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ABSTRACT

Most modern high-rise buildings’ facades use glasses for esthetics, daylight, and better environmental view through them. However, with the
increasing use of a larger area of transparent glasses as walls, the visual privacy preservation of the indoors and heat energy loss through the
windows are becoming a rising concern. Recent studies showed that nearly half of the energy consumed in a building goes to heating and air
conditioning while approximately 40% of this energy is lost through windows. Windows with tunable optical properties that are generically
termed “tunable windows or smart windows or switchable glass” are perceived as a potential solution for these problems. An optically tun-
able window can adjust the amount of daylighting passing through it, control the heat radiation, and/or change the transparency of the
glasses for visual privacy preservation of indoors. Electrochromic glasses, polymer dispersed liquid crystal glasses, and suspended particle
devices are available as commercial tunable windows but their high cost, limited optical performance, reliability, and operational complexity
are hindering the widespread adaptation. Therefore, several other technologies for low-cost actively tunable windows capable of actively
adjusting transparency are increasingly explored. However, most of such new technologies, working based on various optical principles, do
not fulfill all the requirements of tunable windows. For instance, some can tune optical transmittance but do not affect energy transmission,
and some can adjust heat radiation transmission but has a limited change in visual appearances. To fully take the advantage of the strengths
as well as recognize the limitations of such emerging technologies, their optical principles need to be understood in-depth. Here, we review
the recent developments in transmittance tunable windows by categorizing them based on the optics involved, namely, light absorption,
reflection, and scattering. This in-depth review comprehensively discusses how the tunable window technologies compare to each other and
offers insight into how their performance can be improved in the future.
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I. OVERVIEW OF TUNABLE WINDOWS AND THEIR
SIGNIFICANCE

Energy used for heating and air conditioning (HVAC) accounts
for more than 45% of buildings’ energy consumption.1–4 Recent stud-
ies based in Norway and China showed such high energy required for
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HVAC is majorly attributed to the energy loss through windows,
which is over 40% of total building energy loss.5–7 However, the win-
dows in the buildings are unavoidable but a necessity due to civiliza-
tion evolvement—windows allow daylight to the building as well as
allow occupants comfort by providing visual contact with their sur-
roundings. Transmittance tunable windows or energy-efficient win-
dows, sometimes referred to as smart windows, are one of the
increasingly popular developments to reduce the energy consumption
in buildings for the reason that such windows offer abilities to modu-
late the throughput of daylight for illumination and solar energy for
heating/cooling.8–13 Such an effect—to modulate the throughput of
daylight and solar energy through windows—can be attained by many
different approaches, and a well-studied and commercially available
example includes the use of chromic material, a functional material
that exhibits a distinct color change when exposed to an external
stimulus.1,14–17 In general, chromic materials can be distinguished as
photo-chromic,13,16,18,19 thermo-chromic,15,17,20–22 and electro-
chromic23–27 depending on the external stimuli such as light, heat, and
electricity, respectively.28,29 Moreover, other tunable materials such as
suspended particle devices (SPD) and polymer dispersed liquid crystal
devices (PDLC)30–33 are also used to develop commercial transmit-
tance tunable windows.

The optically tunable materials (e.g., chromic) modulate the
energy flux of solar energy through windows by improving either their
absorbance or reflectance.14,34–36 Therefore, energy-saving can be
obtained via such modulations—for example, a window can be more
transparent during the sunshine allowing solar energy into the build-
ing (in winter where the heating system is running) or be opaquer dur-
ing the sunshine blocking the solar energy into the building (in
summer where air conditioning system is running). On the other
hand, the occupant’s thermal comfort—use to manifest the thermal
state of a person in a given environment37,38—is directly determined
by an ambient temperature, which is completely controlled by energy
input/output into the building [Fig. 1(a)]. Thus, the integration of
actively controllable tunable materials into windows not only allows
the adjustment of daylight and solar energy into the buildings offering
energy saving but also helps in occupants’ comfort. With such stimu-
lating features—beneficial in both energy saving as well as human
comfort—new technologies for actively tunable windows are exten-
sively explored, in recent decades.

Other energy-saving approaches include the use of thermoelectric
materials and photoelectrochromic materials in windows. Transparent
thermoelectric materials are employed to harvest heat energy dissipat-
ing through windows.39,40 Meanwhile, the photoelectrochromic mate-
rials enable change in optical transmittance of the windows while
simultaneously harvesting solar energy into electrical energy. Hence,
photoelectrochromic materials promise self-powered transmittance
tunable windows capable of sustainable operation without the need for
external energy.41–45 Current photoelectrochromic devices (PECDs)
can achieve moderate optical modulation (<70%) and a photoconver-
sion efficacy of �7%. These PECDs typically consist of a dye-covered
nanostructured layer such as a TiO2 layer on a porous tungsten triox-
ide (WO3) anode deposited onto a conductive glass, while the iodine
(I�1/I�3) solution acts as a redox mediator (electrolyte) and a thin
platinum film as a counter electrode (CE).43,46 The CE and redox
mediator are considered the most critical components of PECDs.
Therefore, to enhance the performance of PECDs, alternative

materials for efficient and stable CE and redox media are being devel-
oped. For instance, a recent study (2021) reported graphene nanopla-
telets as alternative corrosion resistance and stable CE and copper
(I/II) complexes—abundant (as well as cheaper) raw material—as an
alternative electrolyte.46

In all of these energy-efficient tunable window approaches, the
main goals are to cut down costs and enhance the overall efficiency of
the device performance using various innovative materials and struc-
tural designs.8,9,35,47–51 Although several technologies for low-cost tun-
able windows capable of actively adjusting optical transmittance are
increasingly explored, all these technologies with variations in working
optical principles cannot fulfill all of the functionalities of tunable win-
dows. For instance, some can tune optical transmittance but do not
affect energy transmission, and some can adjust heat radiation trans-
mission but has a limited change in visual appearances. To fully
understand the strengths and limitations of such tunable windows,
their optical principles need to be studied in-depth. Therefore, this
article aims to delineate an assessment of emerging technologies for
actively tunable windows by categorizing them based on their working
optical principles, (i) absorption, (ii) reflection, and (iii) diffuse trans-
mission or scattering as shown in Figs. 1(c)–1(e).

A transmittance tunable window can adjust the specular trans-
mittance by manipulating the reflection and absorption or even by the
diffuse transmission of incident light. For example, SPD or electro-
chromic glass is known for tuning the optical absorbance and, there-
fore, it can adjust the optical transmittance;52,53 whereas, the thickness
change in the optical absorbing material can also alter the optical
transmittance.54–56 On the other hand, optofluidic glasses tune reflec-
tion to alter the transmittance.57 Similarly, forward light scattering or
light diffusion can reduce optical clarity. For instance, PDLC becomes
hazy when the light is scattered through the boundaries between the
polymeric matrix and liquid crystal droplets (having a random refrac-
tive index).58–60 However, it can switch back to clear when the liquid
crystal droplets are rearranged with a normal refractive index similar
to that of the polymeric matrix’s refractive index. Moreover, the trans-
parent optical media having rough surfaces can disperse light in a ran-
dom optical path—known as an optical phase. For instance, flat glass
is clear; however, ground glass looks hazy. Therefore, tuning the sur-
face roughness offers a method to develop adjustable optical diffusive
devices, which can adjust the specular optical transmittance.60–68

Tunable windows that work based on light absorption and reflection
have more impact on energy transmission through the windows, but
they might not be able to obtain complete opaqueness for privacy
preservation. Meanwhile, those working on diffuse transmission will
have good visual privacy preservation applications but might not be
efficient to control radiation transmission in the building.

To understand the potential application and effectiveness of these
categories of tunable windows, a better understanding of the light
and material interaction is required. Once the light beam incident on
optical media, it is partly reflected, absorbed, and transmitted
[Fig. 1(b)].69–71 As given in Eq. (1), the ratio of the reflected, absorbed,
and transmitted light to incident light intensity is known as reflectance
(R), absorbance (A), and transmittance (T), respectively,

Rþ Aþ T ¼ 1: (1)

Equation (1) implies that the optical transmittance changes in accor-
dance with the change in reflectance and absorbance. The tunable
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windows’ performance is generally quantified in terms of optical trans-
mittance (inline or specular) due to the ease of measurement. The
transmittance is identified as Tspec ¼ Ispec

Io
, where Ispec is the intensity of

transmitted light and Io is the intensity of incident light. A transmit-
tance Tspec ¼ 1 implies the perfect optical clarity, and Tspec ¼ 0 implies
a complete opacity.

In this review, we present a comprehensive overview of various
types of transmittance tunable window technologies. An insight into
different types of tunable windows can be gained by understanding
the optical principles involved. Henceforth, we categorized such tun-
able windows technologies based on the optics involved and further

sub-categorized them based on the stimulus required to achieve
dynamic properties, for the first time. Although there are a few trans-
mittance tunable windows available in the market, currently, their
high cost is the biggest weakness to getting a wider adaptation.72–76

On the other hand, the current state-of-the-art technologies as
highlighted in this review show potential as an alternative for the tun-
able window devices for the future. In the following, we first briefly
discuss the commercially available tunable windows. Thereafter, we
comprehensively present the emerging technologies for transmittance
tunable window devices—therein, such technologies are categorized
based on the optical principle involved.

FIG. 1. (a) Illustration of an actively switchable window showing the interaction of solar radiation with transparent glass and clear visibility through it (left); interaction of solar
radiation with a darkened or tinted glass and poor visibility through it (right); (B) schematics showing the basic interaction of light and materials; illustration of the actively switch-
able windows for transmittance tuning that are categorized based on basic optical principles: (C) transmission tuning; (D) absorption tuning; and I reflection tuning.
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II. COMMERCIALLY EXISTING ACTIVELY TUNABLE
WINDOW TECHNOLOGIES

Optical transmittance tunable window devices have been available
in the market for more than a decade. These commercially available
tunable windows are based on (or a combination of) electrochromic
glasses or PDLC or SPD technology. There are used cases in cars, air-
planes, trains passing close to residential areas-/corporate buildings,
and so on.72,77–79 To distinguish the emerging transmittance tunable
window technologies in terms of working principles, these commer-
cially available window devices are briefly introduced in this section.

Various electrochromic glasses-based transmittance tunable win-
dows are currently available in the market.80–82 These electrochromic
glasses can change color in the presence of an external electric field and,
thus, can tune the quantity of light absorption.54–56 Electrochromic
glasses comprise an electrochromic layer, ion storage layer, and
electrode packed in between conductive and transparent layers
[Fig. 2(a)]. The basic electrochromic layers are created using inor-
ganic materials—common examples include oxides of nickel and
tungsten.52,83 Furthermore, other organic compounds such as
anthraquinones, viologens, tetrathiafulvalenes, and diphthalocya-
nines are were also utilized to create the electrochromic layer.84 The
inorganic electrochromic material shifts its color when ions, such as
Hþ and Liþ, are introduced or removed using an external electric
field. On the other hand, organic electrochromic materials achieve
coloration by oxidation–reduction reaction.85 Currently, it can be
found that electrochromic glasses are developed to an industry-
ready state with a transmittance tuning range of 60%–70%.86

However, the major challenges for widespread adaptation remain in
cost and reliability (with UV light exposure).

Polymer dispersed liquid crystal devices (PDLC) based tunable
window appliances are the most common product, that is, commer-
cially available in the market.87–90 PDLC tunes the light scattering,
which switches its appearance from hazy to clear in the presence of an
external electric field.84,91,92 PDLC is a composite material and com-
prises micrometer-sized liquid crystal droplets diffused within the
polymeric matrix [Fig. 2(b)]. The composite is sandwiched between
transparent conductive layers such as indium tin oxide (ITO). The
liquid crystals are birefringent (i.e., having two different refractive
indices) materials—their refractive indexes are different at different
orientations of liquid crystals. For instance, MLC-9200-100—a com-
mercial liquid crystal—has a refractive index of ne ¼ 1.49 (at the ordi-
nary orientation of the crystals) and no ¼ 1.61 (at the random
orientation of the crystals) at 550 nm light.93 The polymeric matrix
with the refractive index that matches that of the liquid crystal’s ordi-
nary refractive index is used to develop PDLC. In the absence of an
electric field (i.e., off-state), the liquid crystals are randomly orientated.
Hence, PDLC at the off-state appears hazy and milky by light scatter-
ing across the inhomogeneous optical medium of random orientated
refractive index. On the other hand, in the on-stage (i.e., in the pres-
ence of an electric field), the liquid crystals are reoriented such that the
ordinary direction aligns parallel to the field. Hence, the refractive
index is matched which leads to specular transmission and the mate-
rial appears transparent. With a relatively cheaper price and availabil-
ity in the sheet form that can be bonded to existing window panels,
such types of switchable devices have gained popularity. However,
their moderate transmittance tuning capability (�60%) and short life
upon heat and UV light exposure are the major limitations that need
to be addressed.

FIG. 2. Types of commercially available tunable window technologies: (a) electrochromic glass: (upper) at transparent stated; (lower) at tinted state; (b) polymer dispersed
liquid crystals glass: (upper) at inactive light-diffusing state; (lower) at active and specularly light-transmitting state; (c) suspended particle device: (upper) at inactive tinted
state; (lower) at active transparent state.
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Transmittance tunable windows based on suspended particle
devices (SPD) have found a niche commercial market.88,94,95 SPD is
known for tuning the quantity of light absorption in the presence of
an electric field. SPD is also a multi-material system, which comprises
needle-shaped particles well dispersed in a gel matrix or organic
liquids [Fig. 2(c)].96,97 Paraphathite or polyiodide particles (�1 lm
long)84 are usually used in SPD. Likewise, the SPD is also sandwiched
between transparent and conductive layers. In the absence of an elec-
tric field, the suspended particles are haphazardly orientated and, thus,
absorb the light to appear cloudy or opaque. At the on-state, the sus-
pended particles are aligned and, thus, transmit light to be transpar-
ent.50,84 Unlike PDLC, these devices can block solar radiation and
cause 55%–60% change in optical transmittance.

Table I shows a comparison of the conventional devices in terms
of transmittance tuning performance and cost. The commercial devi-
ces are still expensive; prone to fast aging upon UV exposure or have
limited transmittance tuning range. Electrochromic glasses have
improved in performance over recent years, yet providing complete
visual privacy is still a challenge for this technology. In addition, they
tend to age fast under UV exposure. Meanwhile, due to the hazy
nature of PDLC, attaining a completely transparent state is a challenge.
However, easy installation as a window laminating layer and the rela-
tively cheaper cost is making them more popular in offices and com-
mercial buildings. SPD has been seen so far in niche high-end markets
like aviation. The acceptance in the wide market is still hindered by
cost and availability. Several new technologies that are potentially
alternative to the conventional tunable windows devices are compre-
hensively reviewed in Sec. III.

III. EMERGING TECHNOLOGIES FOR ACTIVELY
TUNABLE WINDOWS

Recently, a swift emergence of new technologies for actively tun-
able windows can be witnessed. To be considered as an alternative to
commercially available technologies, the emerging technologies mostly
concentrate on areas such as energy and cost-efficiency, facile fabrica-
tion/development methods, controlled mechanisms, use of readily avail-
able materials, prolonged operational life, and better optical
transmittance modulation range and fast response. Classifying these

actively tunable windows based on optical principles offers a deeper
understanding of such devices. Understanding the basic principle of
operation helps interested researchers and engineers to optimize the
performance and trigger new ideas to improve them or integrate addi-
tional functionalities. Here, the emerging technologies are classified into
three types based on the mode of alteration/tuning of light transmitting
through the devices. First, absorbance tuning; second, reflectance tuning;
and third diffuse transmission. The latter—diffuse transmission—can be
achieved via different methods such as particle scattering and surface
scattering; hence, it is sub-classified accordingly (Sec. IIIC).

A. Tunable light absorption

Tunable window devices can tune their transmittance by adjust-
ing their optical absorbance—for instance, electrochromic glass can
absorb light by changing color from light to dark in the presence of an
electric field.54–56 The transmitted light (I) through an optical absor-
bent medium is defined according to the Beer–Lamber law,100,101

I ¼ Ioe
�lt ; (2)

where Io is the incident light intensity, l is the linear attenuation coef-
ficient, and t is the optical thickness of the absorbent medium. l can
be changed with the depth of color, for example, the redox reaction in
electrochromic glass bleaches their color (i.e., altering its l).

The dye-filled transparent polymers are known for absorbing
light.102 The light absorption of such polymers improves with the
increasing dye concentration. At the given concentration of dye, the
surface concentration can be decreased by thinning (reducing
the thickness) of the dye-filled polymer. This offers a mechanical
method to tune the optical absorbance and transmittance of the
dye-filled transparent polymer [Fig. 3(A-g)]. For example, L�opez
Jim�enez et al.102 developed dye-suspended polymer composites to
make a transmittance tunable device. In such dye-suspended poly-
mers, the micrometer-sized dye particles are homogenously distrib-
uted in a transparent matrix (e.g., polydimethylsiloxane, PDMS). The
light absorbance of such polymers is associated with the spatial density
of the dye particles [A ¼ logðelt , where A is the light absorbance and
l and t are the same as defined in Eq. (2)]. Tuning the light absorbance

TABLE I. Comparison of the performance (transmittance, response time, and power requirement) of the conventional tunable window devices.

Window device Substrate
Transmittance

change at 550 nm
Response
time Power

Sale price
(brand)
as in 2016

Remarks on
pros and cons Ref.

Electro-chromic Glass 5%–65% 300 s
(5� 20 cm2)

0.1–0.5 W h/m2 $500–1000/m2 Can adjust solar
radiation transmission;
rigid, costly, fast aging

50, 76, 86

PDLC Polymer
composite

6%–62% 500ms 5–20W/m2 $100–400/m2 Cheaper; available in
sheet form; Hazy even at
ON state; no use for

heat regulation

50, 72

SPD Glass 2.4%–59% 100–200ms 1.9–16W/m2 � � � Can adjust solar radiation
transmission; low

transmittance tuning
range; not well
commercialized

50, 98, 99
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FIG. 3. Tunable light-absorbing devices based on the Beer–Lambert law: (A) Variation of the opaque particle concentration for transmittance tuning: [(a) and (b)] schematic of light
transmission through the polymer with lower and higher particle concentrations; [(c) and (d)] optical micrograph of the same polymers; [(e) and (f)] visibility through the polymer hav-
ing low and high dye concentrations; (g) transmittance change vs surface concentration of the dye. Mechanically stretching dye suspended polymers to reduce surface particle con-
centration: (h) unstretched state; (i) stretched too thin down; [(j)–(m)] the change in visibility attained by inflating the polymer composite balloon; (n) the transmittance plotted
against the cyclic loading–unloading [Reproduced with permission from L�opez Jim�enez et al., Adv. Opt. Mater. 4, 620 (2016). Copyright 2016 John Wiley and Sons, Inc.].102 (B)
Controlled dispersion of magnetic nano-pigments in a pyramidal array: schematic of light transmission and visibility through the pyramidal array with homogeneously distributed
nano-pigments and the same when pigments are concentrated at the pyramid tips using a magnetic field [Reproduced with permission from Yang et al., Adv. Mater. Technol. 4,
1900140 (2019). Copyright 2019 John Wiley and Sons, Inc.].103 (C) Controlled concentration of magneto-active liquid in a microchannel array: [(a)–(c)] schematic, real prototype
front, and isometric view; [(d) and (e)] visibility at on and off states presenting the uncharged and charged fluid; transparency and response time dependence on the magneto-
active fluid’s concentration [Reproduced with permission from Heiz et al., Adv. Sustainable Syst. 2, 1700140 (2018). Copyright 2018 John Wiley and Sons, Inc.].104 (D) Rotation of
opaque platelets embedded in silicone elastomer by shear loading. Schematic, real device, and visibility though the device: [(a) and (b)] in the undeformed state; [(c) and (d)] at
sheared state; and (e) tuning transparency by shear strain [Reproduced with permission from Jim�enez et al., Extreme Mech. Lett. 9, 297 (2016). Copyright 2016 Elsevier Ltd.].105
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is tuned by stretch-induced thinning (change in thickness) of the dye-
filled polymer [Figs. 3(A-h) and 3(A-i)].102 Like blowing a balloon, the
dye-filled polymeric layer can be thinned by inflating and bulging
[Figs. 3(A-j)–3(A-m)]. For instance, such a method of actuation
showed a change in transmittance from 5% (at 0 kPa) to 45% (at
24 kPa) and the change in transmittance is highly repeatable in the
cyclic loading (inflation and deflation) [Fig. 3(A-n)].102 However, a
disadvantage of such systems is the requirement of the strain for such
a transmittance change—which is usually above 100%. The require-
ment of such a large strain makes these devices impractical for real
application (Table II).

Likewise, the liquid suspensions with light-absorbing dyes are
able to attain various light absorbances depending on the particle con-
centration [Figs. 3(A-a) and 3(A-b)]. For dye-filled suspensions, the
linear attenuation coefficient lð Þ is given as l ¼ rC, where r is the
cross section area of the dye and C is the concentration of the dye. As
illustrated in Figs. 3(B) and 3(C), magneto-active particles filled sus-
pension can be adjusted to vary their particle concentrations.103,104,106

Magneto-active particles respond to an external magnetic field to
move particles as designed. Such motion is used to control particles’
concentration and eventually light absorption.103,104,107–109 For exam-
ple, Yang et al.103 developed switchable windows where switching
between light-absorbing and not absorbing states was achieved by the
movement of magnetic nanoparticles (Fe3O4) in the presence of a
magnetic field [Fig. 3(B)]. The magnetic particles were distributed
asymmetrically, thus, the magnetic particles could be moved in the
presence of a magnetic field. Furthermore, the light absorption was
enhanced by matching the refractive index of the matrix and the mag-
netic particles. In a recent study, Seo et al.108 also manipulated the light
transmission by taking the advantage of the alignment of the magnetic
chains—the light transmission is higher when the light is illuminated
parallel to the magnetic chains and is blocked when light is illuminated
perpendicular to the magnetic chains. A few other studies where mag-
netic particles are used to manipulate light include.104,107,109

The surface concentration of light-absorbing particles can also
be altered by using micro-blinds. Figure 3(D) shows a transparent
polymeric matrix filled with parallel light-absorbing polymer micro-
blinds. Jim�enez et al.105 used a shear strain on the polymer matrix to
cause such soft micro-blinds to open or close. These devices cause the
change in optical transmission like real window blinds but on a

microscale so that they are not easily perceivable to naked eyes. The
only drawback of this technique is the poor scalability and low effi-
ciency of the real window size devices.

B. Tunable light reflection

Modulation of the reflected beam can be used to adjust transmit-
tance and daylight through a window. A perfect mirror can reflect all
incident light rays preventing light transmission. Reflection of light
through a glass/metal interface follows Fresnel equations, where met-
al’s dielectric function and refractive index are complex-valued func-
tions.101,110,111 Alteration of the interface metal’s optical properties via
chemical changes can modulate light reflection through the interface.
A conventional mirror is made up of transparent glass, a highly reflec-
tive coating (e.g., shiny metal such as silver), and an opaque back-coat
(e.g., dark paint). In contrast, there are also switchable mirrors, which
are capable of switching from a reflective state to a transparent state
and vice versa—through the transition of metals to the metal
hydrides.112–117 However, it should be noted that the requirement for
chemical changes hinders their large-scale commercial applications.

Recently, new types of switchable mirrors have been developed to
switch between total reflection and transmission (refraction) across
two optical and dielectric mediums. Such devices work based on opto-
mechanical (i.e., mechanical tuning transmittance) and opto-fluidic
(i.e., using fluid to tune transmittance) variation. They utilize mechani-
cally alterable shiny surfaces118–120 or fluid-induced total internal
reflection to make switchable glasses.57 For the light traveling from
one medium [refractive index (n1)] to another medium [refractive
index (n2)], the normal reflectance (R) as can be obtained using the
following equation [Fig. 1(b)]:121,122

R ¼
n2 � n1ð Þ2

n2 þ n1ð Þ2
: (3)

The incident light (at the given angle of the incident) is partly
transmitted with the angle of refraction and partly reflected as per the
Fresnel equations. The amount of reflected light depends mostly on
the reflectance of the surface. Some MEMS (micro-electromechanical
system) based panels were demonstrated in the past to obtain such
switching of the surface.118–120 Xiao et al.87 andMori et al.89 separately
demonstrated devices consisting of an array of micro-blinds or micro-
shutters capable of switching from transparent to reflective upon

TABLE II. Comparison of the tunable window devices based on tunable light absorption.

S. no. Type
Method of transmit-

tance tuning
Substrate/light

absorber Total thickness (t) Tspec at 550 nm Reference

1. Dye-filled transparent
polymers composite

Stretch induced the
thinning of substrate

PDMS/black dye
(silc-pig, smooth-on)

1.5–2.5mm 5%–45% 102

2. Magneto-active particles
filled suspension (cone-

shaped chambers)

External magnetic field
to control the
concentration

Molded PDMS/(Fe2O3

nanoparticles in
IPA/PEG solution)

3.5mm 30%–80% 103

3. Magneto-active particles
filled suspension (parallel

channels)

External magnetic field
to control

concentration

Glass/suspension of
Fe3O4 nanoparticles in
monopropylene glycol

4–6mm 0%–90% 104

4. Microblinds embedded in
a transparent polymer

Shear strain-induced
rotation of microblinds

PDMS/opaque platelets
(silc-pig, smooth-on)

20mm 0%–75% 105
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voltage activation [Fig. 4(A-c)]. The micro-blinds are made of metal-
laminate, such as SiO2 microcantilever, which can be rolled by default
due to the unimorph effect of the cantilever. At the off-state, the rolled
microcantilevers allow the open micro-apertures to transmit light
[Fig. 4(A-d)]. Voltage activation unrolls the micro-cantilevers using
electro-static force and reduces the micro-apertures. When the micro-
apertures are completely covered by the reflective micro-cantilevers,
the panel appears reflective concealing the view [Fig. 4(A-e)]. These
devices need voltage up to 55V to change the mechanical aperture
from 0% to 55%—which corresponds to a change in optical transmit-
tance to 53% from 36%.118–120 Despite being fast and reliable, these
devices use complicated fabrication techniques and can be very
expensive.

Unlike the microshutter-based devices, the optofluidic device
uses total internal reflection to adjust optical transmittance. Total
internal reflection occurs only if the incident angle of the light rays is
greater (or at least equal) than the critical angle (hc), and hc can be
obtained using the following equation:

hc ¼ arcsin
n1
n2

� �
: (4)

When the total reflection criterion is met, all the incident light will be
reflected and this phenomenon is known as the total internal reflection
[Fig. 4(B-c)]. For this phenomenon to happen, the incident light must
be traveling from the higher refractive index (n2) medium to the lower
index (n1) medium. For instance, a diver could observe the illusion of
fish in the air caused by the total internal reflection of a fish under the
water. Total internal reflection can be utilized to switch from transpar-
ent to opaque. For example, Wolfe and Goossen57 reported optofluidic
smart glass utilizing this phenomenon to make switchable windows.
These switchable optofluidic glasses are made up of an array of corner
cube reflectors with transparent material—vero clear (from Stratasys,
Ltd., n ¼ 1.52 at k ¼ 589nm) was used as a transparent material
[Fig. 4(B)].57 The corner cubes were designed at angled more than the
critical angle (i.e., hc ¼ 41:1�)—hence, incident light (normal to the
device) will be traveling via multiple total internal reflections. As a
result, the device appears opaque. However, if the compartments are
filled with fluids having a matching refractive index with vero clear,
the light would simply refract through it. When methyl salicylate was
used as a filling fluid, the transmittance was tuned from 85% to 8% in
their study.57 However, such devices need a pump to fill the liquid for
active operation—therefore creating sealing and safety issues.

FIG. 4. Switchable windows based on tunable light reflection. (A) Tuning light reflection by adaptable micro-shutters: (a) schematic of light transmission when the micro shut-
ters are open; (b) reflection of light when micro-shutters are closed; (c) SEM image of the micro-shutters; (d) visibility through the device when micro-shutters are open; (e)
when micro shutters are closed; (f) change in aperture upon voltage activation of the micro-shutters; and (g) change in transmittance upon cyclic activation of the device
[Reproduced with permission from Mori et al., IEEE Photonics Technol. Lett. 28, 593 (2016). Copyright 2016 IEEE].120 (B) Total internal reflection-based optofluidic smart glass:
(a) schematic of the transmission through the fluid-filled chambers with matching refractive index; (b) the total reflection of the empty chambers; (c) amplified graphic of total
internal reflection; (d) visibility through the device when filled with fluid; (e) visibility when chambers are empty; and (f) transmittance of the fluid-filled chamber based device at
empty and fully filled conditions [Reproduced with permission from Wolfe et al., Opt. Express 26, 2 (2018). Copyright 2018 Optical Society of America].57
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C. Tunable light transmission

The beam of light-transmitting in a medium can be scattered by
optical diffusers.123 For example, optically clear polymers or substrates
can be hazy if the optical scatterer or diffusive materials are loaded into
them. This variation of the transmitting light can be used to make tun-
able glasses that are suitable for the visual privacy preservation of
indoors. There are two types of optical scattering, namely (1) scattering
by particles and (2) scattering by micro-rough surface (Fig. 5). First, par-
ticle scatterers include micro-defects or micro-droplets (of different
refractive index) or transparent particles, loaded into transparent poly-
mer matrices. For example, even air voids in a clear polymer matrix can
diffuse light by spatial inhomogeneity of refractive index. Light scattering
by particles works based on Mie scattering.123 Second, the micro-rough
surfaces in the transparent medium trigger the random spatial distribu-
tion of the incident light and then help to diffuse the light.122,124,125 To
actively adjust the optical diffusion, tunable window devices can vary the
micro-geometry to scatter the light, which is inherently clear.

1. Particle or Mie-scattering

The theory of light scattering by particles hugely depends on
the size of the scattering particles. Rayleigh scattering is defined as
the elastic scattering of light—which occurs within uniform particles
with a diameter smaller than that of the incident light wavelength
[Fig. 5(A-b)].123,126 For example, the sky appears blue as the air mole-
cules can strongly scatter the short-wavelength blue and violet lights
than they can scatter the longer wavelength yellow or red lights.71 Mie
scattering, on the other hand, is caused by particles with a diameter simi-
lar to or larger than that of the incident light wavelength [Fig. 5(A-c)].127

The appearance of cloud and fog (i.e., white usually) is a result of
Mie scattering by various microscopic particles in the air such as dust,
pollen, and smoke or even water droplets. Mathematically, in the Mie
scattering regime, the scattered intensity is inversely proportional to the
square of the wavelength of the incident light—while Rayleigh scatter-
ing is inversely proportional to the fourth power of wavelength.71,126,127

Consequently, Rayleigh scattering is always weaker than Mie scattering.
Hence, Rayleigh scattering is more applicable to mechano-chromic (i.e.,
mechanically obtaining various colors) devices to change colors,128,129

while devices using Mie scattering are could be used to tune haziness of
the windows. This article mostly reviews devices using Mie-scattering to
abide the scope of this article.

Inhomogeneous distribution of the refractive index can be intro-
duced to a transparent polymeric matrix by loading submicrometer par-
ticles of transparent materials.130,132 The inhomogeneity introduced by
filler particles makes the composite (i.e., matrix filler system) hazy via

Mie scattering when the light is illuminated. On the other hand, to
achieve clarity, the blend must make use of submicrometer filler materi-
als whose refractive index is matched with the transparent matrix.132,134

For a passive matrix-filler system, the haziness or clarity is permanent
once it is fully polymerized. However, haziness can be tuned by manipu-
lating the optical scatters through mechanical and/or thermal stimula-
tions. In the presence of such external stimuli, the following phenomena
could occur. First, the haziness can be tuned by varying the surface
particle density, similar to how visibility is different for different fog
densities.135,136 Second, mechanical stretch induces the generation and
collapsing of air voids/bubbles within the polymer matrix acting like
optical scatterers.131 Third, mechanical stretch induces a change in the
orientation of liquid crystals embedded in the polymer matrix.131 Fourth,
the haziness can be tuned by changing the phase of particles by melting
and solidification.134 Fifth, the formation and collapsing of micro-crystal
boundary in a crystalline panel also can tune the haziness.131

a. Variation of surface particle density. Highly adjustable hexago-
nal diffraction grating was developed using polystyrene (PS) particles
(1lm in diameter, n¼ 1.58 at k ¼ 550nm137) on a plasma-treated
PDMS film.130 The PS particles were tightly packed forming a hexago-
nal ball-grid-like array on the PDMS film [Fig. 6(A)]. Such an array of
PS particles diffracted the laser beam into a hexagonal pattern—it con-
tains a primary center spot and six secondary spots near the vertices of
the hexagon. When the PDMS is stretched the distance between PS
particles will be changed—while the total transmittance of the device is
maintained high and not dependent on the stretch ratio, but the specu-
lar transmittance slightly depends on the stretch ratio. They reported a
change in specular transmittance to 26% from 19% at 75% stretch.130

b. Variable void formation. Forming and collapsing voids in a
polymer matrix can provide a means to manipulate the Mie-scattering of
light through the polymer.129,131,132 Ge et al.131 used silicone rubber and
silica nanoparticle composite—silicone rubber matrix (n¼ 1.42 at k
¼ 632.8nm) and silica nanoparticles (n¼ 1.45 at k ¼ 632.8nm)—to
produce a transparent film with uniformly distributed refractive index.
When such a composite is exposed to the mechanical stretch, the delami-
nation between elastomeric matrix and silica nanoparticles induced air
voids formation. The air void volume Vvoid was projected to be linearly
varying with the amount of the strain e as Vvoid ¼ eVsilica, where Vsilica is
vol. % of silica loading.131 Figure 6(B) depicts the normal transmittance
vs strain of the device. It was found that the strain-induced rate of trans-
mittance reduction was also slightly dependent on the size of the silica
nanoparticles—PDMS with 306nm silica nanoparticles showed a grad-
ual reduction of transmittance compared to 221nm silica nanoparticles.

FIG. 5. Illustrations of various methods for the forward scattering of the light. (A) Light scattering by particles: (a) schematic of multiple light scattering by scattering particles
loaded transparent matrix; type of light scattering based on particle size, (b) Rayleigh scattering by small particles (relative to the wavelength of light), and (c) Mie scattering by
larger particles (relative to the wavelength of light). (B) Light scattering by the micro-rough surface.
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FIG. 6. Transmittance tuning of devices that alters Mie-scattering through mechanical stretching. (A) Stretching of a tunable optical diffuser made up of PDMS layer with
polystyrene (PS) microspheres assembled on its surface: graphical illustrations, microscopic images, and light diffraction patterns: (a) at passive state, (b) 75% stretching; and
(c) corresponding change in transmittance achieved from the devices [Reproduced with permission from Mahpeykar et al., Adv. Opt. Mater. 4, 1106 (2016). Copyright 2016
John Wiley and Sons, Inc.].130 (B) Forming voids in the silica nanoparticle-PDMS composite by the mechanical strain to scatter light: [(a) and (b)] illustration of unstretched
and stretched composite; (first and second rows): (c) optical micrograph and (d) visibility through the composite membrane-unstretched and stretched by 100%; (d) change in
transmittance via straining the composite film [Reproduced with permission from Ge et al., Adv. Mater. 27, 2489 (2015). Copyright 2015 John Wiley and Sons, Inc.].131 (C)
PMANa/polyurethane (PU) membrane with naturally occurring microsized spheres and pores upon stretching: (left) visibility through the device and the SEM images of the
surface at unstretched and stretched states; (right) change in transmittance upon mechanical strain [Reproduced with permission from Si et al., ACS Appl. Mater. Interfaces
12, 27607 (2020). Copyright 2020 American Chemical Society].132 (D) Mechanical strain-induced alignment of mesogen in the liquid crystal elastomer (LCE): (a) randomly ori-
ented mesogen in polydomain LCE strongly scatter light; (b) stretching the LCE aligns the mesogens making it monodomain and transmit light; (c) visibility through the
unstretched and stretched LCE; (d) change in optical transmittance by stretching the LCE [Reproduced with permission from Wang et al., Extreme Mech. Lett. 11, 42 (2017).
Copyright 2017 Elsevier].133
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On the other hand, transmittance reduction of PDMS with 306nm silica
nanoparticles was relatively independent of the incident light wave-
length—it signified that the air voids formed within the PDMS with
306nm silica nanoparticles were primarily via the Mie-scattering effect.
In the meantime, the Rayleigh scattering must be dominant for air voids
within the PDMS with 221nm silica nanoparticles. The transmittance of
the PDMS (unstretched) silica composite was as high as 90%—and
100% strain could decrease the transmittance to 20%. Si et al.132 also
demonstrated a similar device based on poly methacrylic acid sodium
salt (PMANa)/polyurethane (PU) latex-polyelectrolyte colloids. The
microspheres of PMNA were homogeneously distributed in the PU
matrix and appeared transparent. Upon stretching the membrane due to
the elastic modulus mismatch between the PMNA and PU, a void is
formed by the detachment of the interfaces. Notably, the transmittance
was tuned from 84% to 12% with 80% uniaxial stretching [Fig. 6(C)].

c. Variable liquid crystals orientation. A polydomain Liquid crys-
tal elastomer (LCE) is opaque.138,139 The randomly oriented liquid

crystal domains are several hundreds of nanometers and can strongly
scatter light. Upon mechanical stretch, the liquid crystal mesogens
align becoming monodomain LCE. Such stretching can transform
opaque polydomain LCE to transparent monodomain LCE.138,139

Such mechano-optical coupling effects can be utilized to make privacy
glasses. Wang et al.133 demonstrated such a device capable of changing
specular transmittance from 0% to approximately 75% with 150% uni-
axial stretching [Fig. 6(D)]. Other examples of recent studies on elec-
trically tunable LC devices similar to PDLC are Refs. 140–144.

d. Phase separation by melting. A common example of this is a
paraffin film—which looks hazy as it contains crystallites of long alkyl
chains. However, liquid paraffin turns optically very clear as the crystalli-
tes melt and become amorphous liquid.134,145 An elastomeric composite
was developed by homogenously distributing paraffin crystals (5lm size
and 10wt. % loadings) within a silicone-based elastomer [Fig. 7(A)].134

At the room temperature, the paraffin crystals have a higher (by 7%)
refractive index than that of PDMS elastomer—the composite also

FIG. 7. Transmittance tuning by thermal stimulation of devices that uses Mie-scattering. (A) Paraffin-filled PDMS film becomes transparent at elevated temperature and
appears opaque at room temperature: graphical representation of the light transmission through it (a) at elevated temperature, (b) at room temperature, (c) corresponding
change in the microstructure and (d) visibility through the films, (e) transmittance plotted against light wavelength at room and elevated temperatures [Reproduced with permis-
sion from Apostoleris et al., J. Mater. Chem. C 3, 1371 (2015). Copyright 2015 Royal Society of Chemistry].134 (B) Phase change of the supersaturated salt hydrate crystal to
scatter light: graphical representation of light transmitting through the crystal at (a) heated liquid or cool-unshattered state; (b) cooled and shattered stated; (c) visibility through
the crystal at the two states; (d) microstructure of the cooled and shattered crystal; (e) (NOe in the figure) change in transmittance by heating, cooling, and mechanically shat-
tering the crystals [Reproduced with permission from Cho et al., Sci. Adv. 5, eaav4916 (2019). Copyright 2017 AAAS].147
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appears hazy at room temperature. At the elevated temperature
(>46 �C), the composite becomes less hazy. However, the same compos-
ite film sandwiched between a PET (polyethylene terephthalate) layer
and a pure PDMS layer appears hazier (only 0.5% transmittance) below
the melting point of paraffin (56–58 �C). An electro-thermal activation
was used to heat the composite film—graphene resistive film on PET
could melt paraffin when activated by 18V and 0.33W/cm2 and, hence,
the transmittance was increased to 85%.146

e. Formation of the micro-crystal boundary. A solid panel made of
the transparent polycrystalline material appear hazy due to the scatter-
ing of light by the micro-crystals boundary.148 Meanwhile, a single
solid bulk of the crystal can be transparent. For instance, Cho et al.147

used a supersaturated149 sodium acetate solution, which is a transpar-
ent liquid at 60–65 �C. Upon cooling the solution forms a transparent
single crystal. At both of these states, the panel made of such a solution
or crystal has a transmittance of 80%. However, an intentional
mechanical impact on one corner of the crystal causes the shattering
of the whole crystal into numerous micro-crystals, which scatters light
and the specular transmittance drops to about 40%. These crystals can
be made transparent again by reheating to 65 �C [Fig. 7(B)].

2. Surface scattering (rough surfaces)

A tunable optical diffuser with variable surface roughness is
another prominent category of actively tunable window technologies.
This method is driven by the interesting fact that the flat glass with a
smooth surface appears optically clear; however, the ground glass with
a rough surface appears translucent or hazy. For in-depth understand-
ing and optimization of these devices, an understanding of the surface
scattering principle is needed. A flat glass enables the specular trans-
mission of light, which can be refracted two times [Fig. 8(a)].
Assuming negligible light absorption by optical medium, the total
transmittance across each interface follows the Fresnel equation:121

T ¼ 1� R ¼ 4n1n2
n2 þ n1ð Þ2

; (5)

where n1 and n2 are the refractive indices of two optical media at
the interface. For instance, the glass refractive index n2 ¼ 1:4 and
the air refractive index is n1 ¼ 1 for the air–glass interface.
However, a light beam incident on a rough surface can be diffused
in various directions [Figs. 8(b) and 8(c)]. On a rough surface, light
rays scatter because of the height variation, which induces phase

difference (due to optical path difference). Although the total
transmittance through the completely transparent material (with a
diffusive surface) is always constant, the specular transmittance
can be decreased. This is the reason that these types of tunable
windows are suitable for visual privacy preservation functionality
but unsuitable for energy control.150

The optical scattering power of a surface depends on its rough-
ness. All surfaces have some level of roughness, the surface can be con-
sidered optically smooth if the Rayleigh criteria r� k

8 cos hi
is satisfied,

where r is the rms surface roughness, k is the incident light wave-
length, and hi is the incident angle.151 The Rayleigh smooth surface
can be regarded as a poor light scatterer, and the total integrated scat-

tering (TIS) is given as TIS ffi 4pr cos hi
k

� �2
. The surface to be consid-

ered as roguh according to Rayleigh criteria only if the surface can
induce a phase difference greater than p

2 :
152,153

As given by Beckman and Spizzichino,124,125 the specular trans-
mittance Tspec through the rough surface is only a portion of the total
transmittance T. The specular transmittance through a transparent
plate with both surfaces having r roughness is derived as124,154,155

Tspec ¼ T � exp � 2pr
k

cos hi n1 � n2ð Þ
� �2( )

: (6)

Equation (6) implies that the increased surface roughness (relative to
the incident light wavelength) can decrease the specular transmission.
Though scattering angles are dependent on the pitch of the roughness,
specular transmission is independent of the pitch. This insight serves
as a guide for designing an application-specific tunable optical diffuser
by actively changing the surface roughness of the transparent media.

Unlike glass—which has a fixed surface roughness—the soft opti-
cal media display a possibility to tune the surface roughness in the
presence of external stimuli (e.g., force, electric field, heat, etc.). A
quick and easy method to change the surface roughness of the soft
media with a hard-coated elastomer membrane is via mechanical
compression. The unfolding of such micro-wrinkled hard-coated elas-
tomeric membrane surface can be performed by the voltage-induced
area expansion as that of a dielectric elastomer actuator (DEA) or sim-
ply by mechanical stretching. The mechanical stretching method is
suitable only for a free membrane substrate. On the other hand, the
voltage-induced actuation is also suitable for membrane bonded to a
rigid glass. The voltage-induced actuation to change the surface

FIG. 8. Illustrations of light transmitting through various types of surfaces. (a) Specular transmission through the smooth surface (i.e., surface roughness is much smaller com-
pared to the wavelength of light); and (b) forward scattering by the rough surface (i.e., the surface roughness is comparable to or larger than the wavelength of light). (c) A
magnified view of the light being transmitted through a rough surface.
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roughness works on the principle of voltage-induced surface instability
or nanowire indentation of a dielectric elastomer membrane. Insights
into these methods and tunable window devices developed based on
these principles are described in the following.

a. Mechanically induced surface roughness. Mechanical compres-
sion can buckle a hard coating supported by a soft elastomer mem-
brane. The compressive strain is applied by releasing the elastomer’s
pre-stretch.65,156–159 This provides an easy way to change the surface
roughness. However, such a device requires a large mechanical com-
pression to affect the optical diffusion, which hinders its acceptance in
real-life applications. Optimizing surface wrinkles and strain require-
ments need an understanding of the thin-film buckling theories.
According to the plate buckling theory, the critical buckling strain fol-

low ec ¼ 1
4

ffiffiffiffiffiffiffiffiffiffiffiffiffi
3Es
Ef

� �2
3

r
, where Ef and Es are Young’s modulus of the stiff

film and soft substrate, respectively.158 This suggests that the larger
moduli mismatch (i.e., stiffer film on a softer substrate) leads to a
smaller critical strain required to cause the surface buckling. As Eq. (6)

suggests, the amplitude of the microwrinkles needs to be large com-
pared to their wavelength to cause effective optical scattering. As the
compressive strain increases, the surface roughness increase simply
because the amplitude of microwrinkles increases. In this post-
buckling scenario, the wrinkle amplitude is given by158

A ¼ 2ptf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ef
3Es

� �
3

s ffiffiffiffiffiffiffiffiffiffiffi
1þ �
p

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ej j � ec

p
; (7)

where � is the substrate’s Poisson’s ratio, tf is the thickness of surface
films, and e is the compressive strain. Equation (7) is a coating film
with larger stiffness (i.e., larger thickness and/or modulus) and softer
substrates obtained larger wrinkle amplitude. Designing micro-
wrinkled surfaces using this insight can help obtain a stronger surface
scatterer even with a smaller compression strain.

Few researchers have explored the interference of light rays using
tunable optical gratings made of parallel periodic surface wrin-
kle.160–163 Figures 9 and 10 show such devices made of pre-stressed
silicone sheets coated with glassy polymer films such as polystyrene

FIG. 9. Interference of light rays using tunable optical gratings made of parallel periodic surface wrinkle: (A) unidirectional light scattering by submicrometer scale diffraction grating
formed of the gold/palladium film coated on PDMS: [(a) and (c)] atomic force microscopy (AFM) image of the surface at different stretched states; (d) wrinkle amplitude at various
strain; e SEM image of buckling profile; (f) setup used to measure the scattering of a parallel beam of light; and (g) intensity profile of the parallel beam passing through the device
[Reproduced with permission from Harrison et al., Appl. Phys. Lett. 85, 4016 (2004) and Yu et al., Appl. Phys. Lett. 96, 041111 (2010).Copyright 2010 AIP Publishing].160,161 (B)
Microwrinkling of a PDMS substrate coated with PI to scatter light. Illustration of surface and corresponding visibility through the membranes at (a) flat state; (b) wrinkled state; (c)
linear diffusion pattern when a laser beam is shone through the device; (d) pitch and amplitude of wrinkles as the compressive strain progresses; and (e) corresponding scattering
angle to wrinkle aspect ratio [Reproduced with permission from Ohzono et al., Adv. Opt. Mater. 1, 374 (2013). Copyright 2013 John Wiley and Sons, Inc.].162 (C) Dielectric elasto-
mer actuator (DEA) driven tunable diffraction grating: [(a) and (b)] schematic of off and the activated states; (c) DEA actuation to control diffracted light’s wavelength as shown in
images of the diffracted light [Reproduced with permission from Aschwanden et al., Opt. Lett. 31, 2610 (2006). Copyright 2006 Optica Publishing Group].163
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and polyimide films.160–162 Compression of the sheets results in a sinu-
soidally wrinkled surface where the degree of compression and film
thickness controls the wrinkle wavelength. Hence, as shown in
Fig. 9(A-g), the compressive strain can manipulate the scattering angle
and the color of light that pass through it. Uniaxial compression of the
membranes buckles the PI films into the submillimeter-sized wrinkled

surface and consequently forward diffuses the light. This makes the
membranes appear hazy and conceals the behind view [Fig. 9(B-b)].
The device under 5% uniaxial compressive strain formed unidirectional
wrinkles with �680lm pitch and �88lm amplitude [Fig. 9(B-c)].
Consequently, the device diverges the light with a maximum angle
of hmax ¼ 12�. In another study, Aschwanden and Stemmer163 used

FIG. 10. (A) Deformable micro-wrinkling of a PDMS substrate with nano-pillar arrays and silicate coating to diffuse light. [(a) and (b)] Illustration of the light passing through flat
and wrinkled substrates; [(c) and (d)] confocal images and visibility through the membrane at the smooth state and wrinkled states; (e) SEM images of low and high aspect
ratio nanopillar arrays (LNA and HNA); and (f) specular transmittance for the same devices at 0% and 30% compression strain [Reproduced with permission from Lee et al.,
Adv. Mater. 22, 5013 (2010). Copyright 2010 John Wiley and Sons, Inc.].61 (B) Switching between three states: opaque, colored, and transparent by reversibly stretching sub-
micron-sized pillars on micro-wrinkles: illustrations, SEM micrographs, and visibility through the device at (a) flat state, (b) wrinkled or pillar tilted states, and (c) change in trans-
mittance with strain [Reproduced with permission from Lee et al., Adv. Mater. 26, 4127 (2014). Copyright 2014 John Wiley and Sons, Inc.].164 (C) Tunable light scattering of
visible light by micro-wrinkling polyvinyl alcohol (PVA) coated PDMS and tunable near-infrared (NIR) light absorption by heat-induced phase change of the embedded VO2

particles: [(a) and (b)] schematic at mechanically wrinkled-hot state when visible light is scattered and NIR is absorbed and same at flat-cold state where both NIR and visible
light are transmitted; (c) confocal micrograph at wrinkled and flat state; influence of temperature and mechanical strain on (d) visibility and (e) transmittance of visible and NIR
light [Reproduced with permission from Ke et al., Nano Energy 73, 104785 (2020). Copyright 2020 Elsevier].150
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dielectric elastomer actuators (DEA) to electrically manipulate the
uniaxial wrinkle’s pitch which acted as a tunable diffraction grating
[Fig. 9(C)]. Although the device was only able to tune the diffracted
light from blue to red with an activation voltage of 4.5 kV—it shows
the potential that the DEA could be used to make tunable chromic
devices and windows.

Some studies have focused on tunable diffuser devices that use
PDMS substrate with a hard silicate coating enabling it to form tun-
able surface wrinkles.61,165 They focused on enhancing the transmit-
tance modulation range and optical bandwidth of such devices. Lee
et al.61 and Lee et al.164 considered the addition of nano-pillars on the
PDMS surfaces to reduce reflectance and enhance optical transmit-
tance. The pre-stretched PDMS is plasma treatment to form a hard sil-
icate surface [Figs. 10(A) and 10(B)].61,164 The hard silicate layer
forms wrinkles as the device’s pre-stretch is released. The nano-pillars
were molded on the PDMS membrane prior to pre-stretching.
Various aspect ratios of the nanopillars interacted differently with the
incident light. The surface reflectance was reduced by low aspect ratio
(LNA) nano-pillars’ devices with 150nm high pillars increasing the
transmittance of the device to �90%. On the other hand, the high
aspect ratio (HNA) nano-pillars’ devices with 700nm pillars lowered
the transmittance due to increased optical scattering [Figs. 10(A-g)
and 10(A-h)]. A 30% uniaxial compression of LNA devices formed
unidirectional wrinkles with a pitch of 31 and 4.4lm amplitude.
Consequently, it diffused the incident light and lowered its transmit-
tance to 40%. Ke et al.150 combined optical scattering using uniaxial
wrinkling of PVA coated PDMS and temperature-dependent near-
infrared (NIR) absorbance of vanadium dioxide (VO2) nanoparticles
to create a multifunctional tunable window. The VO2 nanoparticles
were embedded in the PDMS substrate itself and blocked NIR

radiation as the temperature increased [Fig. 10(C-e)]. Meanwhile, opti-
cal scattering in the visible range was controlled by strain-induced
wrinkling. Such concepts opened new pathways and multifunctionality
to the non-conventional tunable windows which are discussed in detail
elsewhere.142,166–168

Various transparent coating materials are applicable to make
micro-wrinkling tunable windows. They include thin films made of
polyimide,162 graphene oxide (GO),62 silicate,61 and so on. The sub-
strate materials include silicone rubber (e.g., PDMS), acrylate dielectric
elastomer, and so on.61,62,164 To make an electroactive window device
(in the form of a soft capacitor), the transparent coating layers must be
conductive and capable of forming microwrinkles to make compliant
electrodes. As such, suitable transparent conductive materials are
metallic nanometric films, mono/multi-layer graphene, transparent
conductive oxides such as indium tin oxide (ITO) and other transpar-
ent conductive polymers.64–66,169

Figure 11 shows similar tunable diffusive devices but they used
biaxially wrinkled surfaces. Figure 11(a) shows a biaxially pre-
stretched 3M VHB 4910 membrane coated with a gold thin-film.63 At
the flat state, this device with 13nm thick gold film is nearly transpar-
ent (with a transmittance of 55%). As the biaxial pre-stretch of the
membrane is released, it buckles the surface of the membrane includ-
ing the gold film to form ridges [Fig. 11(A-a)]. As such at a 70% biaxi-
ally compressed state, ridges of 2–4lm amplitude and 8lm pitch are
formed. Consequently, it becomes a diffuser with almost 0% specular
transmittance. Thomas et al.62 developed a similar tunable diffuser
device based on graphene oxide (GO) films coated on silicone rubber
membranes. This tunable diffuser works on the principle of delamina-
tion buckling of the GO film. Delamination occurs during a biaxial
compression due to poor adhesion of the GO films to the silicone

FIG. 11. (A) Formation of ridges by biaxial compression of VHB elastomer coated with a gold thin film. SEM micrograph and transmittance of the membranes at a biaxial com-
pressive strain of (a) 67% and (b) 0%; (c) corresponding change in specular transmittance [Reproduced with permission from Cao et al., Adv. Mater. 26, 1763 (2014).
Copyright 2014 John Wiley and Sons, Inc.].63 (B) Buckling induced delamination of graphene oxide thin films as it is stretched to a fully flat state from a 300% biaxially com-
pressed state: (a) illustrations, SEM micrograph of cross section, optical micrograph of surface and visibility through delamination buckled GO films; (b) cracks appears in the
GO film at 400% strain as the tensile strain exceeds the pre-stretch applied before coating GO, yet the device appears more transparent; (c) specular transmittance while the
delamination buckles are released [Reproduced with permission from Thomas et al., Adv. Mater. 27, 3256 (2015). Copyright 2015 John Wiley and Sons, Inc.].62
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rubber substrate, which are buckled while the silicon rubber substrate
itself remained flat [Fig. 11(B-a)]. When flat, this device shows greater
than 90% transmittance. At the 400% uniaxially compressed stage, the
device formed 4–5lm amplitudes and 1–2lm pitch delaminated
ridges. The delaminated ridges of GO films slightly absorb and mostly
scatter the incident beam [Fig. 11(B-b)]. Herein, the higher aspect ratio
buckled patterns appeared hazier. With a 400% biaxial compression
strain, this device lowers the transmittance to 10%.

Surface roughening can also be obtained by stretching an elasto-
mer made of heterogeneous materials.170 For instance, as shown in Figs.
12(a) and 12(b), through controlled stretching of porous soft materials
filled with liquid of a similar refractive index, a virtual dynamic surface
roughening effect can be obtained. Yao et al.170 developed such a mate-
rial that responded to a deformation of the elastomer substrate that
changed the size of pores in the elastomer matrix. The fluid, that is, act-
ing as a surface coating layer is drawn into the expanding pores or
drawn out of the contracting pores. This suction or release of the surface
fluid altered the surface topography accordingly. Yao et al.170 used
Teflon membranes made of the nanofiber as the porous matrix, which
was supported by PDMS for mechanical integrity during stretching. A
low surface energy fluid (DuPont Krytox 103 perfluoropolyether) capa-
ble of infiltrating the stretchable porous matrix was used as the surface
covering liquid. As shown in Fig. 12(a) the surface covered by liquid
appears transparent, stretch-induced driving in of the surface liquid
exposed the pored and made the surface optically scattering.

b. Electrically controlled surface roughness using microwrinkles.
Mechanically controlled uniaxial and biaxial wrinkling help visualize
the concept and potential of tunable optical diffusers. Meanwhile, elec-
trically tunable optically diffusive devices are attractive for practical
applications due to the possibility of automation. A dielectric elas-
tomer actuator (DEA) is one such a device capable of electrically
unfolding pre-micro wrinkled electrodes. While the micro-wrinkled
electrodes appear hazy, at the flat state, the compliant electrode for
such DEA is optically clear [Fig. 13(A)]. Zang et al.64 developed such
a DEA device consisting of a pre-stretched dielectric elastomer
membrane (3M VHB 4905) sandwiched between a pair of graphene
coatings. As shown in Fig. 13(C), the device with a flat coating of 3–10
graphene layers on a 3–5 times biaxially pre-stretched substrate is
highly transparent (80% transmittance). Upon partially releasing the
pre-stretch, delamination and buckling of the graphene films occur

yielding randomized wrinkles with a pitch of 0.2–2lm. These wrinkles
are smaller or comparable to the wavelength of visible light; hence, this
device can merely mildly scatter light. Even a large uniaxial compres-
sion of 500% merely lowers the transmittance to 30%. However,
employing the DEA, this device can electrically expand by 100% areal
strain and unfold the ridges to increase transmittance to 60%.

To form large micro wrinkles via compression, the electrode
material in the form of thin film needs to be stiffer (with high modu-
lus) compared to the soft dielectric elastomer substrate [Eqs. (6) and
(7)].66 An indium tin oxide (ITO) film is a common choice of trans-
parent electrodes for a touchscreen, and Ong et al.65 showed the ITO
film deposited by e-beam evaporation deposition on the acrylic elasto-
mer membrane can make a crumpled complaint electrode. The films
appeared slightly brownish and consisted of thermally induced micro-
wrinkles. These thermally induced wrinkles of as-deposited ITO thin
films turned the device mildly hazy (with 52% specular transmittance)
even without the release of pre-stretch. Meanwhile, as the device is
radially compressed by 14.2%, ITO films on the dielectric elastomer
membrane are crumpled even more to become hazier. Hence, the
specular transmittance is further reduced to 39%. By activating this
ITO-based DEA device with a voltage of 6 kV, an areal actuation strain
of 37% is obtained, which restores the device’s specular transmittance
to 52% [Fig. 13(D)].

Room-temperature e-beam evaporation promises conformal
deposition of wrinkle-free optical films, such as optical metallic oxide
on the elastomeric substrate. For example, optical metal oxides, such
as ZnO and TiO2, are preferred for high transmittance, high modulus,
and high toughness.66,172 Their nanometric coating on the soft elasto-
mer results in a high modulus mismatch; hence, they can be readily
buckled into large micro-wrinkles under a small compressive strain.
These nanometric optical metal oxides are, however, insulators and
they cannot make compliant electrodes by themselves for DEA.66 As a
simple solution, a conductive overcoat can be applied on the nanomet-
ric metal oxides to make micro-wrinkled compliant electrodes of vari-
able specular transmittance. Figure 13(E) shows such a pair of
multilayer electrodes of 10 nm thin silver (Ag) and 30nm thick ZnO
sandwiching a pre-stretched dielectric elastomer membrane; this
makes a soft capacitor with 45% specular transmittance for 550nm
light.67,169 Therein, the nanometric silver layer reduces the transmit-
tance of the device even in the flat state. A 10% radial compression of
the multi-layered nanometric thin films led to the formation of

FIG. 12. Surface roughness variation through mechanical stretching of liquid-infused porous elastomer. Schematic showing exposure of micro-pores and light scattering upon
stretching the fluid-infused elastomer membranes; (mid) visibility and micrograph of the nano-porous substrate made of nanofibrous Teflon network at the un-stretched and
stretched state; (left) change in transmittance at various strain states [Reproduced with permission from Yao et al., Nat. Mater. 12, 529 (2013). Copyright 2013 Springer
Nature].170
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micro-wrinkles with a 3.35lm pitch and 0.721lm amplitude—mak-
ing the micro wrinkled device highly translucent with only 1% specu-
lar transmittance throughout the visible spectrum. An activation with
6 kV unfolds the surface and restores the initial clarity. In comparison,
a DEA device with 10nm thick Ag-only as the electrodes merely
formed sub-micrometer wrinkles. Even with 10% radial compression,
the device merely produces a mild haze and is unable to conceal the
image behind it. This comparison emphasizes the need for stiff thin
films like ZnO to make a better optical diffuser.

Shrestha et al.67 reported the inherent transmittance of the con-
ductive thin film layer can impact the overall transmittance of the

device. Therefore, a highly transparent conductive thin film layer in a
multilayer electrode system can significantly improve the clear state of
a device. For example, Fig. 13(B) shows a pair of multilayer electrodes
made of PEDOT:PSS conductive film and TiO2 film sandwiching a
pre-stretched dielectric elastomer membrane, which makes an initially
transparent DEA with 81% specular transmittance.66 Moreover, 4%
biaxial compression of the multi-layered nanometric oxide thin films
leads to the formation of micro wrinkles with a 7–8lm pitch and
0.585lm amplitude. This microwrinkled device becomes highly trans-
lucent with only a 1.8% specular transmittance for broadband optical
diffusion. An activation with 2.85 kV can unfold the surface and

FIG. 13. Tuning transmittance by controlled biaxial micro wrinkling using DEA. (A) Schematic showing wrinkle control and light transmission using DEA. (B) Wrinkling and
unfolding of the TiO2/PEDOT:PSS electrode using DEA: confocal micrograph and visibility through the device at (a) wrinkled state [D(V)/DI ¼ 0.96] and (b) unwrinkled state
with D(V)/DI ¼ 1 at 2.85 kV [Reproduced with the permission from Shrestha et al., ACS Photonics 5, 3255 (2018). Copyright 2018 American Chemical Society].66 (C) DEA con-
trolled wrinkling and unfolding of the graphene film-coated elastomer substrate: (left) SEM micrographs showing delamination wrinkling of graphene films and printed texts
behind the device at the crumpled state; (right) SEM micrograph of the flattened graphene film and image seen through the device at the DEA-induced flattened state
[Reproduced with permission from Zang et al., Nat. Mater. 12, 321 (2013). Copyright 2013 Springer Nature].64 (D) SEM image of ITO and visibility through the ITO coated
device at 14.2% crumpled state and 3% stretched state, which is also controlled using DEA [Reproduced with permission from Ong et al., Appl. Phys. Lett. 107, 132902
(2015). Copyright 2015 AIP Publishing].65 (E) Wrinkling and unfolding of the Ag/ZnO thin film coated DEA: SEM micrograph and optical clarity at 10% radially compressed state
and the flat state as DEA is activated [Reproduced with permission from Shrestha et al., Proc. SPIE 10163, 329 (2017). Copyright 2017 SPIE].169 (F) Two overlapped devices
with uniaxially wrinkable PEDOT/VHB/PEDOT layers with DEA forming orthogonal wrinkles for bi-directional light scattering: schematic of the device configuration, visibility
through the device and scattering of light passing through the device as combinations of each layer are activated [Reproduced with permission from Chen et al., Opt. Express
28, 14 (2020). Copyright 2020 Optical Society of America].171
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restore the initial clarity. Chen et al.,171,173 moreover, demonstrated
two uniaxially wrinkling DEAs that are overlapping but the wrinkling
direction is orthogonal to each other. As shown in Fig. 13(F), a pre-
stretched VHB 4905 coated with PEDOT:PSS was utilized as the wrin-
kling component, and the carbon grease on the two sides of the DEA
acts as the compressing component. Such a unique device demon-
strates a directional scattering of light and possesses the potential to be
used in many applications, for example, solar cells,174 metamaterials,
and nanoantenna devices.175,176

Table III summarizes the performance of various tunable
optical diffusers based on microwrinkling. Current surface
microwrinkling-based devices can switch from highly transparent
(i.e., up to 90% transmission61,62) to highly translucent (i.e., up to
0%–1% transmission63,67) states and vice versa, which is mostly
dependent on wrinkle dimensions. Furthermore, a low compres-
sion strain requirement (i.e., 0%–5%66) for microwrinkle forma-
tion promises large areal coverage and higher feasibility for real
application as an actively tunable window. Hence, insight can be
drawn by comparing these parameters for microwrinkling-based
actively tunable window devices.

c. Inplane strain-free electrically induced surface micro-roughness. A
mechanical compression can buckle a hard-coated elastomer to form
surface wrinkles—but such operation is like folding a curtain, there-
fore, are less practical for a tunable window with a fixed size. Dielectric
elastomer actuator, on the other hand, offers a means of the voltage-
induced unfolding of the micro wrinkles; however, it still requires a
large voltage-induced areal expansion.64,66,171,173 This limits the active
area for transmittance tuning to only a small areal fraction of the
whole window. Preferably, surface wrinkling must occur to a bonded
elastomer on the rigid support like glass panel without the need for
axial compression. There have been a few research efforts to develop
devices that are capable of surface roughening without in-plane strain.
There are two approaches to these devices; First, voltage-induced sur-
face instability of rigidly bonded rubber coated with thin-film electro-
des;177 Second, voltage-induced nanowire indentation of elastomer
substrate coated with a percolative network of nanowires.68,178–181

van den Ende et al.177 developed a new kind of switchable win-
dow that exploits voltage-induced surface instability to induce micro
wrinkle to a rigidly bonded elastomer on a glass. This switchable win-
dow device consists of a transparent dielectric elastomer layer (acrylate

TABLE III. Comparison of the transmittance tunable windows using micro-wrinkling of a free elastomer.

S. no.
Coated thin film/coat-
ing method/(thickness)

Substrate
(thickness)

Strain type and state
(%) Device area

Surface wrinkle
amplitude
and (pitch)

Tspec at
550 nm References

1. Gold/palladium (95%/
5%)/sputtered/(11 nm)

PDMS (1mm) 0%–27.5% (mechanical
uniaxial strain)

10 � 40mm2 0.19lm
(1.21 lm)

� � � 160, 161

2. Polyimide/bonded after
treatment/

(7.5–12.5lm)

PDMS (5mm) 0%–5% (mechanical
uniaxial strain)

12 � 12mm2 �88 lm
(�680 lm)

90% 162

3. Elastosil RT 625,
wacker/spin coated/

(20 lm)

3M VHB 4910
(62.5 lm)

0%–32% (DEA induced
uniaxial strain)

3 � 3mm2 (1–1.3 lm) � � � 163

4. Silicate/UVO and
silane treated/

PDMS with nano-
pillars (1mm)

0%–30% (mechanical
uniaxial strain)

40 � 15mm2 4.4 lm
(31 lm)

40%–90% 61

5. Graphene oxide/drop
casting/(20 nm)

Silicon rubber
(0.5mm)

100%–300% (mechani-
cal areal strain)

20 � 20mm2 4–5lm
(1–2 lm)

10%–90% 62

6. Gold/sputtered/
(13 nm)

3M VHB 4910
(250–62.5 lm)

0%–70% (mechanical
biaxial strain)

50 � 50mm2 2–4lm (8 lm) 0%–55% 63

7. Graphene/transfer
methods/(3–10 layer)

3M VHB 4905
(45–20 lm)

0%–100% (DEA areal
actuation)

� � � N/A (0.2–2lm) 40%–60% 64

8. Indium tin oxide
(ITO)/evaporation
deposition/(50 nm)

3M VHB 4905
(61.25 lm)

0%–37% (DEA areal
actuation)

20mm
diameter

N/A (2–3 lm) 39.14%–52.08% 65

9. TiO2 and PEDOT:PSS/
evaporation deposi-
tion/spin coating/
(19.8/38.9 nm)

3M VHB 4905
(65 lm)

0%–5% (DEA radial
actuation)

20mm
diameter

0.585lm
(7–8 lm)

81%–1.85% 66

10. ZnO and Ag/evapora-
tion deposition/
(30/10 nm)

3M VHB 4905
(65 lm)

0%–10% (DEA radial
actuation)

20mm
diameter

1.443lm
(3.35 lm)

47%–1% 67

11. PEDOT:PSS
(<100 nm)

3M VHB 4905
(65 lm)

0%–10% (DEA biaxial
actuation)

60 � 60mm2 0.4 lm (7–8 lm) 75%–4% 171
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elastomer of low Young’s modulus of 1.15MPa, high dielectric con-
stant of 20, and less than 25lm thick), which is sandwiched by a flexi-
ble nanometric film of gold (42 nm thick) and an indium-tin-oxide
(ITO) coated glass substrate (Fig. 14). At a voltage approaching critical
voltage (345V), which is applied across the two electrodes (one flexible
and one rigid), electro-mechanical instability occurs at the surface
with flexible electrodes, thus microwrinkles are formed making the
device hazy [Fig. 14(b)]. The electromechanical instability occurs
when the applied electric field surpasses the critical electrical field

Ec ¼
ffiffiffiffiffiffi
ncY
eoer

q
, where eo, er , and nc are the vacuum permittivity, dielectric

constant, and a experimentally evaluated function of the Poisson ratio
of the elastomer.182 Initially, in a flat state, the device’s specular trans-
mittance is only 37% due to the gold thin film. An activation voltage
of 500V is capable of roughening the surface up to RMS roughness of
600nm, consequently reducing the specular transmittance to 33%.
This limitation of these devices is the transmittance change obtainable
is small as only a mild wrinkle could be formed due to the constraint
by the rigid substrate in the lateral direction.

Instead of the metallic film, a percolative network of conductive
nanotubes and/or nanowires can make a clearer and more compliant
electrode.178,179 It can be expected for a dense coating of carbon nano-
tube network (e.g., 100 nm thick) to appear dark; whereas, a sparse
coating will appear relatively more transparent. A biaxial expansion
can provide a means to tune the surface density of the network of car-
bon nanotube coated on the elastomer substrate and thus modulates
the optical absorption [Fig. 15(A)]. Hu et al.178 showed such voltage-
induced area expansion can reduce the surface density to lighten the
dark appearance of the coatings.178 Surprisingly, DEA made of nano-
tube electrodes when activated blurred the logo (photo behind) despite
causing a sparser network of carbon nanotubes.178,179 A 5 kV activa-
tion of the device produces a 200% areal strain yet blurs out the logo
and becomes hazy [Fig. 15(A-b)]. Later Shian and Clarke180,181 used
silver nanowires to show that the haziness of activated DEA is caused
by nanoindentation of the elastomer substrate. The voltage-induced

nano-indention roughens the elastomeric surface through the forma-
tion of micro-bulges producing a hazy appearance.

To understand the physics behind the formation of nano-
indentation [Fig. 15(C-b)], consider a dielectric elastomer layer (thick-
ness H, permittivity e) bonded to the ITO layer of an ITO-coated glass
and coated a network of nanowire of radius R. A voltage bias applied
between the percolating network of nanowire and the bottom ITO elec-
trode layer induces a 2D electrostatic field across the bonded dielectric
elastomer layer. The electrostatic force per unit length of the nanowire
acting along its normal direction is given by Fn

l ¼ pe
4a2

V2

cosh�1 H
Rð Þ½ 	2,

181

where a ¼ 1=2 H þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H2 � R2
p	 


. The electrostatic force, that is, con-
centrated beneath the nanowire locally indents the bonded dielectric
elastomer layer. As opposite reaction such indentation causes elasto-
meric deformation to form micro-bulges on the free side of the elasto-
mer. The indentation and micro-bulges roughen the elastomeric
surface, thus diffusing the transmitting light. Figure 15(C) shows a
dielectric layer capacitor that consists of a pre-stretched acrylic elasto-
mer membrane (3M VHB 4905). The membrane is sandwiched
between an ITO layer of the ITO-coated glass and a silver nanowire mat
(of 78mg/m2 areal density). As an electric field of 96V/lm is applied to
activate this device, the silver nanowires indent the soft elastomer sur-
face and cause sub-micron bulging of 600nm peak-to-valley heights.
This device is only 70% transparent in the inactive state because the net-
work of silver nanowires (90nm diameter and 20–60 lm length) signifi-
cantly scatters incident light. Voltage activation modulates the device to
be hazier with a mere 20% inline transmittance.181

The haziness of a tunable elastomeric optical diffuser can be
increased by using double variable roughness layers, instead of using a
single layer. For example, a soft capacitor made of triple-dielectric lam-
inates sandwiched by pair of nanowire-based electrodes, where the
laminate is made of the acrylate dielectric elastomer layers (3.1lm
thick and 450 kPa modulus) sandwiching a middle Mylar layer (13lm
thick and 5.2GPa). The haziness is increased even in the inactive state
[Fig. 15(B)].180 The elastomeric films were prepared from four times

FIG. 14. Change in surface roughness by voltage-induced surface instability of a DEA bonded to the glass. Schematic of the device: (a) at off state; (b) at on state; (c) corre-
sponding surface topography of the device and (d) visibility of the chess piece behind the device (light is scattered by roughened surface and the object is almost concealed);
(e) evolution of the surface roughness as voltage exceeds the critical voltage; and (f) change in transmittance spectrum by voltage activation [Reproduced with permission
from van den Ende et al., Adv. Mater. 25, 3438 (2013). Copyright 2013 John Wiley and Sons, Inc.].177
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FIG. 15. Scattering light by roughening surface through voltage-induced indentation of elastomer by nanowire electrodes. (A) Indentation of the surface of a free elastomer membrane
by activation of Single-Walled Carbon Nanotubes (SWCNT) network-based DEA. Schematic, SEM and visibility through the device: (a) at inactive state; (b) as the DEA is activated
[Reproduced with permission from Hu et al., Appl. Phys. Lett. 94, 161108 (2009). Copyright 2009 AIP Publishing.178 Reproduced with permission from Yuan et al., Adv. Mater. 20, 621
(2008). Copyright 2008 John Wiley and Sons, Inc.].179 (B) Double variable roughness layers made of a stiff dielectric layer sandwiched between the soft dielectric layer with the AgNW
network as a compliant electrode. Schematic at (a) off state, (b) on state, (c) SEM micrograph at off state and on state with 125MV/m electric field, (d) visibility through the device at 0
and 2200V, (e) change in specular transmission at 550 nm wavelength with AC voltage activation, and (f) gradual decrease in transmittance with increasing voltage [Reproduced with
permission from Shian et al., Opt. Lett. 41, 1289 (2016). Copyright 2016 Optica Publishing Group].180 (C) Single variable roughness layers with the dielectric layer bonded to ITO coated
glass and SWCNT network as the indenting electrode. Schematic at (a) off state, (b) on state, (c) confocal micrograph and corresponding visibility at off state and on state, and (d)
change in specular transmittance at various electric-field [Reproduced with permission from Shian et al., Soft Matter 12, 3137 (2016). Copyright 2016 Royal Society of Chemistry].181

(D) Surface instability induced roughness with the CNT network as an electrode. (a) Schematic of the device with surface instability at the electric field above Ec; surface micrograph
and visibility through the device at (b) inactive state, (c) 4.6 kV with surface instability induced roughness, and (d) modulation of inline transmittance obtained by the corresponding
change in voltage-induced roughness [Reproduced with permission from Shian et al., J. Appl. Phys. 123, 113105 (2018). Copyright 2018 AIP Publishing].68
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biaxially pre-stretched acrylic adhesive tapes (3M VHB F9460PC).
The electrode cladding is a coating of percolating network of the silver
nanowire with 78mg/m2 areal density. At off state, the laminate capac-
itive device is clear with 62% specular transmittance, while at on-state
[2.4 kV (125V/lm) dynamic activation at 3Hz], the surface roughens
to reduce the specular transmittance down to 8% [Figs. 15(C-e) and
15(C-f)]. The challenge with this device is the drift in the transmit-
tance at the activated state if AC high voltage is not used for
activation.

Ideally, a tunable optical diffuser can switch between clear and
frosted. The tunable devices based on silver nanowires are initially not
so clear.180,181 As a solution, Shian et al.68 used a space network of
single-walled carbon nanotubes with a diameter of 4–5nm to make a
more transparent device at the inactive states [Fig. 15(D)]. The device
is a soft capacitor consisting of two laminated dielectric elastomers; a
top layer of a sparse network of nanowire-coated soft silicone (160lm
thick and 7kPa shear modulus) and a middle layer of hard silicone
(55lm thick and 700kPa shear modulus) on an ITO-coated glass are
highly transparent (80% specular transmittance) [Fig. 15(D-b)]. High-
voltage activation of the device reduced the transmittance characterized
by (1) a gradual decrease in transmittance caused by nano-indentation
and consequently formed surface bulges at a lower voltage and (2) a
drastic decrease in transmittance caused by surface instability as the
activation voltage surpasses critical voltage.182 At the critical voltage
(4600V), the top/free surface is roughened with the formation of ridges
of 250lm pitch and a 19lm peak-to-valley height; These large ridges
reduce specular transmittance down to 8%. Through, the device ena-
bles a wide range modulation of transmittance from 80% to 8%, the
deactivation is subjected to substantial hysteresis and recovery takes a
long period. Compared to other nanowire or nanotube-based tunable
window devices, these devices could reach a more hazy state because of
surface instabilities that induce higher RMS roughness (Table IV).

In summary, transmittance tunable windows based on variable
surface roughness are promising because of their simple construction,

low energy consumption, and large transmittance modulation range.
They can be broadly divided into two types depending on the need for
compression strain to tune transmittance. Figure 16(a) compares
microwrinkling devices (needs compression strain) in terms of optical
modulation capability and area strain requirement. For real applica-
tions, a larger transmittance modulation range and small area strain
requirement are desired. Thus far, a single electrode film is not capable
of fulfilling the requirement of high transmittance, high stiffness,
toughness, and electrical conductivity; it is, therefore, observed multi-
layered system such as TiO2/PEDOT:PSS offers better performance
for microwrinkle-based tunable windows. Ideally, transmittance tun-
ing without compression strain is desired in real applications.
Therefore, the device based on electrically induced surface micro-
roughness possesses higher potential than that of microwrinkles-based
devices. Figure 16(b) compares such devices that can be bonded to a
rigid substrate in terms of transmittance modulation range and electric
field requirements. It is seen that the devices using thin films have
poor transmittance modulation range compared to ones using nano-
wires. Furthermore, the device using a nanowire sheet with higher
transmittance and harnessing the electromechanical instability to
obtain large surface roughness demonstrates optimum performance in
terms of both transmittance modulation as well as electric field
requirement.68,183

IV. CONCLUSIONS AND OUTLOOK

Optical transmittance tunable windows can be used to promote
daylighting and visual privacy preservation as desired. Therefore,
energy-saving and enhancing indoor comforts can be appreciated by
incorporating tunable windows in the buildings. In this review, we
comprehensively presented an overview of various types of actively
tunable windows. Herein, we categorized such tunable windows based
on the optics involved and further sub-categorized them based on the
stimulus needed to obtain dynamic properties. There are a few com-
mercially available window devices with tunable transmittance based on

TABLE IV. Comparison of the transmittance tunable windows based on nanowires on the bonded elastomer.

Single/multilayer
substrate (shear
modulus)

Substrate
area (thickness)

Dielectric
constant

Electrodes
(dimension)/coating

method/
Applied electric

field, E
Surface
property

Tspec at 550 nm

inactive
Tspec at 550 nm

active Reference

Single layer acrylate
elastomer (�380 kPa)

15 � 15mm2

(4–23 lm)
20 Gold (42–336 nm

thick)/evaporation
deposition/and ITO

14 V/lm 2 A–2lm
p � 10–30 lm

37% 33% 177

Single-layer 3M
VHB4905 (600 kPa)

�(31 lm) 4.7 AgNW (/ ¼ 90 nm;
20–60lm length)/

ITO/transfer method/

96V/lm 2 A–0.6lm
p � 3lm

70% 20% 181

Triple layer 3M
VHBF9460PC/Mylar/
VHBF9460PC
(600 kPa)

�(3.1/13/
3.1 lm)

2.92 AgNW (/ ¼ 90 nm;
20–60 lm length)

125 V/lm N/A 62% 8% 180

Double layer syl-
gard184 10:1/syl-
gard184 50:1
(700 kPa/7 kPa)

47mm diameter
(50/160 lm)

2.68 CNT (/ ¼ 4–5 nm;
0.5–1.5 lm length)/
spraying/filtration-
stamping method/

and ITO

33.3 V/lm 2 A–19lm
p � 250lm

80% 8% 68, 183
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(or a combination of) electrochromic glasses or PDLC or SPD technol-
ogy. However, most of them are expensive to fit into a wider commer-
cial window market. Therefore, current state-of-the-art technologies as
highlighted in this review show potential as an alternative tunable win-
dow for the future.

The new concepts of low-cost technologies for tunable windows
work on various optical principles as we categorize them, namely, (a)
light absorption, (b) light reflection, and (c) diffuse transmission. As
comprehensively summarized, the emerging alternative tunable win-
dow devices also possess their pros and cons. The device based on the
light-absorbing particles-filled polymer composites needs high mechan-
ical strain just to obtain a moderate transmittance tuning range.
Meanwhile, optofluidic devices involve fluid pumping in and out of a
chamber—despite having a large transmittance tuning range, these
devices involving liquids are prone to leakage. Tunable optical diffusers,
on the other hand, are a promising class of low-cost active window
devices. They are categorized into two groups based on the types of
substrate used, namely, (a) free elastomeric membrane and (b) bonded
rubber on a rigid substrate. The free membrane devices are based on
variable air-void densities or based on surface roughening upon the
large mechanical stretch. The tunable windows based on thin-film
wrinkling show a wide range of transmittance tuning. Micro-wrinkle
formation under a small strain is, however, required to enable larger
active area coverage for the transmittance tuning. The device based on
bonded rubber does not require a stretch for transmittance tuning and
such a device can provide a decent range of transmittance tuning by
voltage-induced nano-indentation or electromechanical instabilities.

However, some improvements on the default appearance of such
devices need to be performed as they are laminated with a percolative
network of nanowire as electrodes and they can be slightly hazy.

There is a big room for performance enhancements of the emerg-
ing alternative tunable windows in terms of transmittance modulation
range and power consumption. In addition, further studies are needed
to make them less expensive, more robust, and simpler to manufacture
as well as operate. The price factor can be improved by increasing the
energy-saving efficiency of tunable windows as well as reducing energy
consumption to operate them. Another main concern is the need for
long-term durability. The development of stable materials and meth-
ods are needed to improve the performance and stabilities of materials
and structures. In addition, tunable window research must focus on
industrially scalable manufacturing aspects. The development of a suc-
cessful transmittance tunable window needs to focus on interdisciplin-
ary areas. It involves material engineering, optics, electrical and
electronics and industrial manufacturing aspects. It is hoped that this
review provokes attention from different areas including both aca-
demic and industrial research to accelerate the development of indus-
trially manufacturable, commercially available and economically
acceptable smart tunable windows.
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substrate.
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NOMENCLATURE

Acronyms

A absorbance
A wrinkle amplitude

AFM atomic force microscopy
DEA dielectric elastomer actuators

e compressive strain
ec critical buckling strain
Ec critical electrical field
Ef Young’s modulus of the film
Es Young’s modulus of the substrate

GO graphene oxide
HVAC heating, ventilation, and air conditioning

ITO indium tin oxide
Io intensity of incident light

Ispec intensity of specularly transmitted light
LCE liquid crystal elastomer

MEMS micro-electromechanical system
NIR near-infrared

PDLC polymer dispersed liquid crystal devices
PDMS polydimethylsiloxane

PEDOT:PSS poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
PET polyethylene terephthalate

PMANa poly methacrylic acid sodium salt
PS polystyrene
PU polyurethane

PVA polyvinyl alcohol
R reflectance

SEM scanning electron microscope
SPD suspended particle devices

t optical thickness of the absorbent medium
tf thickness of surface films
T transmittance

TIS total integrated scattering
Tspec specular transmittance
UV ultraviolet
eo vacuum permittivity
er dielectric constant
g refractive index
hc critical angle
l linear attenuation coefficient
� Poisson’s ratio
r rms surface roughness

3M VHB double-sided foam tapes from company 3MTM
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