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ABSTRACT
Thermal regulation of buildings in climates with daily and seasonal weather changes can prove
challenging and result in high building energy consumption. While adaptable façades with tunable infrared
transmitting properties would be able to modulate solar transmittance through the building envelope and
as such increase energy efficiency, available technologies are often expensive, relatively complicated, and
challenging to implement in a lightweight form factor.
Motivated by these limitations, this report presents a novel tunable light-modulating technology
for energy efficient pneumatic façades in the form of polydimethylsiloxane (PDMS) film with a thin gold
surface coating. Sequential stretching and relaxing of this film results in strain-induced microscale surface
cracks that can significantly modulate both visible and near infrared light transmission and consequently
the material’s solar heat gain coefficient (SHGC).
The material’s tunability has shown a significant potential to reduce building energy use, as
assessed with building simulation software. The technology offers additional advantages for light
modulation in pneumatic façades including real-time operation, ease of implementation and control, and
predictable performance. Façade design guidelines for the integration of the infrared regulating film into
ethylene tetrafluoroethylene (ETFE) building envelopes and climate suitability are described, and a critical
evaluation of material durability, optical clarity, and material costs are provided.
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1. Introduction

1.1 Light modulating adaptable façades
Presently, as the building sector is generating approximately 40% of global carbon emissions
[1], and the impacts of global climate change are accelerating [2], the necessity to reduce the carbon
footprint of buildings has become ever more urgent. Approximately one third of global primary energy
is used to heat, cool, illuminate, and ventilate buildings [1]. The building envelope plays a major role in
managing building energy use, as it is responsible for regulating daylight, heat exchange, and solar
gains, to name just a few factors. However, while the exterior environmental conditions change daily
and seasonally, most building façades are designed as static layers, with reasonably good performance
tailored to average environmental conditions at the expense of high energy loads.
Adaptable façades that configure their physical properties to external stimuli have long been
considered a promising solution for energy efficient buildings [3–7], and researchers are exploring new
and innovative responsive materials for that purpose, such as hygromorphic solar shading systems [8,9],
phase change materials for latent heat storage [10-12], or shape memory materials to regulate infiltration
rate [13,14]. A particular focus has been on the development of adaptive transparent systems in glazing
and pneumatic envelopes [3,15-17] that can modulate heat flow through the building envelope and as
such, block solar heat during warm periods and save on cooling energy but also exploit thermal gain
from the sun during colder conditions to reduce energy consumption for heating. The requirements of
these systems are challenging, as they have to negotiate the need for daylight access, with the dilemma
of excessive glare or unwanted solar gains. Shading systems that reduce glare and solar heat gain can
obstruct views of the outdoors, have negative health effects on building occupants [18-20], and increase
energy consumption from artificial lighting. Adaptable shading elements can also be costly to install,
tend to be mechanically elaborate, and lead to high maintenance costs [4,21].
Significant progress has been made in the development of glass with switchable optical
properties (smart glazing) to modulate solar transmittance [15,22-25]. Chromic materials [26-29], liquid
crystals [30-34], and suspended particle devices [35,36] have been developed over the last few decades,
but these solutions remain costly [25,37], and require high levels of expertise and complicated processes
to develop [25,38]. Many of these systems only switch between a small number of states [39,40] and
response times can reach tens of minutes [28,38]. Though the technologies may be well suited to
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regulate visible light transmittance, some show only a limited ability to modulate near-infrared light
[23,41].
Kinetic motorized daylight control systems consisting of multiple interconnected components,
such as blinds or adaptive fritting [42-44], can also be effective [45], but are typically quite complex,
especially when targeting fast response times, and require regular maintenance [4,21,46,47]. In contrast,
compliant systems with tunable materials [22,48] possessing carefully set light transmittive properties such as the flexible films presented herein - hold great promise for innovative, scalable adaptable façade
solutions with real-time responsiveness and ease of control. Compliancy becomes particularly
imperative as architects are progressively adopting new, more sustainable types of envelopes for
buildings, including lightweight membrane-based tensile structures and pneumatic façades [49].

1.2 ETFE façades
Ethylene tetrafluoroethylene (ETFE) [50] is a common synthetic membrane used for pneumatic
roofing and façade solutions [16,51-53]. It is a relatively cost efficient façade material and extremely
lightweight, thus reducing structural loads [54]. ETFE is UV resistant and transmits up to 95 percent of
visible light [50,54-56]. Most systems feature pneumatic post-tensioning that involve pillow-like
cushions of two or more film layers, which can provide high levels of thermal insulation (about 1.9
W/m2K for three-layer cushions) [57].
However, due to the material thinness and high optical transmittance across the near infrared
wavelength range, clear ETFE film has a high solar heat gain coefficient (SHGC) [54], which increases
the risk of overheating and can lead to excessive glare [58,59]. In response to these challenges, new
ETFE products have been developed, such as heat absorbing ETFE film which saves on energy
consumption for cooling during hot seasons, but also increases the heating energy demand during cold
ones [60,61]. Another concept uses a millimeter-scale geometric modification of ETFE film that can
effectively block direct solar radiation while allowing diffuse light to enter [62]. The limitation of these
approaches is that the SHGC is fixed and cannot respond to changing exterior conditions.
A more adaptable shading technology is the active control of so-called “fritted” ETFE films
with an offset pattern of highly reflective silver pigments [16,51-53]. It features three- or four-layer
cushions of which two layers of fritted ETFE film that can be moved closer together (“closed”) or
further apart (“open”) through pressure changes in the cavity between them [3,51,63]. When the layers
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move close together, the superimposition of the two patterns reduces glare and heat gain, but when
moved apart, the system allows more sunlight through. While this approach demonstrates promising
differences in transmittance values [3], repositioning the fritted layer [51] limits the number of states the
system can take on to just two (open and closed). Studies have also shown that the optical performance
of these switchable ETFE cushions is highly dependent on the solar incidence angle in the open state [3],
which can lead to inconsistent performance and consequently reduced building energy efficiency. Other
problems include limitations on user comfort: the printed pattern blocks visible and near infrared light to
the same extent (Figure S01) and obstructs views to the exterior (Figure S02).

1.3 Ambitions
The limitations of smart glazing and pneumatic shading technologies highlight the need for new
materials with tunable optical performance. In order for them to be viable candidates for energy-efficient
buildings, infrared regulating materials should be inexpensive, technologically simple, scalable, and
allow for quick, precise and continuous modulation of infrared transmission, without compromising
visible light transmittance and corresponding views to the exterior. The present report describes a new
pneumatically actuated thin film material system that achieved these highly desired properties through
the process of gold coating the well-established polymer polydimethylsiloxane (PDMS).
The objectives were to optimize the material performance according to the degree and tunable
range of near-infrared transmission (Sections 3-5). The optimized material was compared to
commercially available light regulating technologies and used to simulate building energy savings
associated with its proposed implementation (Section 6). Subsequently, the material was evaluated on
the quality of the view to the exterior (Section 7.1), and façade guidelines were developed for the
integration of infrared regulating film into ETFE building envelopes (Section 7.2). Finally, the material
cost (Section 7.3) and its durability were assessed (Section 7.4), and the climates for which pneumatic
ETFE façades incorporating this new technology are suitable (Section 7.5) were identified.

2. Strain-dependent light regulation by PDMS films with surface modifications

Polydimethylsiloxane (PDMS) [64] is a silicone elastomer used in many areas of research and
industry for a broad range of applications including soft lithography and microfluidic devices [65-67],
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soft robotics [68], and flexible electronics [69-71]. As a cast film, the elastic properties (up to 100%
elongation), high optical transparency [72], non-toxicity [64] and low cost (Section 7.3) of PDMS
resemble the material characteristics of ETFE [50], albeit more pliable that ETFE, thus making it an
ideal material to test new concepts and techniques for future adaptable façades. Several researchers have
reported PDMS-based solutions for adaptable visible light regulation, including those containing fluidic
channels [73,74], paraffin wax composites with thermally induced switching between transparent and
opaque states [75], stretch-tunable polymer films incorporating micron-sized aluminum platelets [76],
dyes [77], or nanoscale surface topographies [78].
An alternative and particularly promising route towards adaptable modulation of light
transmission is to employ reversible wrinkling and cracking in thin rigid coatings (on the order of tens to
several hundreds of nanometers [79-81]) on the surface of PDMS films. When the PDMS substrate is
subject to a change in strain (due to mechanical stretching [79,82,83], thermal expansion [84,85], or
solvent-induced swelling [86-88]), compressive stresses created through a Poisson-ratio effect across the
thin film cause the stiff layer to crack and buckle into quasi-ordered arrays of micro-scale sinusoidal
wrinkles [79,82,89,90]. The wrinkles can subsequently be reversibly flattened by returning the substrate
to the strain at which the stiff overlayer was originally created., The amplitude of the wrinkles and size
of the cracks is dependent on the thickness of the rigid surface coating and the applied strain [91-100],
as has been demonstrated with a wide range of surface coatings., such as a thin layer of gold [101] or
aluminum [102], or an oxidation-induced glass-like layer of silanol (SiOH) groups [79,82,99,100].
Controlled and reversible wrinkled and cracked surfaces have been investigated for many
advanced applications [83,103-109], including light modulation approaches such as (sub)micron-sized
PDMS pillar arrays atop the mechanically induced wrinkles [80] and bi-axial straining by pneumatic
actuation of oxygen plasma-treated PDMS [99]. The micro-wrinkles and cracks on oxidized PDMS film
scatters and diffuses light with applied strain, allowing for continuous control of visible light
transmittance by switching the material between transparent and translucent states [79,99]. However, the
scope of the previously mentioned studies on PDMS-based light modulation was limited to the visible
light spectrum., The present work explores the performance of surface-modified PDMS membranes in
the infrared spectrum and extends their applicability in tunable, heat flow regulating façades.
This study presents a novel application of strain-induced microscale wrinkling and cracking
structures on gold coated PDMS films. The material’s tunable surface morphology allows for significant
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modulation of not only visible, but also near infrared light transmission. This technology offers
advantages for light modulation in façades including real-time operation and ease of control.

3. Fabrication and actuation

3.1 Fabrication
The PDMS film used in these studies (Rogers Bisco HT-6240 [72], Rogers Corporation,
Chandler, Arizona, USA) had a thickness of 250 μm and exhibited high optical clarity. Two sets of
samples were prepared, each tailored to a different mode of mechanical actuation. The first was
activated by a uniaxial strain (i.e. stretching and releasing the material at two opposite edges), which
allowed for high-throughput testing. The other was actuated pneumatically, stretching the PDMS into a
dome-like shape, analogous to the proposed actuation in pneumatic façades.
Samples for uniaxial actuation included PDMS films that were treated in their relaxed state (0%
strain) or under strain (“pre-stretched” at 20% or 40% uniaxial strain), since the strain during treatment
determines the microscale wrinkle amplitudes and frequencies on the film’s surface [79,80], and thus
potential variation in visible and infrared light transmissive properties. The films were then oxygen
plasma treated and/or sputter-coated with gold (Figure 1 and Supplemental Section 2.1). As a result of
the findings presented in Section 4.2 the sample intended for pneumatic actuation was not pre-stretched
and did not receive oxygen plasma treatment.
Since gold is environmentally stable (unlike other infrared reflective metals such as aluminum
or other non-noble metals that run the risk of oxidizing quickly), it is a viable choice for façade
applications. The thin gold coating has a thickness on the order of tens of nanometers as measured with
atomic force microscopy (AFM) (Figure S03, Supplemental Section 2.1).
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Figure 1

Fabrication sequence of infrared regulating PDMS film intended for uniaxial

actuation (A) and pneumatic actuation (B).

3.2 Actuation
After fabrication, the uniaxial samples were subjected to strains of 0%, 20% and 40% for
analysis of their optical transmission and microscopic surface characteristics. Each treated PDMS film
was tightly secured between acrylic clamps at the edges perpendicular to the axis of actuation, and
mounted on a custom fabricated acrylic fixture to ensure accurate strains for testing (Figure 2A). The
pneumatic samples were actuated to 0%, 30% and 57% global strain (i.e. elongation of the crosssectional arc length through the entire width of the sample) using a tube connected to an air supply that
pressurizes the air chamber (Figure 2B, Supplemental Section 2.2). A 57% global strain curvature
corresponded with a near-hemispherical geometry and was the maximum attainable curvature in the
façade system proposed in this study. Due to the gas permeability of PDMS [64], actuation required a
continuous low flow of air at a pressure of around 15 kPa (2 psi) to achieve 57% global strain. The
speed of actuation between 0% and 57% global strain can be regulated by managing the pressure, but
can be as fast as less than a second, thus allowing for real-time light tunability in a building envelope.
Pneumatic actuation of the PDMS caused variations in local strains on the film’s surface, which
in turn led to differences in optical transparency. In order to quantify those local strains Finite Element
(FE) simulations of the PDMS was performed (Supplemental Section 2.3), which revealed appreciable
differences in local in-plane logarithmic strain between surface points along the diameter d (1/8d, 1/4d,
3/8d, and 1/2d) as global strain increased (Figure 2C, Figure S04 and Video 1).
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Figure 2

Material actuation. A. The uniaxial samples at 0%, 20% and 40% strain. The sample

in the image was gold-coated for 2.5 minutes, without any pre-stretching or plasma oxidation. B. The
pneumatic sample shown received the same treatment as in A. An acrylic assembly is used to clamp a
treated PDMS film and ETFE sheet, enclosing an air chamber connected to an air supply. C. Finite
Element simulations show that the maximum in-plane principal logarithmic strains experienced by the
film are relatively similar for the points of interest (1/8d, 1/4d, 3/8d, 1/2d) at 30% global strain, but
become more distinct at larger global strains.

4. Infrared transmission and reflection performance
The samples were subsequently tested on their ability to regulate solar heat transmittance. Since
solar irradiation intensity varies across the infrared spectrum (Supplemental Section 3.1, Figure S05), a
weighted average of the materials’ transmission (TWA%) and reflection over the 710 – 2600 nm near
infrared radiation spectrum, using direct and circumsolar radiation intensities [110], gave the best
indication of the material’s total solar heat transmission and reflection. The film’s overall visible light
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transmission (TVIS%) was obtained by taking the average of the transmission values in the 380 - 700 nm
range.
The three treatment parameters (pre-stretching strain, oxygen plasma treatment, and gold
sputtering duration (Section 3.1)) were optimized to maximize the material’s tunability range, that is, the
range of infrared transmission (ΔTWA%) or reflection upon uniaxial actuation of the sample between 0%
and 40% strain. After all, in cases of more extreme hot and cold weather, a façade with a greater range
of infrared tunability can more closely approach the optimum transmission value to minimize building
energy consumption year-round. Spectrophotometric analysis (Supplemental Section 3.2) first showed
high visible light transmissions relative to the rest of the spectrum (discernable in the peak around 500
nm) for all of the treated samples and imposed actuation strains (Figure 3A and Figure S06), which
would be considered a desirable material attribute in a building façade. As shown in Figure 3B, the
tunable infrared transmission range increased with a lower pre-stretched strain during treatment and by
eliminating oxygen plasma exposure from the sequence of treatments. These results also demonstrated
that the tunability range and gold sputtering time are positively correlated (Figure 3B and Figure S07).
Within this study’s collection of treatments, the greatest tunable range (ΔT WA% of 26.5%) was achieved
with a gold sputtering time of 2.5 min (corresponding to a 25 nm thickness) without pre-stretching or
plasma oxidation (Figure 3C), which could be increased up to a ΔT WA% of at least 37.9% when actuated
beyond 40% strain (Figure S08). This treatment was therefore used for subsequent prototyping studies.
Next, the infrared tunability was assessed for pneumatically actuated PDMS film with this
treatment. Since local strains, as demonstrated with FE simulations (Figure 2C), were zero across the
entire surface at 0% global strain, light transmission and reflection at points across the surface have
similar values. At 57% global strain, the local strains become more varied and consequently the
differences in transmission and reflection values between the three points of interest (1/4d, 3/8d and
1/2d) become more pronounced (Figure 3D and Figure S09A). The measured transmission values and
the simulated local strains show a direct correlation (Figure 3E and Figure S09B). The overall surface of
the pneumatically actuated film was estimated to reach a ΔT WA% of 32.4% between 0% (TWA% of
13.2%) and 57% (TWA% of 45.6%) global strain (Figure 3F, Supplemental Section 3.4, Figure S09C).
The infrared transmitting properties of both uniaxial and pneumatic samples showed full
reversibility upon repeated actuation. In addition, preliminary tests suggest that optical performance is
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largely independent from the light’s angle of incidence (Figure S10), which is a beneficial characteristic
as it allows for reliable tuning of infrared transmission, regardless of the sun’s position.

Figure 3

Transmittance and reflection in the visible and near infrared light spectrum. A.

Treatment of the sample in a relaxed state results in lowest optical transmission at 0% strain, with an
increase in transmission upon uniaxial actuation. An increased gap between the data curves of 0%
strain and the maximum strain is associated with an increased adaptability. B. Plots of weighted
averages of infrared transmission (710 – 2600 nm) through uniaxially strained samples. Colors
represent the different treatments, and are equivalent to those in Figure S06 and S12. C. The uniaxially
actuated samples with the highest adaptability in infrared transmission had received treatment in an
unstrained state and were not exposed to oxygen plasma. Matching the trend seen in (B), a thicker layer
of gold enhances adaptability. D. Transmission values for a pneumatically actuated film measured at the
three points of interest (1/4d, 3/8d and 1/2d). E. The TWA% of the sample in (D) and local strains at
different points of interest on the surface show a linear correlation. F. Plot of weighted averages for
infrared transmission (710 – 2600 nm) through the pneumatically actuated sample.

To support these single-point spectrophotometry measurements and to give an indication of the
ability of the adaptable technology to regulate the interior temperature of an enclosed environment, the
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performance of the entire sample surface was evaluated in an experimental setup with an insulated box
and heat lamp (Supplemental Section 5, Figure S16). Enclosing the box with 2.5 min gold coated PDMS
film at 0% strain resulted in a reduced steady state temperature of the enclosed space and an increased
timeframe to reach that temperature compared to enclosing the box with the material at 40% strain,
confirming the trends observed with spectrophotometry analysis (Supplemental Section 5.2, Figure
S17).

5. Microscale surface characteristics and infrared transmission

The microscale wrinkles and cracks appearing on the film’s surface were characterized by
optical (Figure 4, Figure S11, Figure S12 and Figure S15), atomic force (Figure S13), and scanning
electron microscopy (Figure S14).
Uniaxial actuation results in the formation of linear wrinkles as a result of Poisson compression
(Figure 4A and Figure S11). The direction of the observed wrinkles with respect to the axis of pull
agreed well with wrinkling and cracking trends demonstrated in preceding studies [79,99,100].
Simultaneously, it was revealed that the cracks widen with an increase in tensile stresses in the plasmatreated and/or gold-coated layer of uniaxially actuated film [95]. The thicker the rigid layer (as a result
of increased oxidation and/or gold deposition time), the wider the cracks generated upon stretching or
releasing the film away from the treatment strain (Figure 4A and Figure S12).
The overviews presented in Figure 4A and Figure S11 also show that infrared transmission
during sample actuation increases with a corresponding increase in crack widths. The PDMS treatment
resulting in the greatest ΔTWA% upon uniaxial actuation (gold coated for 2.5 minutes without prestretching or plasma oxidation, see Figure 3C) also displays the biggest change in crack widths (from 0.6
to 5.5 μm between 0% and 40% strain, respectively) (Figure 4A). Surface analyses (Supplemental
Section 4.1) confirmed a positive linear correlation between the material’s strain dependent infrared
transmission and crack surface area, suggesting infrared light is primarily transmitted through cracks in
the top rigid surface and transmission is regulated by the extent of crack formation (Figure 4A, Figure
S12).
Upon pneumatic actuation, the gold coated PDMS films did not experience compressive forces,
and, consequently, did not exhibit any wrinkling morphologies (Figure 4B). Surface cracks in
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pneumatically actuated gold coated PDMS films form in an island-like pattern over the entire film
surface [99], generating a higher crack surface area upon actuation (Figure 4B, Figure S15) than in
uniaxially actuated samples. Due to the absence of wrinkle formations on the surface, reversible crack
formations on the surface are thus confirmed to be responsible for the bulk change in transmission of
infrared energy upon actuation.

Figure 4

Composite optical microscopy images (left: raw image; right: processed image) of the

top rigid layer of the PDMS (gold sputtered for 2.5 min without pre-stretching or plasma oxidation)
reveal straight wrinkle and crack patterns in uniaxially strained samples (A) and island-like crack
patterns without wrinkles in pneumatically actuated film (B). The correlations between crack surface
area and infrared transmission suggest infrared light transmission is regulated by the extent of crack
formation as visualized in the diagrams below.

6. Building energy savings analysis

6.1 U-value and adaptable SHGC
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The thermal performance of a window or other transparent façade element is determined by
two main ratings: the Solar Heat Gain Coefficient (SHGC) and the thermal transmittance (U-value). The
SHGC is defined as the fraction of incident solar radiation that travels through the material as heat gain.
A lower SHGC means a lower solar transmission and heat gain. The U-value of a building element is a
measure of thermal transmittance in units of W/m2K. All SHGCs and U-values calculated and presented
here are “center-of-glass” values. For adaptable windows to have the largest impact on building energy
efficiency in climates with seasonal temperature variation (Section 7.5), they need to be able to achieve
a low SHGC during hot (summer) days to reflect solar heat, and a high SHGC in cold (winter) periods to
allow for passive solar gain. This study therefore had the ultimate goal of identifying material surface
treatments that achieve the greatest range (delta) in SHGC upon actuation of the PDMS film, as
visualized in Figure 5A.
The SHGC of a single layer material can be calculated with its transmission (τ), absorption (α),
and inward flowing fraction (Ni) of the absorbed infrared with Eq. (1) [111,112]:

(1)

SHGC = τ + Ni * α

The absorption coefficient (α) of this study’s new material was inferred according to the
conservation of energy Eq. (2) which requires that a material’s transmittance coefficient (τ), reflection
coefficient (ρ) and absorption coefficient (α) add up to 1:

(2)

1=τ+α+ρ

Following Eq. (1) and (2), using the measured weighted average values for transmission and reflection
(Section 4.2) and an assumed value for the inward flowing fraction Ni of 0.5, pneumatically actuated,
gold coated PDMS film was estimated to achieve a ΔSHGC of 0.34 when actuated between 0% and 57%
global strain (SHGC of 0.21 and 0.55, respectively). When integrated in a double layer clear ETFE
cushion, the SHGC of the whole façade assembly can be obtained by multiplying the SHGC of the
treated PDMS with the SHGC of a two-layer ETFE cushion (0.9252 = 0.86) [54]. Visible light
transmission values were obtained in the same manner with a TVIS of the two-layer ETFE cushion of
0.86 (0.9252) [54]. Following this methodology, the complete pneumatic façade system consisting of
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two layers of clear ETFE and one layer of treated PDMS film is estimated to achieve a ΔSHGC of 0.29
(Figure 65B). Based on the specific solar intensities of that relate to a building’s climate conditions and
façade orientations, variations in gold sputtering duration can be optimized to suit many desired ranges
of SHGCs.
The U-value of gold coated PDMS film can be calculated using Eq. (3), based on the formulas
for thermal resistance R and thermal transmittance U:

(3)

with thermal conductivity (λ) and layer thickness (l) of the material’s components. Standard clear ETFE
for façade application has a thickness in the range of 100-300 μm [113] and a thermal conductivity of
around 0.17 W/mK, both comparable with the PDMS used in this study (250 μm and 0.15 W/mK [64]).
For the purposes of building energy simulation, the similarity of these values, in addition to the fact that
the gold layer deposited on the PDMS film is very thin (on the order of tens of nanometers) and will
have a negligible impact on the film’s overall U-value conforming Eq. (3), an approximated U-value of
1.9 W/m2K for a three-layer ETFE/PDMS cushion was used, equal to a typical three-layer clear ETFE
cushion [57].

Figure 5

A. Illustration of this study’s goal for the visible light transmission and SHGC

performance of the infrared regulating PDMS film. B. SHGC and visual light transmittance of an ETFE
façade assembly with gold treated PDMS film (brown) compared with existing technologies (black).
Gold sputtered PDMS films can be continuously stretched to any desired strain between 0% and the
14

maximum strain (continuous line) and thus offer more adaptability than façades with fritted ETFE or
infrared absorbing ETFE that take on just two states (dotted line), and one state, respectively. Frit print
data obtained from [3]: 1 frit print 3, 2 frit print 1, 3 frit print 8. ETFE cushion data calculated or taken
from [54, 60].

6.2 Simulation setup
The effects of the presented PDMS-based adaptable technology on building energy
consumption were evaluated using DesignBuilder (DesignBuilder Software Limited, Gloucestershire,
UK), a graphical user interface for the building energy simulation tool EnergyPlus (U.S. Department of
Energy and National Renewable Energy Laboratory, USA). The effects of a façade assembly of two
layers of ETFE and one layer of gold-coated (2.5 minutes) PDMS film on building energy use were
compared to those with triple-layer clear ETFE cushions and triple-layer ETFE cushions of which one
layer is a commercially available infrared absorbing ETFE layer, hereinafter referred to as “with treated
PDMS film”, “clear”, and “with Z-IR film”, respectively. In addition, the simulation provided an
indication of how frequently the actuation strain of the PDMS film is expected to change in order to
provide the most efficient SHGC.
A single room with a south-facing ETFE façade was set to maintain an indoor temperature
between 20 ºC and 22 ºC (Figure 6A, Table 1). The simulation was performed with weather data from
Boston, MA, USA, which is known for its warm summers and cold winters and is therefore an ideal test
site to ascertain the building energy savings potential of the façade’s tunability. Simulation parameters
and façade properties are detailed in Table 1 and 2.

Simulation parameter

Setting

Zone volume

974 m3

Zone floor area

162.33 m2

Construction adjacency (Floor, ceiling, all walls

Adiabatic

except ETFE façade)
Ventilation

Mechanical ventilation with heating and
cooling, infiltration rate of 10 L/s - person

Heating and cooling operation

Activity

Seasonal control

All year, 5 days/week

Heating temperature

20.0 ºC

Heating setpoint

19.0 ºC

Cooling temperature

22.0 ºC

Cooling setpoint

23.0 ºC

Template
Occupancy

Eating/drinking area
0.2062 people/m2, 5 days/week
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Equipment heat gain
Lighting

General lighting
Target illuminance

0 W/m2
5.0 W/m2, 100 lux
250 lux

Table 1 Building model and parameter settings used in the building energy simulation

Despite recent developments of adaptive façade technologies, a common framework to assess their
performance with building energy simulations is lacking, and as such, researchers use a wide variety of
simulation and optimization methods [29,114,115]. For the performance assessment of this study’s
tunable pneumatic façade with gold coated PDMS film, multiple simulations were run for one year with
a one-hour time step, with each simulation featuring one of the above mentioned façade assemblies
selected for the south façade (Table 2). The simulations for the ETFE cushion with PDMS film were
executed individually for each strain of the PDMS film (between 0% and 57% in increments of 5%).
Subsequently, for each hour, the strain providing the lowest energy consumption for heating and cooling
was selected (favoring strains closest to 0%), and the total yearly energy consumption calculated.
Thermal inertia effects of the gold coated PDMS film were disregarded on the basis of the relatively low
absorptivity of the material system for all applied actuation strains (Section 4.2).

Façade assembly

Strain

SHGC

TVIS

Triple-layer clear ETFE cushion

1

Triple-layer ETFE cushion with 2 layers of

U-value
(W/m2K)

(%)
0.75

0.71

1.93

0.41

0.44

1.9

clear ETFE and one layer of infrared
absorbing film2
Triple-layer cushion with 2 layers of clear

0

0.18

0.32

1.9

ETFE and one layer of treated PDMS film

5

0.21

0.33

1.9

(gold coated for 2.5 minutes without pre-
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0.24

0.34

1.9

stretching or plasma oxidation), with PDMS

15

0.27

0.35

1.9

film at strain (%).

20

0.30

0.36

1.9

25

0.34

0.37

1.9

30

0.37

0.38

1.9

35

0.38

0.40

1.9

40

0.40

0.41

1.9

45

0.42

0.43

1.9

50

0.44

0.44

1.9

55

0.46

0.46

1.9

57

0.47

0.47

1.9

Table 2 Optical and thermal properties of the three types of ETFE façade assemblies used in the
building energy simulation. 1Data obtained from [60]; 2Data obtained from [60]; 3Data obtained from
[57]. The SHGC and TVIS of the façade assembly with treated PDMS film was calculated for actuation
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strains 0%, 30% and 57%, based on spectrophotometry data. These values were interpolated to estimate
the other actuation strains.

6.3 Energy savings for heating and cooling
The simulations showed that this new adaptable façade technology can significantly reduce building
energy consumption for heating and cooling: a 70% reduction compared to a clear ETFE façade and a
41% decrease compared to a façade with infrared absorbing ETFE (Figure 6B). As would be expected,
compared to the clear ETFE assembly, both the infrared absorbing ETFE façade and the ETFE façade
with gold coated PDMS allow for less solar gain during heating hours due to their lower SHGC values
(Figure 6C), and consequently increase energy consumption for heating (Figure 6B). However, the
adaptable nature of the PDMS façade allows for both higher and lower solar gains than the façade with
infrared absorbing ETFE (Figure S18A), which comparatively, decreases both the energy consumption
for heating and for cooling. The simulations revealed just small increases for artificial lighting for a
building with an ETFE façade assembly with gold coated PDMS compared to one with a clear ETFE
façade (5.8%) and with the infrared absorbing ETFE façade (1.7%).
While the PDMS film would be maintained at 0% global strain throughout most of the summer,
during the rest of the seasons, the actuation strain would often be adjusted on an hourly basis (Figure 6D
and Figure S18B). On many days the system would take advantage of the full tunability range, i.e.
actuating the material between 0% and 57% global strain.

Figure 6

Building energy simulation model and performance. A. The simulation was

performed on a single room with a south-facing ETFE façade. B. The simulation shows a significantly
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reduced annual energy consumption for a façade assembly with adaptable gold coated PDMS film (2.5
min). C. Energy efficiency improvements for a façade with tunable PDMS film are the result of both an
overall reduction in solar gains, and the ability to reach higher and lower solar gains than the static
infrared absorbing material when necessary. D. The weekly average of the most efficient PDMS
actuation strains (between 6 AM and 8 PM).

Since ETFE cushions are maintained at a very low internal pressure, typically between 200 and
600 Pa [3,116,117], the energy required for inflation is also very low, on the order of less than 1 kW/h
for a medium sized façade [118, 119]. A potential increase in energy consumption for continuous
pressure changes to actuate the PDMS film could therefore be well justified.

7. Building application considerations

7.1 View to the outdoors
Since windows that provide views to the outdoors, and in particular, views of greenspaces, can
increase building occupants’ psychological and physiological well-being [120, 121], the optical clarity
of the new material system was evaluated. The material is tinted at 0% strain and becomes lighter upon
uniaxial or pneumatic actuation. In contrast with uniaxially actuated gold-coated PDMS films that
distort the view with increased strain (Figure S19), pneumatically actuated gold-coated PDMS films
maintain acceptable optical clarity at any actuation strain (Figure 7, Video 2), potentially due to the
absence of surface wrinkles. At larger actuation strains the material’s curvature and microscale cracks
cause slight changes in color and fading towards the edges of the film. This technology’s ability to
regulate infrared transmission but maintain a clear view to the out-of-doors is highly advantageous in
building façades, and is only achieved to a limited extent in fritted ETFE films. (Figure S02).
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Figure 7

A. Treated PDMS film (gold coated for 2.5 minutes without pre-stretching or plasma

oxidation) photographed with the treated side of the material facing the camera. B. The same PDMS
film photographed with the treated side of the material facing the outdoors.

7.2 Scalability and manufacturing
Material costs for this new technology are low, making it ideally suited for large façades. The
PDMS film used in this series of studies has a retail price of $15 per ft 2 ($161 per m2). With the current
cost of gold at $45 per gram and a film thickness of 25 nm (Figure S03) the gold surface coating would
amount to $2 per ft2 ($23 per m2) of treated surface area.
The low-e glass coating industry uses Magnetron Sputter Vacuum Deposition (MSVD)
processes that coats glass with metals or metal oxides in vacuum chambers [122], analogous to the
process used in this study. Since manufacturing technologies are already available and material costs are
low, costs saved by reduced building energy consumption (Section 6) are expected to outweigh product
costs for this novel technology.

7.3 Durability
With anticipated frequent and real-time actuation in a façade system, consistent mechanical and
thermal performance of this infrared regulating technology is essential to ensure longevity and
consistency in optical performance. To evaluate the durability of the gold coated PDMS, the sample was
19

continuously actuated uniaxially between 0% and 57% strain for 10,000 cycles and subsequently reexamined for its performance on infrared transmission (Supplemental Section 7.2, Figure S20A). The
actuation strain of 57% represents the maximum material elongation for pneumatically actuated films
explored in this study.
Infrared transmission changed insignificantly after continuous cyclical straining, with recorded
changes potentially caused by the formation of additional cracks or partial delamination, as well as
experimental variability (Figure S20B). Moreover, after 10,000 cycles, the material showed negligible
deterioration in strength, with a mere 2.8%, reduction in applied load to stretch the PDMS film to 57%
strain, which can, in part, be accounted for by slight slipping of the sample in the experimental setup
(Figure S20C). These results are in line with the reputation of PDMS providing long-term mechanical
stability [64].
To add to its list of beneficial features for application in building façades, PDMS rubbers have
demonstrated excellent resistance to ozone [123], UV light [64,124] and moisture [64]. Additionally,
PDMS is inherently flame-resistant with autoignition temperatures of approximately 430°C [125]. In the
event of a fire, generated silicon dioxide is not flammable, and gases formed are non-corrosive and nontoxic [125].

7.4 Façade integration
The presented, infrared-regulating gold-coated PDMS films can be easily integrated into ETFE
façade systems both during new construction and as a retrofit. Within existing façade assemblies, ETFE
cushions with two chambers each have their own air supply, allowing for pressure differentials between
the chambers. The air valves are injection-molded into the ETFE and are connected with flexible tubes
to the air distribution system [16,126] that provides the cushion with a constant air pressure. The internal
pressure of an ETFE cushion is continuously regulated to compensate for air losses and exterior pressure
fluctuations.
The infrared-regulating PDMS film is simply applied as a third layer between two outer ETFE
layers. The control system for pneumatic actuation of the PDMS film would be connected to the air
supply infrastructure already in place for the ETFE cushions.
The primary challenge in the integration of the PDMS films in ETFE façades is the need to
reach large strains to achieve a high differential in infrared transmittive properties. Within a typical
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three-layer ETFE façade cushion (with a width to height ratio of 1:2), the ETFE film cross-sectional
curvature is up to 8% longer than its shortest span (width) and 2% longer than its largest span (height)
[3,51], which limits the actuation of the interior PDMS layer to strains that have proven to be
insufficient in effectively regulating infrared transmission (Figure 8A). In the proposed design, the
PDMS sheet is compartmentalized by placing a “wire mesh” (or cable net) on top. The implementation
of cable net structures in pneumatic ETFE façade assemblies is not uncommon [16,51]. A slim, flexible,
but inextensible cable mesh tightly spanned and positioned on top of the PDMS sheet could be secured
in place along with the ETFE and PDMS films in the edge clamps in the standard façade assembly
structure. Upon pressurizing the bottom chamber, the smaller PDMS segments would be able to reach
strains of 57% upon actuation (Figure 8B). With ETFE cushions increasing in thickness towards their
center, polygon dimensions in the mesh can increase and generate PDMS curvatures with identical
strains towards the center and thus minimize view obstruction by the mesh wire and increase the
effective area of the PDMS sheet (Figure 8C). The tensile strength of the wire mesh would also provide
a means to secure the position of the valve for the upper cushion chamber.
After assembly, the PDMS can be actuated automatically and in real-time by means of a
computerized control system with light intensity and temperature sensors fixed on the façade’s exterior,
similar to those already implemented in some fritted ETFE façades [127,128]. If the solar intensity is
high and the indoor temperature rises above the upper threshold of the thermal comfort zone, the
pressure in the bottom pillow chamber can be lowered to reduce the strain in the PDMS film and block
more incoming infrared light. Conversely, when the indoor temperature drops below the lower
threshold, the pressure is increased, allowing for more solar transmission through the PDMS layer
enabling solar gain (Figure 8D, Video 3). This closed-loop façade system could be enhanced further, for
example through integration with a building’s centralized control system and enhancement with
optimization algorithms that are capable of learning from weather and indoor activity patterns, to
proactively anticipate the most efficient actuation strain for building energy use and thermal comfort
[129,130].
The smart integrated façade system and its rapid actuation allows the proposed façade assembly
to accommodate for seasonal, daily, hourly, and even real-time changes in solar intensity, exterior
temperature, and internal heat gain. Each façade section, and potentially each individual cushion, can be
independently regulated based on differences in received solar heat as a result of the sun’s changing
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azimuth and altitude, and local microclimates. In doing so, the building envelope would engage with its
ever-changing environment, appearing almost “alive”.
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Figure 8

A. For a façade element with a typical ETFE cushion geometry, the maximum PDMS

actuation strains would be insufficient to effectively regulate infrared transmission. B. A mesh-like net
structure on top of the PDMS creates smaller segments that can reach global strains of 57%. C. The
curvature of the ETFE cushion allows PDMS sections to be larger towards the center of the cushion,
which in turn, reduces potential view obstruction by the mesh compared with (B). D. Proposed
integration and actuation of infrared regulating PDMS film in an ETFE façade system.

7.5 Target climates for façade application
Since the amount of gold sputtered on the material can easily be varied, the presented infraredregulating façade technology can be tailored to multiple climate zones and microclimates. The most
significant energy savings for heating and cooling can be expected in climates with large daily and/or
seasonal temperature swings, in particular those with temperatures both above and below the
comfortable indoor temperature of about 22°C (71.6°F). Following the Köppen climate classification
[131], these temperature variations are common in the humid subtropical climate (Cfa), hot-summer
Mediterranean climate (Csa) and hot-summer humid continental climate (Dfa), which can be found
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across the globe and include many large cities such as Sydney, Australia; São Paulo, Brazil; Shanghai,
China; and Toronto, Canada.
Presently, approximately 84% of ETFE façades are built in temperate humid or marine climates
(Cf) [49,132]. However, the application of infrared-regulating PDMS films can make ETFE façades
viable in climate zones previously considered unsuitable. The material’s tunability also provides the
potential for the façade to evolve along with changes in weather patterns as temperature swings become
more pronounced and unpredictable [133].

8. Conclusion
The study has demonstrated that a material comprised of a PDMS elastomer with gold coating
can significantly tune near infrared transmission. UV-Vis-NIR spectrophotometry analysis, Finite
Element simulations, custom hotbox experiments, and optical microscopy have provided a complete
picture of the impact of treatment and actuation strain on infrared transmission and the microscale
surface cracks responsible for this behavior. The highest levels of infrared tunability were obtained by
gold coating the PDMS films in an unstrained state for 2.5 minutes (corresponding to 25 nm thickness),
without an additional plasma oxidation step. The effects of these treatments were explained by the
positive correlation between the crack surface area and optical transmission upon actuation of the
material.
Among the technology’s most compelling advantages for implementation in pneumatic
building façades are its full reversibility, scalability, easy actuation with a rapid response time of less
than a second, substantial SHGC range of 0.34, while continuously providing a clear view to the
exterior. Its fabrication and implementation in existing ETFE façade structures is straightforward and
inexpensive. This study has shown that this new adaptable material can considerably reduce building
energy loads for heating and cooling, outperforming non-adaptable ETFE technologies.
The research demonstrates that the new material system promises to be robust and maintain its
optical performance after thousands of cycles. Further research is needed to determine its applicability
for façades that typically have life spans on the order of 20-25 years. While the PDMS used in this series
of studies was the most suitable choice for this research, the use of custom tailored, more mechanically
robust PDMS films or elastomers with a lower level of viscoelasticity might prove more suitable for
building deployment, considering the high temperatures façades can experience. Moreover, other
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coating materials should be explored (other metals or metal oxides instead of gold, as well as surface
primers or finishes), potentially leading to improved optical performance. In addition, pneumatic
actuation was considered the most sensible actuation strategy for pneumatic ETFE façades, nevertheless,
different actuation mechanisms should be explored (e.g. bi-axial actuation, iris mechanism), which
might generate higher (local) strains and thus further expand the SHGC range.
In addition to the tunability of visible light and infrared in the solar spectrum, future studies
investigating the material’s performance on mid and long wavelength infrared light (heat radiation
emitted by people and objects) would also be valuable in determining other roles the technology could
play in façades, such as heat retention and/or night cooling. Preliminary tests performed in this study
indicated an ability to regulate infrared light with longer wavelengths and a recent study has shown a
polymer with a metal coating to successfully regulate long wavelength infrared transmission [134].
Moreover, the technology is amenable to other environments and scales that are attractive candidates for
adaptability and self-regulation.
This paper provides one more example of how the interface between science and design can
provide new concepts for energy-efficient façades. The novel film technology has shown the ability to
contribute to energy savings in the built environment by responding to daily weather changes and the
cycle of the seasons. Its tunability creates the opportunity to build ETFE façades in climates previously
considered unsuitable and can help alleviate environmental consequences associated with climate
change.
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Supplementary document containing additional documentation, including Figures S01 through
S20.
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Video 1 – localized strain upon pneumatic actuation of PDMS film
Video 2 – views through pneumatically actuated gold coated PDMS film
Video 3 – proposal façade integration
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1. Optical properties of ETFE films for architectural facades

The three ETFE films evaluated in this study for the purpose of juxtaposition with gold coated
PDMS film were clear ETFE (ET 6235Z, NOWOFLON, Nowofol, Siegsdorf, Germany), infrared
absorbing ETFE (ET 6235Z-IR, NOWOFLON, Nowofol, Siegsdorf, Germany) and fritted ETFE
(sample provided by Birdair, Amherst, NY, USA). We evaluated their optical performance on their
transmission and reflection in the 200 nm to 2600 nm light spectrum (Figure S01). The transmission
data for clear ETFE and infrared absorbing ETFE were obtained from the manufacturer [1,2], while the
transmission values of the silver printed dot on fritted ETFE film and reflection values for all three
films were measured in the UV-Vis-IR spectrophotometer following the same procedure used for the
gold coated PDMS films, as explained in Supplemental Section 3.2. Infrared absorbing ETFE
significantly reduces infrared transmission compared to clear ETFE while still reflecting as little light,
confirming significant absorption levels. As expected, the silver pigmented frit dot shows considerable
levels of reflection, but transmits both visible light and infrared light to the same extent, which may not
always be desirable in a building façade.
In addition, the samples were assessed on the clarity of view through the material (Figure
S02). While clear ETFE and infrared absorbing ETFE provide a clear view through the material, the
technology does not allow for adaptable infrared transmission. Instead, fritted ETFE allows for some
degree of adaptability and solar gain regulation but obstructs the view to the exterior.
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Figure S01

Visible light transmission and SHGC of treated PDMS and available ETFE and

smart glazing technologies
A. Transmission and reflection properties of ETFE products, provided by the manufacturer
(transmission of ET6235 Z and ET 6235 Z-IR) or measured in an identical manner as the treated
PDMS samples in our study in the UV-Vis-NIR spectrophotometer (transmission frit dot and reflection
of the three samples). Manufacturer data redrawn from [1] (ET 6235 Z and ET 6235 Z-IR). Clear
ETFE (ET 6235 Z) is highly transmittive. As expected, a silver pigmented frit dot (Birdair) shows
considerable levels of reflection. In contrast, infrared absorbing ETFE (ET 6235 Z-IR) reduces
infrared transmission while reflecting little light.

Figure S02

View through ETFE films

While clear ETFE and infrared absorbing ETFE provide a clear view through the material, the
technology does not allow for adaptable infrared transmission. Instead, fritted ETFE allows for some
degree of adaptability and solar gain regulation but obstructs the view to the exterior.

2. Fabrication and actuation

2.1 Plasma oxidation and gold coating procedures
The PDMS films treated with oxygen plasma were exposed for 1.5 min or 3.0 min in a Femto
plasma cleaner (Diener Electronic, Ebhausen, Germany) at a base pressure of 0.3 mbar and 100 Watts
of power.
Gold was sputtered onto the PDMS substrates for 0.5 min, 1.0 min, 1.5 min, 2.0 min, 2.5 min
or 3.0 min, using a DeskV sputter coater (Denton Vacuum, Moorestown, New Jersey, USA) at 30 mA
of current. In order to determine the thickness of the gold coating partially masked glass slides
underwent gold sputtering for six different durations (from 0.5 min to 3.0 min with 0.5 min intervals).
Upon removal of the masking tape, atomic force microscopy with a NanoWizard 4a (JPK Instruments
2

AG, Berlin, Germany) was used in quantitative imaging mode to measure the surface height across the
interface of uncoated and gold-coated glass (length = 90 um) via high spatial resolution force-distance
curves. For gold sputtering durations between 1.5 and 3.0 minutes the relationship between sputtering
time and gold layer thickness seems relatively linear (Figure S03).

Figure S03

Gold sputtering time and resulting gold layer thickness

Atomic force microscopy (AFM) showed a relatively linear relationship between gold sputtering time
and gold layer thickness for sputter times between 1.5 and 3.0 minutes. For sputter times between 2.0
and 3.0 minutes every minute of sputter time is associated with a 10 nm layer thickness.

2.2 Pneumatic actuation of PDMS film
Similar to pneumatic actuation of silicone films in other studies [3–5], an air chamber
enclosed with the treated PDMS sample was pressurized allowing the PDMS to stretch. Three laser cut
acrylic pieces of 1.59 mm (1/16 inch) and 6.35 mm (1/4 inch), an O-ring and screws clamp the treated
PDMS film and create a disk shaped air chamber of 6.35 mm (¼ inch) thickness for pneumatic
actuation (Figure 2B). Clear ETFE (ET 6235 Z, NOWOFLON, Nowofol, Siegsdorf, Germany [2]) was
used to enclose the expansion chamber on the opposite face due to its highly infrared transmittive
properties [2] and its inability to extend under low pressure. The 6.35 mm (1/4 inch) air gap between
the treated PDMS sample and ETFE sheet was connected to a pneumatic source through a silicone tube
with an inner diameter of 3 mm.

2.3 Finite Element (FE) analysis of pneumatically actuated PDMS film
The model presented in this study was created using the industry standard commercial FE
software ABAQUS 2018 Standard/Explicit by Dassault Systemes (Johnston, Rhode Island, USA). The
geometry of the model was generated using a 3D circular shell-type element to ensure computational
efficiency. The shell thickness, diameter and center point translation at full actuation (250 μm, 48 mm
and ~24 mm, respectively) were set to match that of the experimental set up with a refined mesh of
~94,000 shell elements.
3

To efficiently and accurately obtain the quasi-static solution, we performed this analysis using
mass-scaling, ensuring that the model’s kinetic energy is at least two orders of magnitude lower than
the internal energy of the geometry. The boundary conditions for the model were set as fixed
displacements (U1,U2,U3=0) along the attachment perimeter and a uniform pressure condition was set
along the lower face of the shell. The model was constructed to account for large strain deformation
(‘NLGEOM=ON’) with the constitutive law assumed to be a linear elastic material with Young’s
Modulus 𝐸 = 0.87 𝑀𝑃𝑎 and Poisson’s ratio 𝜈 = 0.49. It is important to note that we did not account
for the visco-elastic properties of the PDMS film into our constitutive law. The FE results presented
also does not account for the thin (nanometer scale) gold film. The close match between the linear
elastic FE model and experimental results indicated that the viscoelasticity of the PDMS and the thin
gold film would contribute only minor second order effects on the model’s final results, which is
supported by earlier studies [6].
In Figure 02 and Figure S04 the FE results are presented as the maximum in-plane principal
logarithmic strain. This metric represents the maximum principal strain for large deformation elasticity
(i.e. finite strain theory) experienced at each element of the shell. Only the in-plane strains (i.e. planar
strains inducing material elongation) are considered, since, given the thin dimension of the membrane
as well as the shell element assumption, out of plane strains (through the cross-section) are assumed to
be uniform.
The pressure used in the model for full expansion was around 4 kPa (0.6 psi). A partitioned
edge was created from the center of the circular geometry extending to its edge. The maximum inplane logarithmic strain, coordinate, and displacement values of the 121 equally spaced nodes along the
partitioned edge were exported as a data file. This was subsequently imported in the Rhinoceros and
Grasshopper environment (Robert McNeel & Associates, Seattle, WA, USA), and used to track the
location of four points of interest along the diameter d of the surface (3/8d, 1/4d, 3/8d, 1/2d) upon
actuation.
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Figure S04

Localized strain in pneumatically actuated PDMS film simulated with finite

element analysis
A. The simulation shows the maximum principal in-plane logarithmic strain experienced by the film
upon actuation between 0% and 57% global strain. While strains are relatively similar for the points of
interest (1/8d, 1/4d, 3/8d, 1/2d) at 30% global strain, local strains start to diverge after that and show
significant differences at 57% global strain. B. A closer look at strain differences over the surface
shows varying behavior during the actuation process. At low global strains (left), local strains are
higher towards the edge of the film. At high strains local strains are highest towards the center of the
film (right). This causes a transition state (middle) where the low-strain center moves towards the edge
of the film. C. The trends described in (A) and (B) are also visible when the local strains are plotted
against the global strain.

3. Infrared transmission and reflection performance

3.1 Infrared
Infrared radiation (IR) is a type of electromagnetic radiation that we perceive as heat. Objects
emit infrared radiation throughout the wavelength range of 700 nm to 1 mm. Solar irradiance is the
amount of solar power that reaches the earth’s surface per unit area and is unevenly distributed across
wavelengths (Figure S05). Rays with wavelengths below 2500 nm account for 99.8% of solar spectral
irradiance [7].
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Figure S05

Variation in direct and circumsolar radiation intensities throughout the 200 - 2600

nm light spectrum
Solar irradiance is the amount of power that reaches the earth’s surface per unit. The direct and
circumsolar radiation intensity data show an uneven distribution between wavelengths, with increased
irradiance toward the near infrared and visible light range. Chart redrawn from [7].

Due to the variation of solar intensity throughout the spectrum, the overall transmission of the
material was obtained through a weighted average (“weighted average TWA%”) over the 710 – 2600 nm
near infrared radiation spectrum, using direct and circumsolar radiation intensities [7]. This gave us the
best indication of the material’s total solar heat transmission and reflection.

3.2 Sample characterization in the UV-Vis-NIR spectrophotometer
The infrared transmittance and reflectivity of the samples were characterized using a UV-VisNIR spectrophotometer either in conjunction with an integrating sphere, which collects all of the
transmitted or reflected light within the sphere, or a variable angle detector, which provides the
intensity of transmitted or reflected light for a particular collection angle. The UV-VisSpectrophotometer instrument used in this study (Cary 7000, Agilent Technologies, Santa Clara, CA,
USA) has a detection range of wavelengths ranging from 200 to 2700 nm, and data was acquired at 10
nm intervals. The integrating sphere was used to acquire transmission (uniaxially actuated samples)
and reflection (both uniaxially and pneumatically actuated samples) values. The integrating sphere
allows for data acquisition of the total transmission and reflection (accounting for specular and diffuse
rays), and is therefore ideally suited to capture potential diffuse scattering from the treated PDMS films
[8]. Transmission data is obtained by placing the sample in front of the integrating sphere, reflection
data is collected by placing the sample behind the integrating sphere.
The integrating sphere was less suitable to measure transmission values for the pneumatically
actuated sample due to space limitations in the instrument. Thus, the Universal Measurement
Accessory (UMA), which consists of a variable angle sample mount and detector positioning, was used
to acquire transmission data for pneumatically actuated samples. The angle of the photodetector was
set to capture diffusely transmitted light diverging up to 6º from the direct transmission angle.
Both in the Integrating Sphere and UMS, the sample is placed with the treated side facing the
origin of the light beam. Each sample underwent one actuation cycle before measurements were
obtained.
Measurements of uniaxially strained films were taken at normal incidence at the center of the
sample (a single spot of a few millimeters in diameter). Taking into account the variation in localized
6

strains (Figure 2, Supplemental Section 2.3), measurements of pneumatic samples were taken at points
across the sample diameter d (1/4d, 3/8d and 1/2d), with the light at normal incidence to the surface.

3.3 Optical performance of uniaxial samples
Spectrophotometric analysis shows high visible light transmissions relative to the rest of the
spectrum (discernable in the peak around 500 nm) in any of the treated samples and actuation strains
(Figure 3A and Figure S06). This material attribute would be beneficial in a building façade, allowing
relatively more visible light to be transmitted while blocking infrared to prevent solar heat gain.
Analysis revealed that the extent of pre-stretching during treatment determines the sample’s
critical strains to transmit the least and greatest amount of infrared radiation, namely the pre-stretched
strain and the strain furthest from that, respectively (Figure 3AB and Figure S06). The weighted
averages for transmission demonstrated that the highest level of tunability can be achieved by
eliminating oxygen plasma exposure from the sequence of treatments (Figure 3B). This phenomenon
could potentially be the result of an anti-reflective effect due to index-matching of the oxidized layer
and PDMS, but further research is required to provide an explanation. A detailed examination of the
full parameter space shows the relationship between gold sputtering time, actuation strain and infrared
transmission (Figure S07).
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Figure S06

UV-Vis-NIR transmission and reflection

Transmission and reflection performance of (treated) PDMS samples, uniaxially strained, at
wavelengths between 200 and 2600 nm at 10 nm intervals.
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Figure S06 (continued)

UV-Vis-NIR transmission and reflection

Transmission and reflection performance of (treated) PDMS samples, uniaxially strained, at
wavelengths between 200 and 2600 nm at 10 nm intervals.
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Figure S07

Surface treatment and performance

The plots show a full summary of experimental parameter space. The surface geometry of the 3D plots
clarifies the relationship between gold treatment duration and optical performance.

Figure S08

Optical transmission of a sample stretched beyond 40% strain

Uniaxially straining the material beyond 40% strain, which the material allows for, can significantly
increase the materials adaptable range.

3.4 Optical performance of pneumatic sample
The transmission values at 1/8d were not able to be measured in the UV-Vis-NIR
spectrophotometer and were estimated based on the local strains experienced. The trendline seen in
Figure 3E with a formula of y = 77.5x + 13.3 was used to calculate those local transmission values.
Subsequently, the surface area of the pneumatically actuated film was subdivided into areas around
1/8d, 1/4d, 3/8d, and 1/2d of roughly equal size. (Figure S09C), and the formulas below used to
calculate the overall surface transmission.

𝑇𝑓𝑢𝑙𝑙 𝑠𝑟𝑓 0% 𝑠𝑡𝑟𝑎𝑖𝑛 =

𝑇𝑓𝑢𝑙𝑙 𝑠𝑟𝑓 30% 𝑠𝑡𝑟𝑎𝑖𝑛 =

𝑇𝑓𝑢𝑙𝑙 𝑠𝑟𝑓 57% 𝑠𝑡𝑟𝑎𝑖𝑛 =

𝑇1/2𝑑 0% 𝑠𝑡𝑟𝑎𝑖𝑛 + 𝑇3/8𝑑 0% 𝑠𝑡𝑟𝑎𝑖𝑛 ∗ 8 + 𝑇1/4𝑑 0% 𝑠𝑡𝑟𝑎𝑖𝑛 ∗ 16 + 𝑇1/8𝑑 0% 𝑠𝑡𝑟𝑎𝑖𝑛 ∗ 25
50

𝑇1/2𝑑 30% 𝑠𝑡𝑟𝑎𝑖𝑛 + 𝑇3/8𝑑 30% 𝑠𝑡𝑟𝑎𝑖𝑛 ∗ 9 + 𝑇1/4𝑑 30% 𝑠𝑡𝑟𝑎𝑖𝑛 ∗ 19 + 𝑇1/8𝑑 30% 𝑠𝑡𝑟𝑎𝑖𝑛 ∗ 23
52

𝑇1/2𝑑 57% 𝑠𝑡𝑟𝑎𝑖𝑛 + 𝑇3/8𝑑 57% 𝑠𝑡𝑟𝑎𝑖𝑛 ∗ 10 + 𝑇1/4𝑑 57% 𝑠𝑡𝑟𝑎𝑖𝑛 ∗ 24 + 𝑇1/8𝑑 57% 𝑠𝑡𝑟𝑎𝑖𝑛 ∗ 28
63
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Figure S09

Optical performance of the pneumatic sample

A. Reflection values for pneumatically actuated film. B. The local strains obtained from FEA and
average visible light transmissions show a clear linear correlation. C. To calculate the overall surface
transmission, the surface area of the actuated film was subdivided into areas of equal size around 1/8d
(yellow), 1/4d (green), 3/8d (red), 1/2d (blue). The area count of each respective color was used in the
formulas to calculate the overall performance.

Figure S10

Impact of angle of incidence on optical performance

A. Angles of incidence measured at a pneumatically actuated sample at 0% global strain. B.
Measurements show only minimal changes in transmission. Largest changes are measured around 700
nm, which can likely be attributed to machine artifacts (such as detector and filter changes). C. A
comparison of weighted average transmission of the 710-2600 nm spectrum (TWA%) confirms
negligible changes in near infrared transmission upon changes in the angle of incidence. D. The
optical transmission at (left) normal incidence, and (right) normal incidence (both 1/8d and 1/4d at 0%
strain), 73.2º (3/8d), 55.3º (1/4d, 30% strain), 64.8º (3/8d, 57% strain), and 42.2º (1/4d, 57% strain)
show slight differences.
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4. Microscale surface characteristics and infrared transmission

4.1 Uniaxially actuated samples
Each sample underwent one actuation cycle before microscope imaging. The treated PDMS
films were examined at 20x magnification in an optical microscope. The films were positioned in the
same orientation and observed at the approximate center of the sample.
If the actuation strain is lower than the treatment strain, wrinkles run perpendicular to the
actuation axis. If the actuation strain is higher than the treatment strain, wrinkles run parallel to the
actuation axis (Figure S11). For all cases, linear cracks in the rigid top surface run perpendicular to the
direction of the wrinkles. These phenomena result in interesting surface morphologies when a prestretched sample is stretched beyond its treatment strain: wrinkles change direction parallel to the
strain, and cracks perpendicular to the direction of stretch appear in addition to those running parallel.
The wrinkles disappear when the applied strain matches the strain the sample was treated in. These
observations agree well with wrinkling and cracking trends demonstrated in preceding studies [5,9,10].

Figure S11

Surface characterization with optical microscopy of samples with various pre-

stretching rates during treatment
The samples display no wrinkles and smaller cracks in the strains at which the PDMS film was
stretched during treatment. Upon actuation to 20% and 40% strain, the not pre-stretched sample
shows cracks perpendicular to the actuation axis that increase in width as the actuation strain
increases. The direction of cracks is parallel to the actuation axis in the sample pre-stretched at 40%
strain. The sample pre-stretched at 20% strain shows cracks parallel to the actuation axis at strains
lower than 20% and a grid of cracks running both parallel and perpendicular to the actuation axis at
strains higher than 20%. In these three samples, the increase in crack width upon either relaxation or
actuation of the material corresponds with an increase in infrared transmission as measured with the
spectrophotometer (Section 4).
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Uniaxially actuated samples treated for the same duration with oxygen plasma and gold - yet
at different strains - vary in optical transmission per actuation strain, which can be attributed to the
extent of crack surface area (Figure S12A). In addition, the analysis reveals that the greater adaptability
of infrared transmission for samples with a longer gold sputtering time, as observed earlier, can be
attributed to a greater difference in surface crack area (Figure S12B), which, in turn, is likely caused by
the increased thickness of the stiff gold layer. Although analysis has shown crack surface area
correlates with infrared transmission, additional analysis is needed to understand the role plasma
oxidation plays in generating cracking structures of a certain size and how crack width might
contribute to overall transmission levels.
Surface analyses on microscope images at 20x magnification, with a capture area of 84000
μm were performed in Adobe Photoshop, by manually selecting the areas exposed by cracks, obtaining
2

the pixel count within those selections and subsequently calculating the percentage of the full image
pixel count.
Analysis with intermittent contact (AC) mode atomic force microscopy (NanoWizard 4a, JPK
Instruments AG, Berlin, Germany) using a pyramidal-tipped cantilever (radius of curvature, R < 10
nm; spring constant, k = 23 N/m) confirmed the presence of wrinkles and their tunable amplitudes and
frequency (Figure S13).
Scanning electron microscopy (SEM) analysis (Figure S14) was a valuable tool in
determining the quality of the gold surface finish. A small section of roughly one cm 2 from the center
of each sample was cut with a scalpel to create flat pieces that could easily be clipped onto an SEM
mount for imaging. SEM images were obtained using the secondary electron detector of an FESEM
Ultra 55 (Zeiss, White Plains, NY, USA) scanning electron microscope, employing an accelerating
voltage of 2.5 kV, 30 μm aperture, and at a ~3 mm working distance. The high-resolution images
confirmed a high-quality smooth gold film without major delamination from the PDMS substrate.
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Figure S12

Surface cracking area in relation to treatment durations and infrared transmission

High contrast optical microscope images of uniaxially actuated treated PDMS films. A. Despite
receiving treatment at different pre-stretching strains, weighted average transmission levels (TWA%) of
the three samples seem to correlate with measured crack surface areas. B. The analysis of not prestretched samples shows that crack surface areas correlate with infrared transmission.
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Figure S13

Atomic force microscopy (AFM) analysis of wrinkle formations as a function of

pre-stretching strain and actuation strain.
The frequency (p) and amplitude (a) of wrinkles on the surface can be distinguished with the color
gradient (right) indicating the relative height of the surface. A single trace running through a wave
(white line) was analyzed and its cross-sectional shape plotted (red line plot).

Figure S14

Scanning electron microscopy (SEM) analysis

SEM analysis confirmed a smooth gold surface coating and did not reveal significant delamination of
the thin gold film. Note: these images were taken at different locations on the sample and in different
orientations.
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4.2 Pneumatically actuated sample
The sample underwent one actuation cycle before microscope imaging. Surface analyses on
microscope images at 20x magnification were performed on a capture area of 200 μm 2 following the
same procedure as used for the uniaxially actuated samples (Supplemental Section 4.1).

Figure S15

Crack surface area in pneumatically actuated PDMS film

A. High contrast optical microscope images of pneumatically actuated treated PDMS film (gold coated
for 2.5 min without plasma oxidation and pre-stretching) show that crack widths and crack surface
areas increase upon material actuation. Differences in crack surface area at 57% global strain
between 1/4d (lowest local strain) and 1/2d (highest local strain) are also visible. B. The data shows a
linear correlation between the simulated maximum in-plane logarithmic strain and measured crack
surface area.

5. Heat regulation of an enclosed space
This study’s spectrophotometry analysis, as described in Section 4.2, was limited to a single
spot of a few millimeters in diameter at the center of the PDMS sample. However, due to the localized
strain profile, the film surface displays gradients in color, translucency, and micro-scale surface
morphology, suggesting potential variation in optical performance across the surface. Therefore, an
experimental setup with an insulated box and heat lamp was used to verify infrared transmittive
properties of the overall surface. Iin order to determine if spectrophotometry measurements (Section
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4.2) are representative of the surface’s overall performance, the tunable infrared transmittive properties
were verified in an experimental setup with an insulated box and heat lamp. Additionally, these tests
give an indication of the ability of the adaptable technology to regulate the interior temperature of an
enclosed environment.

5.1 Experiment setup
The experiment compared the effect of untreated PDMS, clear ETFE (NOWOFLON ET 6235
Z [2]), IR-absorbing ETFE (NOWOFLON ET 6235 Z-IR [48]), and a treated PDMS sample that was
gold coated for 2.5 minutes (without pre-stretching or plasma oxidation) which had proven to achieve
the highest level of adaptability in infrared transmission (Section 4).
The experimental setup is shown in Figure S16ABC. The setup consisted of a 75W infrared
heating lamp [11] emitting a peak spectral power around a wavelength of 800 nm, placed in front of an
insulated box with sample mounted over an opening. The box is sized such that the light transmitting
surface area to interior volume ratio is similar to that of a typical room in a building. The sample can be
mounted on the box at different uniaxial strains (0%, 20%, and 40% strain) (Figure S16A). The
exposed PDMS sample surface measures 40 by 40 mm and the interior volume of the box 473 cm 3.
The interior of the box is constructed out of 3.2 mm (⅛ inch) plywood with a matte white finish facing
the interior space. The wooden box is insulated with foam with a thickness of 1 inch (2.54 cm) on each
face of the box, to prevent accumulated heat from being released to the environment. Finally, the foam
is encapsulated with aluminum tape to reflect infrared waves colliding with the exterior surface of the
box, thus confining the infrared radiation contributing to heat accumulation to that which is transmitted
through the “window” area. (Figure 5B) A 75W The infrared heating lamp [11] emitting a peak
spectral power around a wavelength of 800 nm was placed perpendicular to the PDMS sample at a
distance of 15 cm distance. A thermocouple was used to measure the air temperature at the center of
the box interior (Figure S16B), and another to measure the temperature of the external environment
created by the lamp directly between the heat lamp and the sample (Figure S16C). A temperature
datalogger (Figure S16C) measured and recorded the two sensor values at an interval of 20 seconds.
(Figure 5C)

5.2 Results
Upon switching on the lamp, the boxes reached a steady interior temperature in less than 120
minutes (Figure S17) for all samples tested. Sample performance was evaluated by the duration of the
timeframe between initiation of the heat source and the interior of the box reaching the exterior
temperature (tx), as well as the temperature difference between steady state interior and exterior
temperature (ΔTemp).
Supporting spectrophotometry and manufacturer data (Figure S01), untreated PDMS and clear
ETFE proved to be the most optically transparent as higher interior temperatures were reached (ΔTemp
of around 8 °C) and at a faster rate (tx ≈ 10 min) than treated PDMS film with gold (Figure S17 16).
Infrared absorbing ETFE, generated lower interior temperatures than clear ETFE (ΔTemp ≈ 4.5 °C)
(Figure S17A 16), due to its lower optical transmission (Figure S01). The measurements demonstrated
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that the box incorporating the gold coated PDMS film actuated to 40% strain experienced the greatest
and most rapid heat gain (ΔTemp ≈ 3.5 °C and tx ≈ 18 min). In contrast, the film at 0% strain
increased the heat gain timeframe by around 230% (tx ≈ 60 min) and reduced the steady state ΔTemp
to almost 0 °C, (Figure S17B). These results support the trends observed in spectrophotometry
measurements. Depending on the actuation strain of the gold coated PDMS film, the timeframe
required for the box interior to reach the exterior temperature increased up to 6 times over the untreated
PDMS and ETFE films.

Figure S16

Experiment setup with insulated box and heat lamp

A. The PDMS samples were mounted in wooden frames at 0%, 20% or 40% strain with the treated side
facing outwards, upon which the frame and cover were placed on the face of the box, sealing the box.
B. The box’s plywood interior is finished with a matte white paint, insulated in foam and encapsulated
with aluminum tape. The thermocouple measures the box’s temperature in the center of the interior. C.
The infrared rays of the heat lamp approach the PDMS film at normal incidence. The exterior
temperature sensor was placed halfway between the heat lamp and PDMS film.
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Figure S16 17

Heat regulation of an enclosed space

Sample performance is demonstrated by the duration of the timeframe between initiating the heat
source (grey dashed line) and the interior of the box reaching the exterior temperature (red dashed
line, tx), and the difference between the heat lamp temperature and steady state interior temperature
(ΔTemp, red double arrow at t = 120 min). A. Infrared absorbing ETFE has shown to generate a lower
ΔTemp (roughly 4.5 ºC) than untreated PDMS and clear ETFE. The performance of the gold coated
PDMS sample (Figure 5) was evaluated based on juxtaposition with these three experiments. B. The
treated PDMS (gold coated for 2.5 minutes without pre-stretching or plasma oxidation) is least
transmitting at 0% strain and most transmitting at 40% strain, confirming the trend seen with
spectrophotometry analysis (Section 4).

6. Building energy savings analysis

6.1 SHGC and U-value
The SHGC is defined as the fraction of incident solar radiation that travels through the
material as heat gain and has therefore a unitless value between 0 and 1. A lower SHGC means a lower
solar transmission and heat gain. The U-value of a building element is a measure of conductivity
thermal transmittance of non-solar heat and uses the unit W/m2K. A lower U-value means higher
insulating properties. All SHGCs and U-values calculated and presented in this paper are “center-ofglass” values.
The SHGC of a single layer material can be calculated with its transmission τ, absorption α,
and inward flowing fraction Ni of the absorbed infrared with this simplified formula [12,13]:
SHGC = τ + Ni * α
Conservation of energy requires that a material’s transmittance (τ), reflection (ρ) and
absorption (α) add up to 1:
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1=τ+α+ρ
This allows for inferring the film’s level of absorption (α). For transmission τ and reflection ρ we used
the weighted averaged values, as reported in Section 4.2. Since the inward flowing fraction N i of
radiation from absorbance was unknown, a value of 0.5 was assumed to approximate the SHGC of the
treated PDMS films.
When integrated in a double layer clear ETFE cushion, the SHGC of the whole façade
assembly can be obtained by multiplying the SHGC of the treated PDMS with the SHGC of a twolayer ETFE cushion (0.9252 = 0.86) [2]. As such, the complete pneumatic façade system of two layers
of clear ETFE and one layer of treated PDMS film will achieve a ΔSHGC of 0.29. Visible light
transmission values were obtained in the same manner with a T VIS of the ETFE cushion of 0.86
(0.9252) [2].
The U-value of gold sputtered PDMS film can be calculated with the thermal conductivity (λ)
and layer thickness (l) of the material’s components, using the following formulas:

Thermal resistance

R=l/λ

Thermal transmittance

U = 1 / (RPDMS + Rgold)

Standard clear ETFE for façade application has a thickness in the range of 100-300 μm [14] and a
thermal conductivity of around 0.17 W/mK, both comparable with the PDMS used in this study (250
μm and 0.15 W/mK [15]). Conforming to the formulas for thermal resistance and thermal
transmittance, the thin thickness of the gold deposited layer on the PDMS film (on the order of tens of
nanometers) will have a negligible impact on the film’s overall U-value. For the purposes of building
energy simulation, the similarity of these values led us to assume a U-value of 1.9 W/m2K for a threelayer ETFE/PDMS cushion, equal to a typical three-layer clear ETFE cushion [16].

6.2 Building energy simulation

In each simulation, one of the above mentioned façade assemblies was selected for the south
façade. The simulations were run for a whole year with a one-hour time step. The simulations for the
ETFE cushion with PDMS film were executed for each strain of the PDMS film (between 0% and 57%
with increments of 5%) individually. Subsequently, for each hour, the strain providing the lowest
energy consumption for heating and cooling was selected (favoring strains closest to 0%), and the total
yearly energy consumption calculated.

Façade
Triple-layer clear ETFE cushion1

Strain (%)

SHGC

TVIS

U-value (W/m2K)

0.75

0.75

1.93

20

Triple-layer ETFE cushion with 2

0.41

0.44

1.9

layers of clear ETFE and one layer
of infrared absorbing film2
Triple-layer cushion with 2 layers

0

0.178

0.318

1.9

of clear ETFE and one layer of

5

0.209

0.329

1.9

treated PDMS film (gold coated for

10

0.241

0.339

1.9

2.5 minutes without pre-stretching

15

0.272

0.350

1.9

or plasma oxidation), with PDMS

20

0.303

0.360

1.9

film at strain (%).

25

0.335

0.371

1.9

30

0.366

0.381

1.9

35

0.384

0.396

1.9

40

0.402

0.412

1.9

45

0.420

0.427

1.9

50

0.438

0.442

1.9

55

0.456

0.458

1.9

57

0.474

0.473

1.9

Table S01
1

Material properties used in the DesignBuilder simulation

Calculated from single layer properties (SHGC of 0.95 and TVIS of 0.95) obtained from [2]; 2Data

obtained from [1]; 3Data obtained from [16]. To allow for a more valid comparison between façade
assemblies, the U-value was kept consistent between the tested façades. The SHGC and T VIS of the
façade assembly with treated PDMS film was calculated from spectrophotometry data (Section 7.1) for
actuation strains 0%, 30% and 57%. These values were interpolated to estimate the other actuation
strains.

Simulation parameter

Setting

Construction adjacency (Floor, ceiling, all walls

Adiabatic

except ETFE façade)
Ventilation

Mechanical ventilation with heating and
cooling., infiltration rate of 10 L/s - person

Heating and cooling operation

Seasonal control
Days/week

Activity

5

Heating temperature

20.0 ºC

Heating setpoint

19.0 ºC

Cooling temperature

22.0 ºC

Cooling setpoint

23.0 ºC

Template
Occupancy

Lighting

All year

General lighting

Eating/drinking area
0.2062 people/m2, 5 days/week
5.0 W/m2 - 100lux
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Target illuminance

250 lux

Table S02

Parameter settings used in the DesignBuilder simulation

Figure S18 17

Building energy simulation

A. A subtraction of The difference between total daily solar gains for a building with a façade with
treated PDMS film from and that of a façade with infrared absorbing ETFE shows the adaptable
façade ability to take advantage of higher SHGC to allow for more solar heat gain (+Δ) (roughly 80
days during January-May and November-December) and block more solar heat gain (-Δ) the rest of
the time. B. Hourly changes in actuation strain of a façade assembly with treated PDMS film plotted
for three days of the year reflect the daily and seasonal weather variability the façade responds to by
finding the optimum SHGC.

7. Building application considerations

7.1 View to the out-of-doors
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Figure S19 18

View through treated PDMS film, uniaxially actuated

Not pre-stretched, gold coated samples that include oxygen plasma treatment significantly distort the
view upon actuation (middle), whereas eliminating oxygen plasma treatment reduces the level of view
distortion. (top and bottom). This series of studies also shows that an increase in coating thickness
(either by longer gold sputtering treatment or including plasma oxidation or both) increases view
distortion upon actuation, which can be expected as a thicker rigid layer produces bigger surface
cracks and more pronounced wrinkles.

7.2 Durability

The sample was mounted on a Bose ElectroForce 3200 test instrument (TA Instruments, New
Castle, DE, USA) and continuously actuated uniaxially between 0% and 57% strain (a total
displacement of 34.2 mm) for 10,000 cycles at 0.1Hz. Subsequently, its performance on infrared
regulation was re-examined with the spectrophotometer following the process outlined in Supplemental
Section 3.2. Infrared transmission changed insignificantly after continuous straining, with an average
increase in weighted average T% of 0.6, -0.06, 0.32, 0.09 for strains 0%, 20%, 40%, and 57%
respectively (Figure S20).
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Figure S20 19

Mechanical and optical durability

A. The sample was mounted on two attachments, straining the sample with a total displacement of 34.2
mm (57% strain) for a duration of 10,0000 cycles at 0.1 Hz. B. The sample exhibits only minor
performance degradation. Infrared transmission increased insignificantly after continuous straining,
with a maximum increase in T% recorded for the material at 0% strain: average of 0.57 with a
standard deviation of 0.37. C. The material does not display significant fatigue, as the required force to
actuate the material to 57% strain decreases a mere 2.8% over 10,000 cycles.
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