole 

size change in an annular DEA given by Equation (7.15) will later be used to predict the 

hole size change of a tunable micro-perforated membrane absorber. The experimental 

validation of the Equation (7.7) for the voltage induced stress change and Equation (7.15) 

for the hole size change is also present in the following chapter. 

  



130 

 

 

  



131 

 

Chapter 8 Tunable Acoustic Absorber using 

Micro-Perforated Dielectric Elastomer Actuator 

(MPDEA) 

Most membrane-type acoustic absorbers for low-frequency sound attenuation are 

applicable only at a fixed resonant frequency for a narrow bandwidth. Tuning of the 

acoustic absorption spectrum is desired to match the varying noise’s dominant frequency. 

This chapter presents a micro-perforated dielectric elastomer actuator (MPDEA) to make 

an electrically tunable broader-band acoustic absorber. These MPDEAs use patterned 

wrinkled gold thin films as compliant electrodes. Voltage activation of the MPDEA 

reduces the membrane tension and hole size and thus enables the active shifting of the 

acoustic absorption spectrum. Such a membrane tuning method does not require discrete 

mechanical parts as for the cavity tuning method. Also presented are the analytical 

models to predict the voltage-induced hole size change and acoustic characteristics of 

MPDEA. Results presented in this chapter is published in Ref. [143]. 

8.1  Introduction 

Acoustic metamaterials are man-made sub-wavelength structures to control and 

manipulate sound waves [204]. Examples of them include periodic 

resonators/scatterers,[205-207] sonic crystals, [208-210] and resonant membrane 

absorbers [211-215]. Among them, membrane-type absorbers with a subwavelength air 

cavity can absorb the noises in the low to medium frequency range, eliminating the need 

for thick porous absorbers. However, most of these metamaterials have a narrow 

absorption band around a fixed resonant frequency;[155, 216, 217] they cannot be 

actively tuned to match the varying noise conditions. Recently, tunable membrane 

absorbers have been developed using a biaxially pre-stretched dielectric elastomer 

actuator (DEA) with a back-cavity of fixed depth [181, 186, 218, 219]. Voltage activation 

of the DEA reduces the membrane tension (by applying the Maxwell stress [220]) and 

thus enables the shift (reduction) of the absorber’s resonant frequency [182, 218]. Yet, 
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the absorption bandwidth of such a DEA acoustic absorber remains narrow, around the 

tunable resonant frequency. 

A broader band of sound absorption is possible using a micro-perforated panel 

(MPP),[159, 163, 167] a type of Helmholtz resonator, due to periodic resonance. The 

MPP consists of a rigid panel with submillimetre perforations (holes) and a back cavity. 

Its resonant frequency depends on the pore sizes (i.e., diameter and depth) and the back-

cavity volume [158, 163]. A screw adjustment [158] of the cavity volume provides a 

simple mechanical means to tune the resonant frequency of a Helmholtz resonator. 

Similarly, a stepper motor [175, 221] was previously used to change the back-cavity 

volume of the MPP absorber, moving the back-cavity plate from 6mm to 12mm. These 

cavity tuning methods are however impractical and costly for large-area MPP. These 

MPPs with negligible panel vibration work only for medium frequencies, ranging from 

600Hz to 1000Hz, despite being capable of cavity tuning. In contrary, the recently 

developed membrane-type acoustic absorber can better attenuate noises at a low 

frequency (below 500Hz). 

This chapter presents an electrically tunable acoustic absorber based on a micro-

perforated dielectric elastomer actuator (MPDEA) (see Figure 8-1). It is capable of 

broader band attenuation of low-to-medium frequency sound and electrical tuning of the 

peak absorption frequency and bandwidth. This is achieved by voltage activation that 

reduces the membrane tension and thus hole size. Such a membrane tuning method does 

not require discrete mechanical parts as for the reported cavity tuning method [158, 175, 

221]. 

This MPDEA has a circular dielectric elastomer (DE) membrane which is radially pre-

stretched and has its outer edge fixed to a rigid cylindrical tube of radius R0. The 

membrane was laser drilled with an orthogonal array of holes at a pitch of 2b. The 

perforated DE membrane is initially subjected to a pre-stress 𝜎0
∞. Figure 8-1(b) shows a 

unit cell of MPDEA which consists of a hole of a radius a, a passive annulus, and an 

active part in the pre-stretched dielectric elastomer membrane. The passive annulus is 



133 

 

non-coated and has a hole at its centre, while the surrounding active membrane is 

sandwiched by wrinkled gold compliant electrodes [74, 222, 223]. The laser-drilled holes 

have the edges thickened upon membrane stress relief. Multi-layer MPDEAs, for 

example, a two-layer device, are thicker to make deeper holes to improve the sound 

absorption but reduces the membrane flexibility, as compared to a single-layer MPDEA. 

 

Figure 8-1. A broadband tunable acoustic absorber using micro-perforated dielectric 

elastomer actuators (MPDEA): (a) an array of electrically tunable holes in DEA; (b) its unit 

cell with a hole at either passive or active states; 

8.2  Theory 

Activation of the MPDEA at a voltage V induces a Maxwell stress 𝑃𝑒  
𝜖𝑟𝜖𝑜𝐸

2

 
 across the 

active dielectric elastomer membrane of thickness t and relative permittivity 𝜖  4.7, 

where 𝜖𝑜  8.85 ×  0
−   F/m is the vacuum permittivity. This isometric loading on the 

DE membrane with the Poisson ratio 𝜈  0.5 reduces the distant equi-biaxial stresses in 

the passive annular membrane by 𝜎∞   
𝜈𝑃𝑒

 −𝜈
. Hence, the passive annular membrane 

with a hole radius a is subjected to the voltage-induced stress changes in the cylindrical 

coordinates r, θ, and z as given by Equations (7.10). As such, the voltage-induced 

reduction of the hole radius is given by 
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 ∆𝑎(𝑉)  
𝜈

 −𝜈

𝑃𝑒

𝐸
[𝑏  

 2

𝑏
 2𝑎  𝜈 (𝑏  

 2

𝑏
)]  (8.1) 

where E is the tangent of Young’s modulus of the pre-stretched perforated dielectric 

elastomer membrane (refer to Section 7.3 for details of derivation). 

 

Figure 8-2. (a) Schematic showing the perforation size change by voltage activation of the 

MPDEA; (b) An equivalent electro-acoustic circuit representing the MPDEA backed by an 

air cavity. (retrieved from [143]) 

This resonant acoustic absorber consists of an MPDEA and a back cavity. The air-filled 

back cavity has a depth H from a rigid back plate. Consider a sound wave of a frequency 

f that travels at the sound speed c0 in the air. Upon normally impinging on the rigid wall 

(normal incidence), the sound reflects and produces an equivalent source pressure 2p. 

The sound absorption coefficient 𝛼(𝑉) of this MPDEA has a similar expression as 

derived for the perforated membrane absorber,[167] except the voltage dependence 

 𝛼(𝑉)  
4𝑅𝑒(𝑧(𝑉))

( +𝑅𝑒(𝑧(𝑉)))
2
+𝐼𝑚(𝑧(𝑉))

2
,  (8.2) 

Where z is the total acoustic impedance of the resonant absorber as presented in the 

electro-acoustic model in Figure 8-2(b). The model has a mass-impedance element in 

series with a cavity reactance  𝐻   𝑗𝑐𝑜𝑡 (
𝜔𝐻

𝑐0
), where 𝜔  2𝜋𝑓, 𝑓 is the frequency 

(Hz). The mass-impedance is voltage tunable. It consists of a parallel connection of a 

membrane impedance  𝑀  
 

𝜌0𝑐0
( 𝑀  𝑗 𝑀), and a perforation impedance  𝑃  
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𝜌0𝑐0
( 𝑃  𝑗 𝑃). Here, R and M denotes the acoustic resistance and reactance 

respectively. Based on the electro-acoustic model, the total acoustic impedance is 

   
𝑧𝑀𝑧𝑃

𝑧𝑀+𝑧𝑃
  𝐻,  (8.3) 

The pre-tensioned micro-perforated membrane vibrates like a string when it is subjected 

to a sound pressure wave ∆𝑝 in the air of density 𝜌𝑜 and the viscosity μ. Applying a 

voltage to the MPDEA reduces the membrane tension. This modulated membrane 

tension T(V) also tunes the membrane’s resonant frequency [218]. Consider a pre-

tensioned circular membrane with an outer radius Ro with material properties as: 

membrane surface density (𝜌𝑚) and internal damping (η). Its membrane acoustic 

impedance  𝑀 is given by [167]: 

  𝑀(𝑈)  
𝜔𝜌𝑝

𝑗𝜌0𝑐0
[

 

𝐾𝑚𝑒𝑚(𝑈)𝑅0

𝐽1(𝐾𝑚𝑒𝑚(𝑈)𝑅0)

𝐽0(𝐾𝑚𝑒𝑚(𝑈)𝑅0)
  ]

− 

  (8.4) 

where 𝐾𝑚𝑒𝑚
′  

𝜔2𝜌𝑚

𝑇(𝑉)+ 𝑗𝜔𝜂
 is voltage dependent (as indicated with a prime symbol), J1 is 

the Bessel function of the first kind and first order, and J0 is the same of zeroth order. 

This shows the dependence of membrane impedance on the electrically controllable 

tension. 

The acoustic impedance of the array of N perforations in the MPDEA with the circular 

membrane of outer radius Ro is a sum of contribution by individual holes of a’, given by 

  𝑃(𝑉)  ∑
𝑅𝑜
2

 ′2
𝑁
𝑛=  ℎ𝑜𝑙𝑒(𝑅,𝑉)  (8.5) 

where 𝑎′  𝑎  ∆𝑎(𝑉) is the activated hole size. 

The acoustic impedance  ℎ𝑜𝑙𝑒(𝑅,𝑉) of individual holes at the radial coordinate R in the 

circular flexible membrane is given by [155] 

 ℎ𝑜𝑙𝑒( , 𝑉)  [
𝑗 𝜌0𝑐0

𝜔𝜌𝑚𝐾𝑎𝑖𝑟 
′

𝐽1(𝐾𝑎𝑖𝑟 
′)

𝐽0(𝐾𝑎𝑖𝑟 
′)
[
𝐽0(𝐾𝑚𝑒𝑚𝑅)

𝐽0(𝐾𝑚𝑒𝑚𝑅0)
  ]  

 

𝑧𝑀𝑎𝑎
′ 𝛿′

]
− 

,  (8.6) 
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where 𝐾     𝑗
𝜌0𝜔

𝜇
, 𝛿′  𝑁𝑎′ / 𝑜

  is the perforation ratio of the membrane with N 

number of holes. 

Maa’s estimated acoustic impedance  𝑀  
′  of a hole in the rigid panel is given by[155, 

163] 

 𝑀  
′  36.75 ×  0−3

𝑡

 ′2𝛿′
(√  

𝑥′2

3 
 
√ 

4

𝑥′ ′

𝑡
)  𝑗0.294 ×  0−3

𝜔𝑡

𝛿′
(  

 

√9+𝑥′2/ 
  .70

 ′

𝑡
),  

(8.7) 

where 𝑥′  𝑎 √2𝑓/5 is the perforation constant. These equations show the dependence 

of perforation impedance on both hole size and tension which are electrically 

controllable. 

8.3  Experiment 

Figure 8-3 shows the fabrication processes of the proposed MPDEA. First, a 1-mm thick 

polyacrylate elastomer membrane (3M VHB 4910, a 3M trademark for very high bond 

(VHB) adhesive tape) is radially stretched for 𝜆  3. 5⁡times using a custom-made 

stretcher. The pre-stretch ratio is 𝜆   𝜊/  , where    is the initial dimension of the 

membrane and  𝜊 is the pre-stretched dimension. The pre-stretched membranes are left 

undisturbed for 48 hours to allow the membranes to slowly relax and reach a stable pre-

stretched state.[224] Second, a 1.5mm thick Teflon mask, which is laser cut (Epilog 

Helix 24) into the designed pattern, is applied and aligned on each side of an elastomer 

substrate. Third, a 10 nm gold thin film is DC magnetron sputtered on each side of the 

exposed elastomer substrate. Fourth, the Teflon mask is lifted off to yield the electrode 

patterns. Next, the electrode patterning steps are repeated on the other side. A pair of 

such patterned electrodes sandwich the membrane to make dielectric elastomer actuators. 

Electrical leads to each sputtered electrode are formed each by a copper foil with 

conductive grease contact. Fifth, the membrane is laser drilled into N=325 submillimetre 

holes (perforations) at an initial pitch of 2b=5mm over the non-electrode parts. The 
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passive annulus is 2mm radial wide from the hole to avoid electric arcing through the 

hole and air. Sixth, the perforated membrane is partially released to have a 2.9-time radial 

pre-stretch such that the gold thin films wrinkle under a 6.5% radial compressive strain 

and make stretchable compliant electrodes. As a result, the hole pitch reduces to 

2b=4.5mm approximately and the hole radius reduces to be close to 0.15 mm. Next, this 

MPDEA is adhesively fixed to a cylindrical tube with an inner radius of  𝜊  50.5 mm. 

A multilayer MPDEA is fabricated using the same steps but requires the extra steps of 

alignment, stacking, and degassing before the steps of laser drilling. Degassing at -85 

kPa (lower than atmospheric pressure) for 3–4 h helps remove the trapped air and 

improve the adhesion at the interfaces of multilayer DEA. Finally, a device of a two-

layer MPDEA is completed on a circular rim as shown in the photograph in Figure 8-3(b), 

while Figure 8-3(c) and (d) show its unit cell and a part of the wrinkled gold electrode, 

respectively. 

 

Figure 8-3. Fabrication of an MPDEA acoustic absorber: (a) the fabrication steps for a 

single-layer MPDEA; (b) photograph of a two-layer MPDEA device; (c) optical micrograph 

of an MPDEA unit cell; and (d) the photograph of the wrinkled gold electrode. 
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(vi) Wrinkle the thin-film electrodes 
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Three kinds of acoustic absorbers were fabricated, namely, a single-layer perforated one, 

a double-layer perforated one, and a single-layer non-perforated one for reference. Each 

layer is a 2.9 time radially pre-stretched VHB4910 tape, with a pre-stretched membrane 

thickness of 125.0 µm. The Young’s modulus of these radially pre-stretched membranes 

averages at 1.14 MPa (curve fitted to Equation (8.1), comparable to supplier’s data). The 

parameters affecting the acoustic behavior of the fabricated MPDEAs are shown below. 

Table 8-1. Design parameters for the MPDEAs. 

Sample 
Pre-stretch 

ratio 𝜆 

 nitial hole’s 

diameter 2𝑎⁡(𝜇𝑚) 

Thickness 

𝑡⁡(𝜇𝑚) 

Perforation ratio 

𝛿 (%) 

One-layer 

MPDEA 
2.90 315 125.0 0.309 

Two-layer 

MPDEA 
2.90 308 2 ×  25.0 0.296 

The parameters used for theoretical modeling of the two-layer MPDEA are 

 (𝑉  0𝑘𝑉)  57.69𝑁/𝑚 and  (𝑉  5𝑘𝑉)  49.29𝑁/𝑚 (Measured, refer to Figure 

A-8 for the measurement setup used), 𝜇   .846 ×  0−5𝑘𝑔/(𝑚 ∙ 𝑠),  0  

0.0505𝑚⁡𝑐0  346𝑚/𝑠⁡𝜌0   . 84𝑘𝑔/𝑚
3, 𝜌𝑚  0. 904𝑘𝑔/𝑚

  (surface density) and 

𝜂  0.02. The cavity depth 𝐻  0.08𝑚 is chosen so that it can fit inside a window frame 

of ~0.1m thickness.  

Non-contact measurement techniques were used to observe the actuation of MPDEA: (1) 

optical microscope or camera to measure the hole diameter and (2) a confocal image 

profiler (sensofar PLµ 2300) to measure the membrane topography. A tensile tester 

(Instron) and a custom-made radial stretcher with elastic torsional joints were used to 

measure the membrane tension as a ratio of the total radial forces to the circumferential 

cross-sectional area (see Figure A-8). Setup of the acoustic impedance tube [218, 219] 

with normally incident sound waves were used to characterize the MPDEA absorber’s 

acoustic performance (see Figure A-9). It has a loudspeaker installed as the sound source 

at one end of a 770mm long and 100mm diameter tube, while the MPDEA absorber was 
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installed at the other end of the tube. Two electret array microphones (PCB Piezotronics, 

model 130E20), i.e., “Mic” 1 and “Mic” 2 spaced for a 30mm distance, were used to 

measure the sound pressure in the tube (see Figure A-11 and Figure A-12). A high 

voltage (HV) amplifier/supply (Trek 10/40A) was used to activate the MPDEA absorber. 

Meanwhile, data (NI PCI-6251) were used to acquire the measured signals and send the 

control signals to the measurement instruments (see Figure A-7). The absorption 

coefficient α of a 20mm thick-rigid-acrylic circular plate was measured to calibrate this 

acoustic measurement system (see Figure A-10). 

8.4  Results and Discussion 

Voltage activation of the MPDEA reduces its membrane tension and thus reduces the 

hole size (see Figure 8-4). For example, the membrane tension in two-layer MPDEA 

reduces from 215kPa at 0kV to 195kPa at 5 kV. This 5kV voltage activation reduces the 

hole diameter from 307.6µm to 263µm, a 14.5% reduction. In comparison, a single-layer 

MPDEA shows a limited electrical tunability due to higher susceptibility to air 

breakdown near the exposed high voltage electrode (see Figure 8-5). 

 

Figure 8-4. Changes in the membrane stress and micro-perforation size by voltage 

activation of the MPDEAs with single and double layers: (a) change in membrane stress 
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(Model data is obtained using Equation (7.7)); (b) change in perforation’s diameter (Model 

data is obtained using Equation (8.1); (c) and (d) are confocal micrographs of a hole of the 

two-layer MPDEA at 0 kV or 5 kV respectively. 

s 

Figure 8-5. Air breakdown at high voltage on a one-layer MPDEA causing sparking 

(highlighted with red-dotted circles): (a) between the electrode at the opposite sides of the 

membrane through the perforation hole; (b) between the two electrodes of the same side 

which were split due to the limitation of the Teflon stencils used for electrode patterning.  

 

Figure 8-6. Demonstration of inclusion of micro-perforations in a resonating membrane 

type acoustic absorber: Schematic of (a) cavity backed membrane type acoustic absorber; 
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(b) cavity backed micro-perforated membrane type acoustic absorber; (c) comparison of 

their acoustic absorption spectrum. 

Figure 8-6 shows the spectrums of sound absorption for DE acoustic absorbers with and 

without perforations. Perforations in the DE membrane absorber greatly broaden the 

absorption band at the expense of peak absorption coefficient value, as compared to the 

non-perforated one. Increasing the number of MPDEA layers helps raise the absorption 

coefficient as compared to a single layered MPDEA because deeper holes in the thicker 

membrane increase the amount of damping to resonating air plug. Figure 8-7 shows that 

the two-layer MPDEA has a 560 Hz bandwidth to absorb the low-to-medium frequency 

sound (300 to 900 Hz) for more than 50% (a > 0.5). The major peak of sound absorption 

is as much as 90% at around 500 Hz, while minor absorption peaks happen to correspond 

to those of nonperforated MPDEA given the same back cavity. 

 

Figure 8-7. Demonstration of the effect of micro-perforated membrane thickness on the 

acoustic absorption: Schematic of cavity backed absorbers with (a) 1-layered (thinner) 
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micro-perforated membrane; (b) 2-layered (thicker) micro-perforated membrane; (c) 

comparison of their acoustic absorption spectrum. 

Figure 8-8 shows the effect of electrical tuning on the double-layer MPDEA’s absorption 

spectrum. At zero voltage, its peak absorption frequency is 538.5 Hz, while the lower 

bound of the absorption band (α > 0.5) is 345.3 Hz. At the 5kV activation, its peak 

absorption is shifted lower by 13.1% (to 467.8 Hz), while the lower bound of the 

absorption band is lowered by 11.2% (to 306.4 Hz). Our theoretical model also predicts 

such acoustic characteristics and the electrical tuning of the bandwidth and frequency. 

 

Figure 8-8. Tuning of the acoustic absorption spectrum by voltage activation of the two-

layered MPDEA absorber: the passive state at 0kV and the activated state at 5kV are 

measured and theoretically predicted as well using Equation (8.2)-(8.7) and parameters in 

Table 8-1. 
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This MPDEA absorber shows superb performance for low-frequency sound absorption, 

thanks to the viscoelastic effect [225] of the DE membrane (VHB 4910) and the acoustic 

effect of perforations [163]. Its peak absorption and bandwidth are comparable to if not 

better than the dark acoustic metamaterial [226] made of silicone rubber membrane 

(Silastic 3133) and iron platelets. In addition, this MPDEA with electrically tunable 

resonances of air can be readily scaled up to make a large-area acoustic absorber. 

In the future, such MPDEA can be loaded with point masses to make an electrically 

tunable super-absorbing metasurface [155, 216] to absorb even lower frequency sound. 

Besides, VHB membranes are known to have slow viscous relaxation over time. This 

could cause the membrane tension to release and the acoustic characteristic of the 

absorber might drift. However, this issues of viscoelastic drift of membrane tension can 

be tackled by applying a closed-loop operation of DEAs [227]. 

8.5 Summary 

In conclusion, this chapter presented MPDEA acoustic absorber capable of broad-band 

attenuation of low-to-medium frequency sound. This absorption performance is due to 

the viscoelastic effect of the VHB tape-based DE membrane and the acoustic effects of 

the micro-perforations. Electrical tuning of their membrane tension and perforation size 

enabled active control of the acoustic absorption spectrum. An analytical model is 

developed for the proposed MPDEA. The model can predict an electrically induced 

reduction of both the aperture’s size 𝑑 and the membrane tension⁡ . When it is coupled 

with the electro-acoustic model of the MPDEA, it can predict corresponding change on 

the absorption spectrum of the system. The proposed model shows good agreement with 

the experimental results. Later we show transparent MPDEA absorber can be made with 

the use of transparent compliant electrodes. 
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Chapter 9 Transparent MPDEA using Ink-jet 

Printed PEDOT:PSS Electrodes 

When large windows are closed, the indoor noise level and echo can hamper speech 

intelligibility. To reduce the echo, transparent sound absorbers must be installed on these 

large windows as well. This chapter developed a transparent tunable acoustic absorber 

based on a micro-perforated dielectric elastomer actuator (MPDEA) with inkjet-printed 

transparent polymeric electrodes. A single-layer MPDEA remains optically clear (of up 

to 78.64% optical transmittance) with a 349 Hz bandwidth for above 80% acoustic 

absorption. Its 5kV activation can shift the maximum acoustic absorption frequency from 

1055 Hz to 860 Hz (an 18.5% shift) by the 9%-hole contraction. This high tunability and 

optical clarity of MPDEA is possible by using an inkjet-printed nanometric thin film of 

PEDOT:PSS as a transparent compliant electrode. Here, we design the modulus of 

PEDOT:PSS coating to be at least 2-times softer than the elastomer substrate, by adding 

a surfactant to the conductive ink for printing. Such transparent compliant electrodes are 

self-clearable and they will also be useful to other transparent DEA based devices. 

9.1 Introduction 

Glass panels are widely used in windows for shops and offices. They are optically 

transparent to allow daylighting, but they reverberate sound within a large indoor space. 

When large windows were closed, the noise level in a restaurant can increase to badly 

affect proper conversation among diners [1]. Curtains can be used for interior acoustic 

absorption, but they are usually opaque. A translucent fabric Absorber Light is recently 

developed by Gerriets GmbH [5] for sound absorption by using micro perforations within 

the fabric weave, yet it is not optically clear. Meanwhile, micro-perforated glass panels 

[7, 8, 153, 171, 173] were proposed to be installed to the window; their acoustic 

absorption spectrum is however fixed and not as broad as fabric absorber [159, 163]. 

Active tuning of the panel absorber can help shift the absorption spectrum to target a 

varying noise. Electroactive polymers [66, 123, 131, 134, 228-230] provide a silent 
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means of distributed actuation, being much lighter than conventional servo motors. 

Recently, dielectric elastomer actuators (DEAs) have been used to make for tunable 

acoustic absorbers [181, 218, 219]. A dielectric elastomer actuator is a soft capacitor 

which consists of a pre-stretched dielectric elastomer membrane sandwiched by a pair of 

compliant electrodes. It was used to reduce the membrane tension and thus shifts the 

acoustic resonant frequency of the membrane absorbers [182, 218, 219]. In addition, the 

same actuation principle can tune the hole size of a micro-perforated dielectric elastomer 

membrane and thus makes for a tunable micro-perforated acoustic absorber [143]. These 

tunable acoustic absorbers developed so far are opaque due to the use of carbon-based 

[218, 219] or gold-thin film compliant electrodes [74, 143] for dielectric elastomer 

actuators. For window use, a tunable absorber based on DEA requires transparent 

compliant electrodes. 

Common electrode materials for dielectric elastomer actuator include conductive grease 

(such as carbon grease or silver grease) [66, 131], conductive powders (such as carbon 

black or graphite powder) [201], and conductive nanometric networks (such as carbon 

nanotubes or silver nanowires) [60, 231]. Among them, a sparse and smooth coverage of 

the conductive nanometric network,[231] such as carbon nanotube, is transparent on a 

dielectric elastomer actuator. However, this initially transparent DEA turns hazy upon 

activation [60, 61]. The haze happens because the surface of the dielectric elastomer 

roughened when it is electrostatically squeezed (or indented) by the networks of 

conductive nanotubes or nanowires [61]. Few electrode materials can remain transparent 

[124] during large-strain activation and deactivation of dielectric elastomer actuator. 

Only hydrogel or ionic gel (which was swollen by ionic liquids) [142] can make for 

always-transparent compliant electrodes. Yet, the gel is prone to dry up [232-234]. 

Hence, hydrogel-based compliant electrodes are not lasting [233] without liquid 

encapsulation [141, 234, 235]. 

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) have been 

widely used as a transparent conductive coating of antistatic shielding bag [236], and a 

transparent polymeric conductor for all-polymer capacitors [237], transistors [238, 239] 
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or solar cells [240]. Nanometric film of PEDOT:PSS also makes a stretchable electrode 

on a hyperelastic substrate of elastomer membrane [68, 129]. Conductivity of 

PEDOT:PSS film is higher than that required by compliant electrodes for dielectric 

elastomer actuators. Yet, the stretched film of PEDOT:PSS is prone to plastic yielding 

beyond 2% strain [139]. When being stretched uniaxially beyond 30% strain [129], a 

PEDOT:PSS film is prone to crack and lose conductivity. 

 

Figure 9-1. Transparent tunable acoustic absorber based on micro-perforated dielectric 

elastomer actuator (MPDEA): (a) schematic showing the device components; (b)-(c) a unit 

cell at inactivated and activated states. 

Being moderately stretchable, nanometric films of PEDOT:PSS are good enough as 

compliant electrodes for moderate-strain actuation of dielectric elastomer. Previously, 

pristine PEDOT:PSS was not applied as compliant electrodes because its modulus of 

2GPa [129, 139] is 2-order higher than that of acrylate dielectric elastomer, i.e. 0.2-

0.5MPa modulus [135, 225]. This suggests that even a submicron thin film of 

PEDOT:PSS is axially stiffer than a hundred-micron membrane of acrylate elastomer 

(e.g. VHB4910). Furthermore, the aqueous ink of pristine PEDOT:PSS does not spread 

well on the slightly hydrophobic surface of acrylate dielectric elastomer. Recently, Yoon 

et al. [241] reported the addition of surfactant Triton-x100 improving the wettability of 
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aqueous suspension of PEDOT:PSS on a polydimethylsiloxane elastomer substrate while 

acting as a plasticizer to soften the obtained solid film of PEDOT:PSS. Motivated by this 

recent finding, the feasibility, and formulation of PEDOT:PSS for making compliant 

electrodes of dielectric elastomer actuators are re-examined. 

This chapter developed a transparent tunable acoustic absorber (see Figure 9-1) based on 

a micro-perforated dielectric elastomer actuator with inkjet-printed transparent polymer 

electrodes. The inkjet printing parameters to form a uniform PEDOT:PSS thin films in 

various pattern on acrylate dielectric elastomer is optimized. Such inkjet-printed 

transparent polymeric thin films can make compliant electrodes for driving a dielectric 

elastomer actuator for up to 20.6% strain. A micro-perforated dielectric elastomer 

actuator (MPDEA) with the inkjet-printed compliant electrode can tune the acoustic 

absorption spectrum while transmitting light. Such transparent acoustic absorber is 

suitable for use to the glass window. 

9.2 Methods and Materials 

Figure 9-1 shows a transparent tunable acoustic absorber consisting of a micro-perforated 

dielectric elastomer actuator (MPDEA), a rigid ring frame, and a back-cavity plate, all 

in a circular outer profile. Back cavity of this acoustic absorber is 40mm deep which is 

within the space for installation to window glass. The MPDEA consists of a micro-

perforated membrane of dielectric elastomer sandwiched by a pair of transparent 

polymeric compliant electrodes. Stacking of multiple MPDEAs can increase the total 

membrane thickness and thus increases the hole depth for a broader acoustic absorption 

effect [143]. Here, a single-layer MPDEA and a double-layer MPDEA is prepared for 

performance comparison. In addition, a standard circular DEA is prepared for 

stretchability test. Presented below are the design and analysis of devices, device 

fabrication, inkjet printing of conductive ink, and experimental setup for measurement. 
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Figure 9-2. Measurement setup with an acoustic impedance tube. 

Dielectric Elastomer Actuator. Application of high voltage V across the dielectric 

membrane of thickness 𝑡𝑠 induces a compressive electrostatic pressure 𝑃𝑒  

𝜖 𝜖𝑜(𝑉/𝑡𝑠)
 , where 𝜖  is the dielectric constant and 𝜖𝑜 is the permittivity of vacuum 

[139, 142]. This activation reduces the bi-axial pre-stress T0 in the membrane by ∆T(V) 

such that the remaining tension becomes 

    0  ∆ (𝑉)   0  
𝜈

  𝜈
𝑃𝑒 , (9.1) 

where 𝜈 is the Poisson's ratio of dielectric elastomer membrane according to Ref.[242] 

on the assumption of small elastic strain. 

Micro-perforation or puncturing a hole can locally release the pre-tension in a membrane, 

which was not perforated. This leads to enlargement of initial puncture size (more than 

that initially drilled by laser). Activation of the annular dielectric elastomer that 

surrounds the passive hole can reduce the hole radius by ∆𝑎(𝑉) (refer Section 7.3 for 

details of the derivation): 
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 ∆𝑎(𝑉)  
𝜈

 −𝜈

𝑃𝑒

𝐸
[𝑏  

 2

𝑏
 2𝑎  𝜈 (𝑏  

 2

𝑏
)]  (9.2) 

where b is the half pitch between holes (see Figure 9-1). 

Helmholtz Resonator Design. As a quick estimate, a micro-perforated membrane 

acoustic absorber can be represented by unit cells of Helmholtz resonators [158, 159, 

163]. A Helmholtz resonator is a container of air with a neck-like open hole. When 

disturbed by sound, the air in the container or the open hole can vibrate and bounces at a 

fixed resonant frequency (like a spring-mass system does) to dissipate acoustic energy 

into heat. According to Ref. [158], this resonant frequency of air vibration is determined 

from the formula 

 𝑓  
𝑐

 𝜋
√
𝐴

𝑆𝐿
⁡,  (9.3) 

where c is the sound speed, A and L are the cross-sectional area and length of the neck-

like open hole, and S is the volume space of the air container. Here, the hole size, i.e. 

𝐴  𝐴(𝑉)  𝜋𝑎 (𝑉) and L = L(V) are electrically tunable by a dielectric elastomer 

actuator. For exact expression for the acoustic resonance and absorption of a micro-

perforated panel absorber, please refer to the analysis of acoustic impedance as presented 

in Section 8.2  [61, 124]. 

Device Fabrication. Figure 9-3 shows the fabrication steps for making an MPDEA. 

First, an adhesive tape of acrylate dielectric elastomer (VHB 4910) was pre-stretched 

radially 3 times to have a 125.0μm membrane thickness as measured by a micrometer. 

The measured membrane thickness is thicker than the calculated thickness of 

1000μm/(3x3) because the membrane free edges relax and are stretched lesser from the 

stretcher's 9 contact points. Later the pre-stretched membrane was transferred and 

adhesively bonded to a rigid ring frame of a 20.5mm internal diameter and a 28mm 

external diameter. The pre-stretched elastomer membrane was left 24 hours to relax and 

let the viscoelastic creep settle to a steady state of deformation. 

Second, the aqueous conductive ink of PEDOT:PSS suspension was inkjet printed on the 

substrate of pre-stretched membrane. Printing twice and subsequent drying yield a pair 
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of transparent polymeric compliant electrodes sandwiching the dielectric elastomer 

membrane. Figure 9-1(a) shows a circular electrode of 20mm diameter printed on a VHB 

substrate, except 9 uncoated minor disk areas within it. These 9 uncoated disk areas were 

arranged in an orthogonal array with an equal spacing of 2b=5mm. This membrane DEA 

can be stacked up readily to another to make a multi-layered membrane DEA. Finally, a 

laser cutting machine (Epilog Helix 24) was used to laser drill through the uncoated 

membrane areas to produce a micro-perforated DEA (MPDEA). The average diameter 

of the laser drilled holes are 2a = 447.5±30.78μm for 1-layer MPDEA, and 2a = 541.0 ± 

25.39μm for 2-layer MPDEA. 

 

Figure 9-3. Schematic showing the fabrication steps for making a MPDEA: (1) substrate 

preparation by pre-stretching a VHB tape; (2) inkjet printing of PEDO:PSS thin film on 

the substrate; (3) inkjet printing on the other side; (4) Laser drilling to make holes through 

the substrate membrane. 

Design of Compliant Electrodes. The electrodes for driving a dielectric elastomer needs 

to be compliant to conform to large voltage-induced deformation of dielectric elastomer 

substrate. The compliant electrodes must be axially softer than the elastomer substrate; 

otherwise, they will limit the deformation [69]. Nanometric thickness control of inkjet-

printed film is difficult due to the coffee ring effect. To mitigate the impact of thickness 

variation, we proposed to formulate the ink recipe to yield a softer solid conductive film 

at submicron thickness. The modulus of plasticizer-added conductive ink is designed to 

be at least 2-times softer than the elastomer substrate. Consider an acrylate elastomer 

substrate (3M VHB 4910) with Young's modulus Es=220kPa and membrane thickness 

(1) Pre-stretching of VHB

(2) Inkjet Printing of 

PEDOT:PSS thin film

(5) Laser drilling of through hole 

(3)  Repeat step (2) on other side

(4) Heating in an oven (~50 C)
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ts=125μm, a conductive film of thickness tf =0.3μm needs to have Young's modulus Ef 

lesser than 

 𝐸𝑓  𝐸𝑓 ×
𝑡𝑠

 𝑡𝑓
 220𝑘𝑃𝑎 ×

  5𝜇𝑚

0.3𝜇𝑚
 45.84 𝑃𝑎.  (9.4) 

A solid film with 2% Triton-x100/98% PEDOT:PSS was reported [241] with Young's 

modulus of 80-92 MPa, which is twice stiffer than the required. To make a compliant 

electrode to the calculated axial stiffness, more than 3% Triton-x100 (as a plasticizer) 

must be added to the conductive ink of PEDOT:PSS while ensuring the uniformity of 

printed film on VHB substrate. 

Inkjet Printing of Conductive Ink. Here, the conductive ink used for inkjet printing is 

an aqueous suspension of PEDOT:PSS. The pristine ink of PEDOT:PSS, as purchased 

(from Clevios P Jet HC V2 from Heraeus Deutschland GmbH & Co. KG), cannot 

properly wet a slightly hydrophobic surface of elastomer [68, 241]. O2 plasma treatment 

does not make the substrate of acrylate dielectric elastomer more hydrophilic as it does 

to that of silicone dielectric elastomer [68, 129]. Hence, the ink needs to be formulated 

by adding a surfactant (Triton-x100)[241] to improve the wettability on an elastomeric 

substrate. The ink was also diluted with deionized water to yield a thinner solid coating 

upon drying up. 

A commercial material printer (Dimatrix 2381) [243, 244] was used to inkjet print the 

aqueous conductive ink. The printhead (cartridge) has 16 nozzles (see Figure A-6); each 

nozzle can eject an ink droplet of 10pL. The material printer can eject conductive ink 

droplets to form an isolated dot, a line out of sequential dots with partial overlaps, or an 

area out of sequential lines with partial overlaps. To form a continuous film, the print 

drop of diameter D needs to be properly spaced with partial overlap. Figure 9-4 shows 

that a proper overlap during printing can merge wet ink droplets by reflow into a thin 

puddle. However, an insufficient overlap leads to a void area uncoated by the wet film; 

too much overlap yields a thicker puddle. Baking of the printed wet film in an oven at 

50°C evaporates the water content of the ink and left a solid nanometric film on the 
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substrate. Transparency of the solid film of PEDOT:PSS decreases with increasing film 

thickness. 

 

Figure 9-4. Optimization of drop spacing for printing a continuous and uniform wet film 

on a VHB substrate. 

To save printing time, all 16 nozzles of the printhead were selected for droplet ejection. 

Typically, inkjet printing of a 20mm diameter PEDOT:PSS takes 15-20 minutes with all 

16 nozzles selected. Continuity of a printed line/film may be disrupted when some of the 

nozzles incidentally clog despite automated nozzle cleaning once for every printing of 5 

lines. Discontinuity in printed line can be mitigated by using a closer drop spacing. A 

print drop spacing is controlled by tilting the printhead relative to the print direction. 

According to the printer manual [243], a 10μm drop spacing is achieved by a tilt angle 

of 2.3 degrees; while 15μm and 20μm drop spacings can be done at the angles of 3.4 and 

4.5 degrees respectively. 

Experimental Setup. Figure A-7 shows a high voltage supply (Trek 610E) being used 

to activate dielectric elastomer actuators. A computer and a NI data logger were used to 
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monitor the voltage and current supplied during the device activation. Voltage monitor 

of the supply provides a signal voltage output, at a gain of one thousandth. Meanwhile, 

a multimeter (Agilent 34410A) was used to measure the current leaking through the 

DEAs and resistance of the electrode. 

A camera was used to take the video or pictures of the device in action, i.e. voltage 

induced diameter expansion. A stereoscopic microscope (Olympus SZX7) was used to 

have a zoom-in view of the voltage induced hole contraction. Images were taken at 

increasing voltage steps. Image J software was used to extract the size change from the 

images captured. 

A confocal microscope (VK-X200 Series 3D Laser Scanning Confocal Microscope) was 

used to measure the three-dimensional (3D) morphology of printed thin films. This 

topography measurement yields the information about the ink dot thickness and line 

width. 

Figure 9-2 shows an acoustic impedance tube being used to measure the acoustic 

absorption spectrum of a tunable absorber at normal incidence. The 500mm long and 

20mm diameter tube has a loudspeaker installed at one end and the tunable absorber 

mounted at the other end. Two electret array microphones (PCB piezotronic, model 

130E20), which were spaced at a 20mm distance, were used to measure the sound 

pressure in the tube. In this setup for acoustic testing, a data logger NI PXI 6221 was 

used for data recording; while a high voltage amplifier (Trek model 20/20C) was used 

for driving a device of MPDEA. 

Figure A-4 shows a spectrometer from AvaSpec (USB2 Fiber Optic) being used to 

measure the inline transmittance of a transparent MPDEA. A halogen light source was 

used to generate a collimated light through a 6mm diameter collimator lens. An optical-

fiber photodetector with a collimator lens was used to detect the specular light 

transmitted through the device, which is located at a distance of 70mm from the 

collimating lens. 
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9.3 Results and Discussions 

Figure 9-5. (a) (second column) shows that an aqueous droplet of pristine PEDOT:PSS 

ink does not spread well on a VHB substrate, at a 44.54° contact angle. Inkjet printing of 

the pristine aqueous ink cannot form a continuous wet film, but forms separated ink 

puddles on VHB substrate. Here, the ink in an optimized weight ratio of 40.78% 

PEDOT:PSS ink, 4.5% Triton-X100, and 54.72% deionized water (see Table in Figure 

9-5(b)) are formulated. This optimized ink spread well (at an 11.5° contact angle) on the 

VHB substrate, and it can be inkjet-printed to form a continuous wet film which 

eventually evaporated to make a nanometric solid coating of PEDOT:PSS (see Figure 

9-5(a) (third column)). 

 

Figure 9-5. Formulation of aqueous PEDOT:PSS ink for improved wettability and 

formation of uniform and clear film on VHB substrate: (a) wettability of ink droplet and 

uniformity of wet film printed (at 10μm drop spacing) on VHB substrate; (b) effect of ink 

formulation on electrical resistance, uniform film formation, and optical transmittance (at 

10μm print drop spacing). 

Figure 9-6 shows a printed dot of PEDOT:PSS ink with D=38.10μm diameter and 

0.27μm thick on the  HB substrate. Figure 9-7 shows a continuous line can be formed 

by printing at the following drop spacing: 10μm, 15μm, 20μm. A closer print drop yields 

a thicker and wider line, but too much ink droplets may reflow to distort the straightness 

of line edges. Figure 9-8 shows a printed film obtained by printing multiple lines with 

overlaps. A closer drop spacing, for example, 10μm or 15μm, is required to obtain a 
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continuous film by allowing the reflow between a freshly printed wet drop and a 

previously printed wet line that could have dried up a bit. A thicker film obtained by 

printing at a closer drop spacing is electrically more conductive but optically less clear 

(see Figure 9-8(c-d)). 

 

Figure 9-6. Topography and height measurement for (a) a dot and (b) a line (printed at 

10μm drop spacing). 

 

Figure 9-7. Optimization of drop spacing for printing a line: (a)-(b) contour plot showing 

the topography of a printed line at the drop spacing of 20μm and 10μm respectively; (c) 

effect on the line width and thickness. 
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Figure 9-8. Inkjet-printed films of PEDOT:PSS on VHB substrate: (a) top-view 

micrographs showing the effect of print drop spacing; (b) a photograph showing a setup 

for resistance measurement; (c)-(d) Effect of drop spacing on electrical sheet resistance and 

specular optical transmission (Tspec) (f) topography and height measurement of a film of 

PEDOT:PSS printed at 10μm drop spacing. 

Figure 9-8(e) shows a patch of the printed film which was measured with thicker edges 

due to the coffee ring effect [245] that happens during the drying of an ink puddle. The 

measured sheet resistance of a film printed at 20μm drop spacing is less than 14.92kΩ/□ 

measured normal to the print direction and less than 1.34kΩ/□ measured along the print 

direction. This suggests a poorer electrical contact at the interface between the print lines. 

After all, these films of printed PEDOT:PSS are conductive enough to make for 

compliant electrodes of DEAs. 

Stretchability of the inkjet-printed PEDOT:PSS thin film can be tested on a standard 

dielectric elastomer actuator. This dielectric elastomer actuator device consists of a pre-

stretched dielectric elastomer membrane (a VHB4910 tape with 3-times radial pre-

stretches) sandwiched by a pair of circular PEDOT:PSS electrodes. Two types of inkjet-

printed PEDOT:PSS compliant electrodes are tested, namely a thicker film as obtained 

by printing at 15μm drop spacing, and a thinner film as obtained by printing at 20μm 

drop spacing. A thicker film of inkjet-printed PEDOT:PSS is axially stiffer than a thinner 

film. 
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Figure 9-9. Effect of print drop spacing on dielectric elastomer activation (DEA) and 

electrode stretchability: (a) photographs showing deactivation and activation of a DEA 

with PEDOT:PSS electrodes printed at the 15μm drop spacing ; (b) Surface topography 

transition from smooth (prior activation) to micro-ridged (upon release from 10kV 

activation) (c) voltage-induced areal expansion ; (d) Leakage current across the dielectric 

elastomer upon activation by a step-wise voltage ramp. 

Figure 9-9 shows the voltage induced electrode areal expansion of an activated dielectric 

elastomer actuator. It is found that the thicker PEDOT:PSS electrodes expand slightly 

lesser than the thinner electrodes at a lower voltage range at which the voltage-induced 

actuation rises in a quadratic trend. Beyond the limit of quadratic rise, further actuation 

tapers with increasing voltage. In comparison, the thicker PEDOT:PSS compliant 

electrodes undergo a higher actuation, for the quadratic limit and ultimate voltage-

induced expansion of D(V)/DI=1.21 at 9kV, as compared to the thinner electrodes that 

expand ultimately for D(V)/DI=1.14. This difference can be explained by the fact that a 

thicker film of inkjet-printed PEDOT:PSS can elongate plastically more by necking 

longer [129]. Figure 9-9(d) shows that such plastic deformation results in the formation 
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of micro-ridges after the release from 10kV activation. The ultimate breakdown is 

marked by a crack in PEDOT:PSS thin-film electrodes and puncture through the 

membrane. This is accompanied by a current surge as shown in Figure 9-9(f). 

 

Figure 9-10. Optical clarity of micro-perforated dielectric elastomer actuators (with 

PEDOT:PSS electrodes printed at the 15m drop spacing): (a) a photograph of a 2-layer 

MPDEA which is placed in front of a black-and-white printed USAF target; (b) effect of 

the number of layer on specular optical transmittance Tspec. 

In view of higher stretchability, the thicker PEDOT:PSS films (as obtained from 15μm 

drop-space printing) were adopted as the compliant electrodes for the tunable devices of 

the transparent acoustic absorber. Figure 9-10 shows that MPDEAs with inkjet-printed 

PEDOT:PSS electrodes are slightly bluish. While a single-layer MPDEA is optically 

clear with close to 78.64% optical transmittance, a two-layer MPDEAs with doubling 

the number of electrodes is less clear (of 61.8% transmittance for 550nm wavelength). 

The alternate color tone, between dark and light blues, suggests thickness variation in the 

printed film. 

Figure 9-11 shows electrical activation of MPDEAs reducing the perforation hole from 

an inactivated diameter 2ao to a smaller activated diameter 2a(V). Two-layer MPDEA 

can sustain a higher driving voltage up to 5.5kV and thus reduces the hole diameter (from 

541.04±25.36μm to 459.53±20.40μm) by close to 15%. As the electric field for activation 

of this MPDEA is relatively low (of up to 44MV/m nominal field), the power consumed 

is kept less than 1.14mW (or 3.62W/m2). On the other hand, the single-layer MPDEA 

can only be driven up to 4kV for 10% hole reduce due to the premature electrical 

breakdown of the air across the shallower holes between opposite electrodes. 
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Figure 9-11. High-voltage activation of MPDEAs for reducing the hole size: (a) a 

photograph of a 2-layer MPDEA prototype and micrographs showing the hole contraction 

upon activation; (b) A stepwise voltage ramp for activating an MPDEA and the current 

leak across it; (c) the voltage induced contraction of the through holes in an MPDEA 

The device is self-clearable and can survive a pre-mature breakdown upon voltage 

removal. As a result, it can sustain a higher driving voltage up to 5kV for next cycle of 

actuation (as shown in the acoustic testing of the same device). This self-healing of the 

device happens because the PEDOT:PSS electrodes surrounding the holes are self-

cleared to be further apart from the opposite electrodes. This is similar to those observed 

from other self-clearable compliant electrodes [60, 74, 246]. 

Figure 9-12 shows the absorption spectrum of MPDEA-based tunable acoustic 

absorbers. A two-layer MPDEA with deeper holes show a broader bandwidth in the 

absorption spectrum as compared to a single-layer MPDEA. In the inactivated state, the 

bandwidth for above acoustic absorption coefficient 0.8 is 444 Hz (from 836 Hz to 1290 

Hz) for the two-layer MPDEA, but 349 Hz (from 831 Hz to 1180 Hz) for the single-layer 

MPDEA. For the two-layer MPDEA, the peak absorption frequency happens to be 1170 

Hz upon inactivation (0kV) but shifted by 15.2% to 992 Hz upon 6kV activation. For the 
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single-layer MPDEA, the peak absorption happens at 1055 Hz upon inactivation (0kV) 

but shifted by 18.5% to 860 Hz upon 5.0kV activation. 

 

Figure 9-12. Acoustic absorption spectrum of MPDEAs: (a) tunable spectrums for a 1-layer 

MPDEA; (b) tunable spectrums for a 2-layer MPDEA. 

In comparison, the previous MPDEA developed shown in Chapter 7 using 

microwrinkled gold thin-film compliant electrodes was opaque [143] while having a 

larger perforated membrane of 100mm diameter. It can only be operated up to a 

maximum voltage of 5kV (less than 40MV/m nominal field) and reduce the hole size by 

14.5%. This larger and opaque tunable acoustic absorber shows a more complex 

absorption spectrum. It was better for low-frequency sound absorption, with a peak 

amplitude of 0.85 happening at 538.5 Hz. The peak absorption frequency of the 

previously MPDEA can be shifted lower by 13.1% upon the maximum voltage-induced 

hole contraction. 
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9.4 Summary 

This chapter developed a transparent tunable acoustic absorber suitable for window use. 

This device based on micro-perforated dielectric elastomer actuator can absorb mid-

frequency sound while being optically clear (up to 78.64% light transmission). Such 

tunable acoustic absorbers can be arranged in an array for large-area mounting to window 

glass. Advances of such transparent tunable acoustic absorbers are anticipated to bring 

good quality acoustics and natural lighting to the indoor space. This high tunability and 

optical clarity of MPDEA is possible by material design and inkjet printing of an aqueous 

suspension of surfactant-added PEDOT:PSS. Such transparent compliant electrodes are 

self-clearable, and they will also be useful to other tunable optics [141, 200] based on 

dielectric elastomer actuators. 
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Chapter 10 Conclusion and Future Works  

10.1 Conclusion 

Glass has been used widely in urban buildings as the window panel, roof, and indoor 

partitions to admit natural light and isolate sound. As a complement to the glass window, 

curtains are used to control privacy (visibility) and improve the indoor acoustic 

ambiance. Opaque curtains can block the sunlight while translucent curtain diffusively 

admits light. Switch between opacity and clarity is done by drawing and closing the 

curtains. Commercial smart windows can replace glass and curtains to provide 

controllable privacy as desired, but they cannot absorb sound. The quiet glass that 

absorbs sound is in need; it will be even better if it can be tuned to maximize the sound 

absorption at the dominant frequency of the noise which can vary with time. Here, we 

proposed and developed a solution for tunable optical and acoustic window based on 

dielectric elastomer actuators and transparent wrinklable compliant electrodes.  

A membrane with tunable transparency is not new. In principle, they are tunable optical 

surface scatters which turns transparent with smooth surfaces like a flat glass; but it turns 

‘opaque’ (translucent) with the micro-rough surface. The surface roughness is varied by 

means of surface micro-wrinkling or unfolding. But, to effectively diffuse light, they 

needed large compressive strain to induce surface wrinkles and large stretch to reduce 

the surface wrinkles. This operation is more like a curtain’s which is not suitable for a 

window glass of fixed size. Small strain induced microwrinkling and unfolding is wished 

to make smart glasses. For the first time, this work showed microwrinkling of nanometric 

films of optical oxides such as ZnO and TiO2 of high refractive index being effective to 

diffuse light down to 1-2% inline transmittance (very frosted) upon less than 5% axial 

compressive strain. Interestingly, these oxide thin films can sustain thousands of cyclic 

microwrinkling and unfolding. A conductive overcoat on the oxide film made of 

conductive polymer or metal provides electrical conductivity. Such multilayer thin film 

can make microwrinkled compliant electrode suitable for activating DEA and thus 

generates voltage induced unfolding. Moreover, this device also showed prominent 
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improvements in terms of power consumption. The TiO2 layer helped to significantly 

reduce the power consumption of the transparent DEAs by reducing the leakage current 

(consumes merely ~0.831W/m2). 

Glass does not absorb sound but reflects it. The only way to make a glass sound trap is 

by making glass resonant cavities like Helmholtz resonators. A microperforated glass 

with an air cavity backed by a glass plate can make such resonant acoustic absorbers. 

This transparent acoustic absorber can have an absorption coefficient >90%, but they 

have fixed resonant frequency and bandwidth. The need for tuning the resonant 

frequency to match the noise dominant frequency can only be addressed using our 

microperforated DEA. We first devised a mechanism of tuning hole-diameter by 

activation of an MPDEA. Also, we developed an elastic model to predict the voltage-

induced hole-diameter change. These MPDEA can shrink hole size by applying Maxwell 

stress that reduces the membrane’s tension. Unlike other actuators such as electric motor 

or mechanical switches, MPDEA provides a distributed and quiet actuation. Moreover, 

we show our multilayer MPDEA can suppress the air breakdown under high voltage and 

also improve the acoustic dampening effect. 

Previously, PEDOT:PSS was used as a flexible electrode on a plastic sheet and a slightly 

stretchable electrode on an elastomer membrane. However, it has not been used as a 

compliant electrode for DEAs because its modulus of 1-2GPa is two to three orders 

higher than the VHB membrane’s. This work first showed a submicron thickness of 

PEDOT:PSS which is compliant enough to produce a moderate dielectric elastomer 

deformation (<15%). Also, we formulated an aqueous ink of PEDOT:PSS which can be 

inkjet-printed on a hydrophobic dielectric elastomer substrate to make transparent 

compliant electrodes for transparent MPDEA absorber. Such novel smart windows can 

be made as cheap as glass due to its simple all-solid-state construction. They can be used 

in green smart buildings and could potentially enhance the urban livability. 
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10.2 Suggestions for Future Works 

This work presented smart tunable devices for windows. Yet, there are a few areas where 

it requires improvements. They are pointed out as follows: 

• The major challenge of the presented smart window is their limited lifetime. The 

VHB elastomer under stress can creep and tear over time. In addition, they can 

degrade over prolonged exposure to sunlight. 3M VHB has been guaranteed to 

last for more than 10 years. But, based on window standards, we desire a lifetime 

of 20 to 25 years [247]. This presents a need to replace the VHB based dielectric 

elastomer with another weatherproof elastomer material that can survive tear and 

long-term exposure to UV  and moisture change. 

• The presented devices have been lab tested for over a thousand cycle and for six 

months. But, for commercialization of these devices, proper field tests and 

validation of their performance and lifetime in the actual environment over a 

longer duration needs to be done.  

• The response speed of the presented device is in few seconds to a minute range. 

This slow response is mainly because of the viscoelastic nature of the VHB 

material. Therefore, we can further investigate the use of less viscous elastomer 

like PDMS, natural rubber and so on as a substrate for the faster DEAs. 

• Despite consuming low power, these devices are still activated with a high 

voltage (i.e. 2.85kV). The high voltage requirement can be lowered by thinning 

down the dielectric membrane and further reducing their actuation strain. Use of 

softer elastomer with a higher dielectric constant can lead to larger actuation 

strain at a lower voltage. Hence, various elastomer materials can also be 

investigated for activation-voltage reduction. 

• The tunable acoustic absorber developed under this study needs a large back air-

cavity (40-70mm) for effective sound absorption. This additional space 

requirement limits its use in small spaces, like vehicles windows. Meta-surface 

backed resonant absorber has been reported to reduce the back-cavity depth 

requirements [155]. A similar 3D printed meta-surface base can be used along 
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with the tunable MPDEA absorber to reduce the thickness of the air cavity needed 

for efficient acoustic noise absorption. 

• Current tunable MPDEA absorber is working in the low-to-medium frequency 

range. It remains a challenge for it to absorb bass noise of low-frequency. 

Recently, resonant absorbers whose membranes are loaded with point masses 

have shown lowered resonant frequency by an increase in the membrane effective 

mass density [248, 249]. We can further investigate into similar decorated tunable 

acoustic absorbers for low-frequency applications. 
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Appendix 

Appendix A. Comparison with Existing Smart Window 

The metrics that affect the user adoption of a smart window include the following: 1) 

transmittance change, 2) response time, 3) power consumption, and finally 4) device 

cost. According to recent reviews by Baetens et al. [14] and Granqvist et al. [11], the 

smart window based on liquid crystals or electrochromic is still expensive, with the 

device cost more than US dollar $200/m2. Their clear state is not very clear (less than 

65%) and thus this limits daylighting when required.  

In comparison, our tunable window device can be tuned for high opacity (1% in-line 

transmittance) and high transparency (81% in-line transmittance). Furthermore, Table 

A-2 lists the material cost to make our window device, not more than US$16/m2. The 

sale price is estimated to be $65.6/m2. 

Table A-1. Performance comparison of our smart window with commercial devices. 

Smart window 

[Ref] 
Substrate 

Tspec 

@550nm 

Response 

time 
Power 

Sale price on 

2016 (brand) 

Electrochromic 

(WO3 and NiO) 

[11, 14] 

Glass 5%-65% 
300sec 

(5x20 cm2) 

0.1-0.5 

Whr/sq.m 

$1000/sq.m 

(View glass) 

Polymer 

dispersed liquid 

crystal [14] 

Polymer 

composite 
6%-62% 500 ms 

5-20 

W/sq.m 

$396/sq.m 

(sonte) 

$100-300 

(Alibaba) 

Suspended 

Particle Device 

[14] 

Glass 2.4%- 59% 100-200 ms 
1.9-16 

W/sq.m 
- 

This work VHB 4905 1%-81% <60sec 
0.831 

W/sq.m 

~$65.6/sq.m 

 

Table A-2. Cost estimate for this tunable window device based on PEDOT:PSS/TiO2. 

Estimate for product cost and sale price 

Material cost Price for sq.m [Ref] 
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VHB4905 

23in x 72-yard 

x 0.5mm at 

$3283 

$3283/(40.13m2)/(3x3) 

= $9.46 /sq.m 
[250] 

TiO2 pellet $155/kg 
$155/kg21m219.8nm4230kg/m3 

=$0.026/sq.m 
[251] 

PEDOT:PSS 

$163/250gm 

(1wt % resin in 

suspension) 

$163/0.25kg/1%2x1m238.7nm1000kg/m3 

=$5.05/sq.m 
[252] 

Sub-Total of material costs $14.546/sq.m  

Estimate of Process Cost 3 the material costs  

Saving from bulk purchase 

and batch production 
25%  

Total manufacturing cost 
$14.546/sq.m  4  0.75 

= $43.64/m2 
 

Sale price (50% profit 

margin) 
$43.64/m2  1.5=$65.567/m2  

Appendix B. Scattering of Light by an Optically Rough Surface 

 

Figure A-1. Schematic of a magnified cross-sectional view of a roughened surface and an 

incident beam showing how it generates an optical path difference between different 

transmitting rays of the incident beam (adapted from [46]). 

Scattering of the light by an optically rough surface can be described based on diffraction. 

In Figure 2-17, parallel monochromatic rays form a single beam is an incident on a rough 

surface at an angle θi. These rays are partially scattered backward at an angle θsr and most 

of it is diffracted forward at an angle -θst. We are concerned with forward scattering only; 

hence, forward scattering angle will be noted as θs. To conceptualize, let’s assume two 

rays. The actual ray is transmitted from surface deviated at height (h) and the reference 
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ray is transmitted from the surface-mean. The actual ray travels a shorter distance 

compared to reference ray. The overall optical path difference can be computed by the 

difference of the travel length of these two rays.  

The optical path difference (OPD) between two rays is given by  

 𝑂𝑃𝐷   (  𝐴𝑂     𝐶)  ⁡ ℎ(  cos⁡𝜃    cos⁡𝜃𝑠) (A.1) 

Here    and    are refractive indices of the medium where incident and the transmitting 

rays lies. The surface has a random roughness which leads to random OPD. This OPD 

leads to the random phase difference (φ(𝑥̂, 𝑦̂)), 

 φ(𝑥, 𝑦)  (
2𝜋

𝜆
)𝑂𝑃𝐷   

2𝜋

𝜆
(  cos ⁡𝜃    cos ⁡𝜃𝑠)⁡ℎ(𝑥, 𝑦) (A.2) 

Here x, y, and h are spatial coordinates and deviated surface heights, and 𝜆 is the 

wavelength of the monochromatic light. This phase difference between the two rays 

cause them to interfere and diffract. In large scale at the far-field, this random diffraction 

is observed as a scattering of the light. 

Adapting the diffraction principle, the scattering of scalar waves by a randomly rough 

surface was theoretically treated by Beckman and Spizzichino [47, 48]. With paraxial 

approximations, the scalar theory in its simplest form can predict the specular 

transmission from a rough surface. Meanwhile, with information on the autocorrelation 

function of the rough surface, the scalar theory can evaluate the angular dependence of 

light scattering [253-255]. Linear systems formulation of surface scatter theory based on 

scalar diffraction analysis has been developed for non-paraxial cases as well [45, 46, 

255]. However, evaluating the angular dependence of the light scattering from multiple 

rough surfaces using scalar theories are complicated. Meanwhile, transparency of film 

has a stronger dependence on specular transmission. Hence, our study is more focused 

on the specular component of the total transmission through the rough surface. 

Beckman and Spizzichino’s [47, 48] formulations for optical scattering by rough surface 

are based on Helmholtz-Kirchhoff diffraction integral. It is limited to the surface whose 

rms roughness (σ) is smaller compared to its autocorrelation length (S). It also assumes 
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the scattering is observed at the far-field in the Fraunhofer zone of the rough surface. 

Based on this formulation, provided a Gaussian surface, the specular (non-diffuse) part 

 𝑠𝑝𝑒𝑐 of the total transmittance through the device is obtained as [47, 49, 50]: 

  𝑠𝑝𝑒𝑐   .  xp⁡{ [
2𝜋𝜎

𝜆
(  cos ⁡𝜃    cos ⁡𝜃𝑠)]

 

} (A.3) 

Here total transmittance T is obtained from the Fresnel Equation. In case of multi-layer 

material like our tunable optical diffuser, the refractive index of the transmitting medium 

   is not the same as the substrate index. It is an effective refractive index, which is a 

weighted spatial average of multilayer materials and is also influenced by the surface 

profile [256]. If the coating layers are too thin, then the effective refractive index will be 

closer to the substrate’s refractive index. 

The optical diffuser reported in this thesis consists of two voltage-dependent rough 

surfaces at two sides of the substrate. Although uncorrelated, these rough surfaces have 

approximately the same roughness and spatial distribution. For the case of scattering 

from two uncorrelated rough surfaces in sequence, provided normal incidence, the inline 

transmittance is given by: 

  𝑠𝑝𝑒𝑐   
 .  xp⁡{ 2 [

 𝜋𝜎(𝑉)

𝜆
(     )]

 

}  (A.4)  

where 𝜎(𝑉) is the voltage dependent rms roughness of the wrinkled surface. 

Beckman and Spizzichino’s formulation can approximate the diffuse transmitted 

scattered light 𝐷(𝜃 , 𝜃𝑠) without knowing the autocorrelation function of the surface. 

This approximation uses correlation length (S) and applies to small scattering angle 

which is deviated less than 𝜀  𝜆/2𝑆 cos 𝜃  from the specular direction. It is given by 

[49]: 

 𝐷(𝜃 , 𝜃𝑠) ∝ (
𝑛2 cos ⁡𝜃𝑠

𝑛1 cos ⁡𝜃𝑖
) (

𝑆

𝐿
)𝐷𝑜  (A.5)  
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where 𝐷𝑜 is the diffuse transmittance given by 𝐷𝑜 ≅  . [
 𝜋𝜎

𝜆
(  cos ⁡𝜃    cos ⁡𝜃𝑠)]

 

. 

2L is the one-dimensional length of the rough surface. It can be evaluated from half 

angular extent 𝜀𝑠 of the beam transmitted by a smooth surface given approximately by 

𝜀𝑠 ≅ 𝜆/2𝐿 cos 𝜃 .  

Appendix C. Calculation of the Inline Transmittance (Tspec) 

Consider two identical interfaces for a tunable optical diffuser device. The interfaces are 

between the air (n1=1) and dielectric elastomer (n2=1.47 for  HB 4905) on the device’s 

top and bottom surfaces. The TiO2 nanometric thin film helps to increase the effective 

refractive index to be 1.6 based on the experimental correlation. For normal incidence 

by a 550nm wavelength beam of light, the simulated in-line transmittance is worked out 

as below. 

For a smooth surface of 0.036μm rms roughness: 

   𝑠𝑝𝑒𝑐  (
4× × .6

( + .6)2
) 𝑒

− { 𝜋( − .6)
0.036𝜇𝑚

0.55𝜇𝑚
}
2

 0.838  

For a rough surface of 0.525μm rms roughness: 

   𝑠𝑝𝑒𝑐  (
4× × .6

( + .6)2
) 𝑒

− { 𝜋( − .6)
0.525𝜇𝑚

0.55𝜇𝑚
}
2

≈0  

Appendix D. Tunable Diffuser with PEDOT:PSS Coating 

In the absence of TiO2 meta-surface, a conductive-polymer coated dielectric elastomer 

actuator does not make a good tunable optical diffuser. To confirm this, we prepared a 

device with only overcoats of PEDOT:PSS. An aqueous suspension of the conductive 

ink does not wet and spread well on the non-treated surface of the elastomer substrate 

( HB 4905). To improve the latter’s wettability on the elastomer substrate, 1 weight% 

of surfactant Triton-x100 was added to the aqueous conductive ink. Spin coating of the 

mixture at 1000 rpm for 1-minute results in an even spread of aqueous ink droplet and 

subsequent a uniform coating of treated PEDOT:PSS on the elastomeric surface. After 

drying of water, we obtained a ~45.5nm thick solid coating of conductive polymer on 
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the substrate of acrylate elastomer. The surfactant residual acts as a plasticizer that 

reduces the effective modulus and electrical conductivity.  

This softened coating of conductive polymer barely wrinkles under the same radial 

compression as applied to the coating with TiO2 interface. For example, the surface 

remains smooth (at 200nm rms roughness) when the overcoats being subjected to 4% 

radial compression (i.e. DII/DI = 0.96). This smooth surface does not scatter light much. 

Hence, the device remains clear and does not conceal the logo behind it. To properly 

conceal the logo, the device requires a much larger compression (e.g. 33% to induce 

rougher surfaces to the conductive-polymer overcoats). This large actuation requirement, 

however, does not allow enough areal coverage to a window. 

 

Figure A-2. Microwrinkling of PEDOT:PSS nanometric thin films for tunable window: (a) 

effect of small radial compression (4% radial strain) on surface morphology (top row), light 

scattering (middle row) and visibility (bottom row) through the device; dependence of (b) 

surface roughness light scattering on radial compression; (c) difference between scattering 

angle of different surface wrinkling under the same radial compression; change of 

transmittance spectra (d) and in-line transmittance (e) with respect to radial compression. 

Appendix E. Measurement Setup for Transparency Tuning Device 
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Electro-mechanical activation. A high voltage power supply (TREK 610E) was used to 

electrically activate a dielectric elastomer device. It can generate a step voltage output 

for steady-state activation, or a square pulse for cyclic activation. By default, a manual 

knob is used to control steady voltage output from the supply. For pulse generation, this 

high-voltage supply needs to be triggered by a low-voltage pulse, for example, a 4V 

square pulse from a function generator (Agilent 33120A). The supply’s voltage and 

current are logged continuously during the activation. Here, the data logging is done by 

using a computer installed with a National Instrument data logger and the LABVIEW 

software. Voltage monitor of the supply provides a signal voltage output, at a gain of one 

thousandth. Meanwhile, a multimeter (Agilent 34410A) was used to measure the current 

charging the capacitive device.  

 

Figure A-3. Experimental setup for electromechanical activation. 

A digital single-lens reflex (DSLR) camera (Canon 550D) was used to take pictures or a 

video of dielectric elastomer actuation. The dynamic or cyclic response of the dielectric 

elastomer actuator is obtained by software tracking (Tracker) of the electrode’s diametral 

change. To improve the point tracking from the video, two ink dots were marked on the 

edge of the transparent/translucent compliant electrode to define the electrode diameter.  
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Figure A-4. Setup to measure: A. in-line transmission; B. Total reflectance through a 

diffuser device. 

A spectrometer from AvaSpec (USB2 Fiber Optic) was used to measure the inline 

transmittance through a tunable optical diffuser. A halogen light source was used to 

generate a collimated light through a 6mm-diameter collimator lens. An optical-fiber 

photodetector with a collimator lens was used to detect the in-line light transmission 

through the device. It is located at a distance of 70mm from the device and aligned 

normally to the collimated light.  orward scattering happens across the device’s micro-

rough surfaces. A fraction of the transmitted beam remains in-line and gets detected by 

the photodetector. The in-line light transmittance at a wavelength λ is calculated as: 

 
 ⊥𝜆  

𝐼𝜆
𝐼𝜆𝑜

 
(A.6) 

where Iλ is the detected intensity of transmitted light in the presence of a diffuser and Iλo 

is a reference intensity of incident light (i.e. in the absence of the diffuser).  
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Similarly, an integrating sphere (Avasphere) and a reference white standard were used 

to measure the total reflectance of the tunable optical diffuser. Before the measurements, 

the dark reference (i.e. 0% reflectance) and bright reference (i.e. 100% reflectance) were 

set using the white reference standard. As shown in Figure A-4A, the collimated light 

strikes the diffuser sample and all the reflected light is collected by the integrating sphere. 

The homogenized intensity is measured by the spectrometer. The total reflectance is then 

obtained as  Total,𝜆  
𝑅𝜆

𝑅𝜆𝑜
, where  𝜆 is the total intensity reflected by the sample and  𝜆𝑜 

is the total intensity reflected by the reference white standard. 

B. Light Scattering 

 

Figure A-5. Setup to measure the intensity distribution of light scattered through a tunable 

diffuser device. 

This window device is a tunable optical diffuser, which can be characterized in terms of 

divergence angle and intensity profile of transmitted light. The intensity profile shows 

the light distribution as a function of angle; whereas, the divergence angle is measured 

as the width of the intensity profile at half the maximum (FWHM). Figure A-5 shows 

the experimental setup to measure the intensity profile on a planar image sensor placed 

at a 20mm distance away from the tunable diffuser. The light source is a red laser (635nm 

wavelength) with a 1mm-diameter aperture. The image sensor is a CMOS sensor of a 

digital camera (Sony 5100). Software Image J is used to extract the intensity 

distribution from a monochrome image of the far-field patterns of forward light 

scattering.  
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Appendix F. Dimatrix Material Cartridge and Nozzle Information 

DMP 2800 allows manual adjustment of the nozzle or cartridge angle. This feature 

enables the user to manually set the drop spacing in the y-axis. This also allows 

adjustment of printing resolution or density. The drop spacing is set while feeding the 

printing patterns. But the nozzles are in a single row, hence, this only sets the drop-

spacing along the printing direction. To set the drop spacing along normal to the print 

direction the cartridge is set to various angles which adjust the effective spacing of the 

nozzles for printing. When they are perpendicular to the printing direction they are at 

their maximum spacing in the y-axis of 254 microns nozzle to nozzle. When you adjust 

the cartridge to an angle lower than 90°, it decreases the y-axis nozzle spacing for higher 

resolution printing.[243] 

 

Figure A-6. Dimatrix material cartridge for 10pL droplet ejection. Nozzle arrangement size 

and spacing is shown in the schematic view. 

Appendix G. Measurement Setup for Tunable Acoustic Absorbers 

To completely characterize the acoustic performance of MPDEA and it's frequency 

tuning capabilities various tests were performed. They were electrically activated using 

the setup shown in the figure below. Meanwhile, the loss of membrane tension during 

activation, a corresponding change in perforation radius and corresponding acoustic 

absorption coefficient were measured. 

Setup for Electromechanical Activation of the MPDEAs 

This setup is used to supply high voltage to the MPDEAs while measuring the applied 

voltage and the leakage current. Digital multimeter Agilent 34410A is used to measure 
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the leakage current. Meanwhile, the voltage monitor of the Trek 610E high voltage power 

supply provides a signal voltage output at a gain of one thousandth. This signal is logged 

using the NI data logger. Camera or microscopes are used to observe the perforation 

holes during the activations. 

 

Figure A-7. Setup for electrical activation of the MPDEAs while applied voltage and 

leakage current are simultaneously measured. 

Membrane tension measurement setup 

The pre-stretched MPDEA membrane initially has a pretension. As the voltage is applied 

between the electrodes, induced Maxwell stress causes a loss in the membrane tension. 

These lose in membrane tension is one of the driving factors for a shift in the absorption 

spectrum. Trek 610E is used to supply a high voltage to the MPDEA. A custom-made 

setup consisting of a nine contact-point radial stretcher with elastic torsional joints, and 

a tensile tester (Instron) with a 500N load cell was used to measure any fluctuation in the 

membrane tension. 

The MPDEA under pre-tension is attached to nine contacting points of the custom-made 

stretching device. They are kept under tension by two diametrically placed hinges of the 

stretching device, which is clamped using jaws of the tensile testing machine. Any 

change of the membrane tension will cause a change in pulling force between these 

hinges. The MPDEA is activated using TREK 610E high voltage power supply. The 

force (F) in the hinge is simultaneously measured and logged to a computer by the load 

cells of the tensile testing machine. It is later used to calculate the membrane tension as 
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a ratio of the total radial forces to the circumferential cross-sectional area as ∆  (𝐹𝑜  

𝐹𝑉)/(2𝜋 𝑜𝑡). Here 𝐹𝑜 and 𝐹𝑉 are the force measured by the load cells at the initial and 

activated states respectively,  𝑜 and t is the radius and thickness of the MPDEA. 

 

Figure A-8. Setup for the measurement of loss in membrane tension during electrical 

activation of the MPDEA. 

Perforation size measurement 

Non-contact measurement techniques were used to observe the change in perforation by 

actuation of MPDEA: (1) optical microscope or camera to measure the hole diameter and 

(2) a confocal image profiler (sensofar PLl 2300) to measure the membrane topography. 

The image obtained from cameras or the optical microscope was analyzed using the 

software Image J to measure perforation diameters. 

Acoustic absorption coefficient measurement setup 

The acoustic absorption performance of an absorber is evaluated by their absorption 

coefficient at the designed audible spectrum. The absorption coefficient is measured in 

Load cell

Trek 610E

Force data logging

+

-
High voltage power supply

9 point 

stretching 

device

Clamps

MPDEA prototype

Instron tensile testing machine



179 

 

the range of 0 to 1. In this range, 0 indicates no absorption and 1 indicates full absorption 

of the sound of that frequency. 

 

Figure A-9. The test setup for measurement of the acoustic absorption coefficient of the 

MPDEA backed by an air cavity. 

Two microphone method was used for the measurement of the absorption coefficient of 

the MPDEA absorbers. Setup of the acoustic impedance tube [143, 181] with normally 

incident sound waves were used to characterize their acoustic performance (see Figure 

A-9). It has a loudspeaker installed as the sound source at one end of a 700mm long and 

100mm diameter tube, while the MPDEA absorber was installed at the other end of the 

tube. The MPDEA consisted and extra back cavity of 70mm depth. The back of the tube 

is closed using rigid acrylic plates. Two electret array microphones (PCB Piezotronics, 

model 130E20), i.e., “Mic” 1 and “Mic” 2 spaced for a 30mm distance, were used to 

measure the sound pressure in the tube. The microphone measures the sound pressure 

levels in decibels, (p1, p2). These pressure levels are manipulated to evaluate the incident 

and reflected waves. Incident and reflected pressure waves are used to evaluate reflection 

coefficient and eventually the absorption coefficient is calculated at the frequency range 

from 120 Hz to 1400 Hz [181]. In order to address the error due to microphone mismatch, 

microphone switch method is used to evaluate the phase and amplitude corrections and 

hence pressure and phase difference are evaluated with the addition of the corresponding 

correction factors. A high voltage (HV) amplifier/ supply (Trek 10/40A) was used to 

activate the MPDEA absorber. Meanwhile, data (NI PCI-6251) were used to acquire the 

measured signals and send the control signals to the measurement instruments. 
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In the presented experiments, the sampling frequency is set to 40 kHz. The sound 

pressures measured by the microphones are then processed with a calculation program 

based on the two-microphone method [257] to calculate the absorption coefficient α. The 

absorption coefficient α of a 20mm thick-rigid-acrylic circular plate was measured to 

calibrate this acoustic measurement system. The result is shown in Figure A-10. From 

120Hz to 1400Hz, the absorption coefficient α of the circular plate is close to zero which 

agrees to the theory for the rigid wall.  

 

Figure A-10. The absorption coefficient  of a 20mm thick-rigid-acrylic circular plate. 

Appendix H. Two-Microphone Method for Acoustic Absorption Measurement 

The measurement of the absorption coefficient is done using an impedance tube [258]. 

This device uses the incident sound pressure and reflected sound pressure to evaluate the 

impedance and the absorption coefficient of the absorber. As shown in the schematic in 

Figure A-11, the sound pressure at the two microphones is ( 1p , 1 ) and (
2p ,

2 ) where

p and   denote the sound pressure and the phase, and the subscripts 1 and 2 denote the 

two microphones at two measurement positions, respectively. Note that the sound 

pressure is measured by decibels. The absorption coefficient is evaluated by finding the 

reflection coefficient. As two microphones are never exactly the same, they are switched 

to compensate for their differences.  

The derivation of the reflection coefficient 
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Figure A-11. The schematic of the experimental setup. 

One dimensional wave equation is: 
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The reflected waves are represented as: 
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The incident waves are represented as: 
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The reflection coefficient is hence given by: 

12

21

21211

21122

ˆ)exp(ˆ

)exp(ˆˆ
)](2exp[

)]2(exp[ˆ)exp(ˆ

)]2(exp[ˆ)exp(ˆ

ˆ

ˆ

piksp

ikspp
slik

xxikpikxp

xxikpikxp

p

p
R

i

r

−−

−
+=

−−

−−−
==

 
(A.15) 

where )(1 slx +−=  and sxx =− 12
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The absorption coefficient can be calculated by using the following expression: 

 2
1 R−=

 (A.17) 

Elimination of the microphone mismatch by switch method 

The two microphones have inherent measurement errors in both amplitude and phase 

which are ( 1mp , 1m ) and ( 2mp , 2m ) where the subscripts m1 and m2 denote 

microphone number 1 and 2, respectively. To compensate for the mismatch, the 

microphones are switched, and measurements are taken again. 

 

Figure A-12. The mismatch between the two microphones. 

Then, the sound pressure measured by the two microphones in the standard configuration 

is, 
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And in the switch configuration, 

 







+=

+=

121

121

m

II

m

m

II

m ppp





   






+=

+=

212

212

m

II

m

m

II

m ppp





 

(A.19) 

Let 
I

m

I

m

I ppp 12 −= ,
II

m

II

m

II ppp 12 −= ,
I

m

I

m

I

12  −= , 
II

m

II

m

II

12  −=  

o

Mic.1 Mic.2

x

( , )
1m1mp 2mp 2m( , )

(𝑝 ,   ) (𝑝 ,   )



183 

 

Then, by combing Equations (A.18) and (A.19), we obtain the amplitude and phase 

corrections 12 mmc ppp  −=  and 12 mmc  −=  as follows: 
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And the exact results are as follows, 
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