Stretchable Anti-fogging Tapes for Diverse Transparent Materials
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Anti-fogging, transparent materials, hydrogel adhesion, personal protection equipment, solar water

purification
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We report a stretchable anti-fogging tape that can be adhered to versatile transparent materials

4

with various curvatures for persistent fogging prevention, enabling new applications including fog-

(

free eyeglasses, protective goggles and efficient solar-powered freshwater production.
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Surface wetting prevents surface fogging on transparent materials by facilitating filmwise

condensation with specific chemistry, but suffers from material and geometry selectivity. Extreme

[

environments associated with high humidity and mechanical loading further limit their anti-fogging

)

persistence. Here, we report a stretchable anti-fogging tape (SAT) that can be applied to diverse

transparent materials with varied curvatures for persistent fogging prevention. The SAT consists of

[

three synergistically-combined transparent layers: i) a stretchable and tough layer with large elastic

recovery, ii) urant anti-fogging layer insensitive to ambient humidity, and iii) a robustly and

reversibly @dh€sive layer. The SAT maintains high total transmittance (>90%) and low diffuse

SC

transmitta 6) in high-humidity environments, under various modes of mechanical

¥

deformatioffs, over a prolonged lifetime (193 days tested so far). Two applications are

demonstrated, including the SAT-adhered eyeglasses and goggles for clear fog-free vision, and the

A

SAT-adher nsation cover for efficient solar-powered freshwater production.

d
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1. Introduction

Transpa als allowing light to pass them through without appreciable light scattering are

|

indispensa wide range of applications“’ 2 ranging from protective personnel equipment,

optical ipstidigRts to solar-powered devices. When exposed to high-humidity environments or

sudden chhemperature, surface fogging on transparent materials causes unintended light

(4]

scattering[ followed by decreased visibility of optical devices'™, lowered energy-conversion

o

(6]

efficiency s stills® and solar cells®, and reduced crop vyield in greenhousesm. Fogging on

S

glasses also indu€es annoyance in daily life, and especially triggers health risks in fighting the Covid-

19 pandemi it dficreases the frequency of hand-face touchingls].

l

Surface fogging is caused by droplet condensation on the surface which scatters light, and it

can be avoided by facilitating filmwise condensation through surface wetting *°**. One way is to

spray hydr&hl

days) due weak interaction between the hydrophilic agents and the surface (Figure Sla,

C

gents onto the surface™, but it suffers from a short lifespan (less than a few

\

Suppor ion). Micro- and nano-fabrication are also used to engineer surface topology for

modifying surface hydrophobicity™®!, but their manufacturing processes are technically

I

complicated and time-consuming, thereby limited to laboratory research and impractical for large-

scale mass & uction™. Whereas strong anchorage of crosslinked hydrogels to transparent

[10]

materials developed to prevent surface fogging' ™, it usually leads to the reduced

transparengy in high-humidity environments due to the swelling-induced mechanical instabilities of

th

hydrogels 1b, Supporting Information). Additionally, the abovementioned anti-fogging

methods a

U

selective to a certain specific transparent material. For example, the method of

A

This article is protected by copyright. All rights reserved.

5



[16]

covalently anchoring hydrophilic polysaccharides to glass'™ cannot be applied to polyethylene films

due to the different interfacial chemistry. The challenges associated with existing anti-fogging
methods ge ::rther amplified when transparent materials are curved (as in eyeglasses) and/or

experience mations (as in stretch wraps). Thus, a universal strategy to maintain anti-

fogging-pe:ormance of transparent materials in humid and dynamic environments for a prolonged

period of twins a prevailing challenge.

Here: w:iropose a universal anti-fogging strategy based on a stretchable anti-fogging tape

(SAT) that adhered to a wide range of transparent materials with various curvatures for

I
persistent fogging prevention. The SAT synergistically integrates three distinct layers to address the

o/

above-menti imitations (Figure 1a): i) a stretchable intermediate layer with high elastic
recovery made of low-density polyethylene (LDPE) to keep the SAT tightly bound to transparent

materials, ii) ti-fogging top layer made of uncrosslinked polyacrylamide (PAAm) to impart

hydrophi nsparent materials, and iii) an adhesive bottom layer made of loosely crosslinked

polydimethylsj e (PDMS) to form robust yet reversible adhesion between transparent materials

and the SAT. Given these superior mechanical and physical properties, the SAT can be elastically pre-
stretched Sd conformably adhered to targeted transparent substrates with seamless contact and
no surface , thereby effectively preserving the high transparency of the pristine transparent
materials a with SAT (Figure 1b). We show that the SATs can be broadly applied to diverse
transpare! materials including glass, polyethylene (PE), polyethylene terephthalate (PET),

polysteroly(methyl methacrylate) (PMMA), and PDMS. Meanwhile, the SATs can be

conformably a d to curved transparent surfaces with varied radii of curvature. The SAT can

effectively mainf’ high total transmittance (>90%) and low diffuse transmittance (<5%) in high

This article is protected by copyright. All rights reserved.
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humidity environments. Such anti-fogging performances further persist during the 193-day testing

period, even under various modes of mechanical loadings such as uniaxial tension, punching, and

cyclic scratki We further demonstrate that the SAT can be readily integrated with eyeglasses and
protective clear fog-free vision and used as the condensation cover in a solar still to

improvatiﬁluency of freshwater production.

2. Results andWiscussion

G

2.1 Fabricatiomyof stretchable anti-fogging tapes.

$

To fabricate the stfetchable anti-fogging tape, we biaxially prestretch an LDPE film and tightly attach

Ul

and fix the tched LDPE film to a flat surface (e.g., acrylic substrate). The prestretch of the

n

LDPE film ctively eliminate its surface wrinkles, which otherwise reduces its optical

transparengy. e upper surface of the prestretched LDPE film, we spin coat a layer of loosely

d

crosslin ollowed by thermal curing at a mild temperature (i.e., 50 °C) for 12 hours. We

select a mild erature for PDMS curing to prevent surface wrinkles induced by the thermal-
induced deformation of the LDPE film. Once the PDMS layer is cured, we adopt the benzophenone-
induced grSting photopolymerization'” *® to covalently graft long-chain polymers of hydrophilic
PAAmM to t hed polymers of LDPE (Figure 1a). The surface with grafted PAAm chains of the
resultant S Is thoroughly rinsed with deionized water to remove the unreacted reagents (i.e.,
acryIamidSmonomers) (Figure S2, Supporting Information). We further perform the fourier-
transfor“spectroscopy (FTIR) to characterize the chemical bonds of the SAT film after

thorough rlnsmgjith deionized water. As shown in Figure 2g, the resultant SAT film shows

pronounced peafssociated with amide groups, indicating that the interaction between PAAmM and

This article is protected by copyright. All rights reserved.
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LDPE should be strong covalent anchorage rather than weak deposition or absorption of PAAm

chains. The details on fabrication and chemical synthesis of the SAT are provided in Methods and

t

P

Figure S3, rting Information.

2.2 Surfac
||

nical characterizations of stretchable anti-fogging tapes.

Il

We fir m atomic force microscopy to characterize the surface topology of the PAAm

layer in thaldry state. As shown in Figure 2a, b, the thickness of the PAAm layer is about 55 nm in the

C

dry state afid i t mean square roughness is 19.10 nm, slightly higher than the roughness of the

S

pristine LDPE film (i.e., 12.54 nm). We further use the confocal microscopy imaging to visualize the

LE

PAAmM laye ydrated state. The PDMS layer and the PAAm layer are stained with Nile red and

fluoresceingfrespectively. As shown in Figure 2c, the thickness of the PAAm layer is much greater

n

than its thick in the dry state due to the superior swelling of the grafted PAAm polymers.

a

We further duct contact angle measurements to characterize the surface wetting property of

the anti-fogg e. As shown in Figure 2d and Video S1, Supporting Information, a total volume of

V]

10 pL ter is deposited on the dry surface of the PAAm layer. As the volume of the

deposited water increases, the advancing contact angle gradually decreases and reaches a steady-

[

state value 0f.49°. As the volume of the deposited water decreases, the measured receding contact

angle decr stically from 49° to 0°, suggesting the super hydrophilicity of the PAAm layer in

O

the hydrat@d state. We further deposit deionized water on the hydrated surface of the PAAm layer

h

(Figure 2e and Vidgo S2, Supporting Information). The water droplet on the nozzle spreads out in 0.1

¢

sonceitc e PAAm layer, further demonstrating its super hydrophilicity.

U

A
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In addition to surface characterizations, we also characterize mechanical properties of the
SAT film. As shown in Figure 2f and Video S3, Supporting Information, the SAT can be stretched up to
3.8 timMnal length without interfacial delamination. In addition, the SAT exhibits a
remarkabl&very with elastic recoverable strain of 0.72 (Figure 2f), which keeps it tightly
bound 5 t‘ﬂgrgeetransparent materials. The elastic recoverable strain of the SAT exceeds that of
the common, tragsparent materials (e.g., <5% for PET, PS, PMMA)™. The SAT is also tough with a
high fractu&y of 2,126 J m™ (Figure S4 and Video S4, Supporting Information), which renders
its mechawstness when elastically pre-stretched and conformably adhered to targeted

transparen Is. In addition, we characterize the adhesiveness between the SAT and the

backing la PET), which demonstrates a robust and reversible adhesive strength of 4 kPa for

1000 cyclegf attachment and detachment (Figure S5, Supporting Information).

23 Opticarizations of stretchable anti-fogging tapes

st characterize water condensation on both the pristine LDPE film and the LDPE-PAAmM
film. As In Figure S6a, Supporting Information, a water container is heated by a hot plate at a
controlled temperature for 20 minutes to reach the steady state. A thermocouple is used to monitor

the tempeh the water inside the container. Thereafter, the sample is covered on top of the

water conith heated water vapor condensing on its bottom surface. We use optical
microscopy re the real-time morphology of the condensed water. As shown in Figure S6b, c
Supporﬁtion, the pristine LDPE film facilitates dropwise condensation due to its
hydrophobfcity, while the LDPE-PAAm film promotes filmwise condensation because of its super

hydrophilicit; in t; hydrated state.

<
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To systematically characterize the effect of the condensed water on optical properties of the
film, we further perform UV-vis-NIR spectroscopy to quantify the total transmittance and diffuse
transmiMughout samples before and after condensation (Video S5, Supporting
Informatio surements follow the standard of ASTM D1003. The total transmittance
characte-riz‘miseotal percentage of the incident light directly and diffusely transmitting through
the sample, while the diffuse transmittance measures the percentage of the incident light diffusely
transmittinuh the sample. As illustrated in Figure 3a, b, the total transmittance T, is
calculated wtio of the light transmitted through the specimen T, versus the incident light T,

that is, Tt;ﬁgure 3a). The diffuse transmittance Ty is calculated by Ty= [T4- T5(To/T)1/ Ty,
t

where T; i scattered by the instrument and T, is the light scattered by both the instrument

and the sample (Figure 3b). When exposed to heated water vapor at 50°C (the temperature refers to
the measumperature of the liquid water in the container), the total transmittance of the
pristine LDPE decreases significantly from 92% to 75% in the visible spectrum and decreases from

P
92% to 60% in the near-infrared spectrum due to the backscattering of light by water droplets

>

(Figure 3c, d). ameontrast, the LDPE film with covalently grafted uncrosslinked PAAm (i.e., LDPE-

PAAmM) shows negligible loss of transmittance over the entire spectrum in spite of a slight decrease

{

of total transmittance between 1700 and 1800 nm due to the light absorption by water (Figure 3f,

g). We als @ re the diffuse transmittance of both the pristine LDPE and LDPE-PAAm to

characteri aze when exposed to heated water vapor at 50°C. The diffuse transmittance of

N

{

the pristin film increases from 8% to 48% in the visible spectrum due to its dropwise

condensati Figure. 3e). In contrast, the filmwise condensation maintains a low diffuse

Lt

transmitta e LDPE-PAAmM below 5% across the spectrum, manifesting the low haze of a

A
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uniform water film (Figure 3h). The total transmittance and diffuse transmittance of the LDPE-PAAmM

after condensation in this work outperform those of the commercially available anti-fogging

t

products i the anti-fog spray (Optix55), anti-fog wipes (KarisVisual), anti-fog mirror window

film (Kerk g greenhouse film (Agfabric) as summarized in Figure S7, Supporting

Informaﬂo ese commercially available anti-fogging products mostly rely on spraying hydrophilic

4

agents or addition of surfactants.

@

Water or temperature is a well-known factor affecting the optical transparency of the

S

film after egSation due to the altered size of the condensed water droplets[zol. As shown in

Figure S8a, Supp@rting Information, the increase of the water vapor temperature drastically

il

decreases t transmittance of the pristine LDPE film because of the enlarged water droplet on

N

the film. | t, the water vapor temperature has little effect on the LDPE-PAAm film (Figure

S8b, Supparti ormation), which indicates the water vapor temperature does not change the

d

thickne densed water film. We also check the effect of the coated PDMS layer on the

optical propertigsidf the SAT. As shown in Figure S9, Supporting Information, the PDMS layer slightly
decreases the total transmittance from 92% to 88% in the visible and near-infrared spectrum and
slightly incSases the diffuse transmittance from 2% to 5% across the entire spectrum. In particular,
we find tthe of the PDMS layer dramatically decreases the total transmittance in the

ultraviolet s because of the high absorption of ultraviolet light of PDMS.

;he crucial role of filmwise water condensation in the high total transmittance of

the LDPE-PAAm film, we then perform wave optics simulation based on the transfer matrix method

fora two-Ia;er st;ture made of a water film on top of a 20 um-thick LDPE film. The predicted total

transmi{he 16-um thick water film agrees well with the experimental measurement as

This article is protected by copyright. All rights reserved.
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shown in Figure 3g. We further carry out ray optics simulation in a pristine LDPE film with water
droplets. By assuming the uniform droplet radius of 40 pm, contact angle of 110" and droplets area
density Heasured experimentally (Figure S6d, Supporting Information), the model predicts
a drasticr otal transmittance, matching with the experimental data shown in Figure 3d.

The detﬁss! the Wave and ray optics modeling can be found in Methods.

2.4 Persisf€nce and universality of anti-fogging properties.

G

Pe nti-fogging properties is a central challenge faced by existing anti-fogging

3

approache hly desirable for practical deployment **??. Here, we show our approach can

L

potentially this challenge. As one example shown in Figure S1a, Supporting Information, the

LDPE film gprayed with hydrophilic agents exhibits decreased optical transparency when the film is

f

exposed to water vapor at 60 °C for 14 minutes (Figure 4a, c). The hydrophilic agents are

a

washed a ondensed water on the surfaces continuously due to the weak interaction

betwee ophilic agents and transparent materials™?. As another example shown in Figure Slb,

Supporti ormation, the LDPE film covalently coated with a layer of crosslinked hydrogel loses its

M

optical transparency when the film is exposed to heated water vapor at 60 °C for 20 minutes,

[

because th ked hydrogel tends to develop swelling-induced crease instability on the surface

231 (Figure d Figure Slb, Supporting Information). In contrast, we show that both the

covalent a and uncrosslinked hydrophilic polymers in our approach are essential for long-

n

term ro midity-insensitive optical properties (Figure 4a, b). The total transmittance of our

t

LDPE-PAANY film can consistently maintain high total transmittance over 90% and low diffuse

transmittance b 10% across the visible and near-infrared spectrum for 193 days (Figure 4c, d

J

and Figur ,0, Supporting Information). The durable anti-fogging properties of our approach

A
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further justify that the interaction between PAAm and LDPE is strong covalent anchorage rather than

weak deposition or absorption of PAAmM polymers.

w testify the anti-fogging properties of the LDPE-PAAm film under various modes of
mechanica , including biaxial tension and dynamic scratching. We first apply punching
I

loading on@ circle-shaped film with a diameter of 65 mm to simulate the biaxial tensile loading. As
shown in @ the LDPE-PAAmM film can maintain high total transmittance over 90% and low
diffusive transmittance below 5% even when the punching displacement increases up to 15 mm.
When the e@fpunching displacement reaches 20 mm, the diffuse transmittance increases due to
the excessive plaStic deformation induced in the film. Dynamic scratching is another common
mechanical at might damage the anchored PAAm layer. To simulate the load of dynamic
scratching,ﬂ

probe. Thsive forces are monitored from 0 to 4.8 N, corresponding to the normal pressure

of 0 to

probe to compress the LDPE-PAAm film and apply a reciprocating motion of the

e contact area between the probe and the LDPE-PAAm film is around 200 mm?.

Both the tota mittance and diffuse transmittance are measured after 100 cycles of dynamic
scratching under various compressive forces. As shown in Figure 4f and Figure S10c, d, Supporting
Informatio! the LDPE-PAAm maintains a high total transmittance above 90% and low diffuse
transmittaQw 10%, indicating its remarkable mechanical robustness under various loads of

dynamic scr.

Strate the anti-fogging tape can be applicable to universal substrates, we
adhere thg SAT to substrates with diverse materials (e.g., PET, PDMS, PMMA, PS, glass)
and geomm g., cylindrical tubes with varied curvatures). Given the high stretchability,

large ela overy, high toughness, and reversible adhesion of SAT, the SAT can be pre-

This article is protected by copyright. All rights reserved.
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stretched and then adhered to substrates with seamless contact and no surface wrinkles. When
further exposed to heated water vapor, the taped transparent materials show superior anti-
fogging pr ies, giving clear fog-free vision (Figure Sa, Videos S6-S9, Supporting
Informatiaal transmittance of the visor materials with SATs can reach as high as
N ) ) . .
90%, and ghe diffuse transmittance are as low as about 5% in the visible spectrum (Figure 5b
and FigurQSupporting Information). We further conformably attached the SAT to the
inner surfa PMMA tubes with altered radii of curvature ranging from 3.2 mm to 19.1

mm. As sw Figure 5c, the SAT can effectively impart the curved surfaces with anti-

fogging prope (high total transmittances and low diffuse transmittances), giving clear
fog-free visj en exposed to high humidity and high temperature (Figure 5d and Videos
S10, Suppoust nformation). Given the high stretchability of the anti-fogging tape, we

further dm‘[e new functions for eliminating fog on soft, stretchable, and foldable

transp jals. As shown in Figure 5e, we demonstrate the stretchable transparent

materials (i. MS) with anti-fogging tape can combat fogging issue at highly deformed
state when exposed to heated water vapor (60 °C). As another example shown in Figure 5f,

we furtheihow a foldable transparent material can maintain its transparency for 30 minutes

when exp@eated water vapor (60 °C).
2.5 Apl)li:lf stretchable anti-fogging tapes.

After Wof the superior anti-fogging performance and remarkable mechanical
robustnesg SAT, we further explore the applications of SATs on optical and solar

devices that are susceptible to fogging, including eyeglasses, goggles, and solar stills.

This article is protected by copyright. All rights reserved.

14



First, we apply our SAT to solve the fogging issue of eyeglasses and safety goggles (Figure
6a). As shown in Figure 6b, the lens with SAT attached at the inner surface can maintain clear vision
when expoeHJmid environment and a sudden change of temperature. To test the performance
in real envi e wear the glasses with a SAT adhered on the left lens. As shown in Figure 6c,
d, our EAEfectively maintain the clear vision in the indoor environment with a room

temperaturtosz °C and at the outdoor environment with a cold temperature of -5 °C. In

compariso ging on the pristine lens severely block the vision.

Newemonstrate the use of LDPE-PAAm film as a condensation cover in a sunlight-

powered water puliification system to illustrate its potential for efficient solar energy harvesting and

water desa (Figure 7a). Normally, the evaporated water vapor from brine can condense as

droplets o ction cover of the solar still, resulting in a reduction of optical transparency by ~

3595] Werototype of the water purification system under natural sunlight, which consists

of a bla orbent foam as the absorber, the LDPE-PAAm film as the condensation cover, a

beaker as the d water collector, and a bubble wrap as the thermal insulation layer (Figure S12,
Supporting Information). A metallic ball is placed on top of the condensation cover, directing the

condensetgater to drip into the beaker by gravity. As a control comparison, we also set up a

reference s ith the pristine LDPE film as the condensation cover.
rt outdoor water purification tests at Massachusetts Institute of Technology
campu to 20:00 on June 23", 2020. Figure S13a, Supporting Information plots the

.

recorded solar flux with a total solar energy of 7.17 kW-h m™ during the testing period. Figure $13

b,c, Suppo;)rmation shows the measured ambient temperature and relative humidity on the

<
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same day with an average value of 35 °C and 40%, respectively. Purified water is collected around
every hour. The LDPE-PAAm film as the condensation cover maintains high transparency with
negligibﬁor the entire sunny day, while the pristine LDPE film shows significant surface
fogging fr isure 7b). Due to the superior anti-fogging performance, the LDPE-PAAm film
enables!himater purification system to reach a water collection rate of 3.8 L/m? per day, 2.4
times that of, theyreference system (pristine LDPE film as the condensation cover, 1.6 L/m? per day)
(Figure 7c)? duction of the light backscattering by the LDPE-PAAm condensation cover is
further vawy the increased absorber temperature, vapor temperature, and bulk water
temperatu in Figure S14, Supporting Information. To test the durability of the film after
long-term ;we perform the other outdoor water purification test from 8:00 to 20:00 on Sep
8™ 2020. gr water purification system with the HPE film as the condensation cover still shows a

190% boo hwater production as shown in Figure 7d. The weather conditions on Sep g™

2020 are s zed in Figure S13 d-e, Supporting Information. To further demonstrate the

capability -powered water purification, we measure the concentrations of four primary ions

(Na*, Ca*) before and after desalination as shown in Figure 7e. These ions in the

collected water are significantly reduced and below the values for drinkable water according to US

Environmenial Hro!ection Agency (EPA)?Y.

WeQevaluate the collection efficiency of both of the water purification systems, using

the followifig definition'

=
<

M Maer + MoyerCy (T = T,

water” “water water — p water ambient) ( 1)

Aevap _[ o1t

77 water =
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where m is the collected purified water per day, & ... =2400kJ/kgis the latent heat for

water ‘water

evaporatiol of w'ter at 50 °C, C, =4186 J/(°C kg) is the specific heat of water, T ,, is the

temperatu er at the surface with an average value of 50 °C for the HPE film and 45 °C for the

$

is the ambient temperature with an average value of 35 °C, 4 is the

mbient evap

pristine PE film , T
|

|

evaporatioh and ¢, is the time-dependent solar flux. Following Eq. (1), the water

purificatio using the LDPE-PAAm film as the condensation cover reaches a water collection

C

efficiency h¥as 36.2%, 2.4 times of the same system using the pristine LDPE film as the

S

condensati (i.e., 15.1%). Note that the water collection efficiency for the state-of-the-art

U

floating so 24%"). Our LDPE-PAAm film, as the simplest design of condensation structure,

can be rea@ily integrated with existing evaporation structures with no significant investment in cost

f

while incre water collection efficiency.

a

3.Co

¥l

Motivated gby the ubiquitous fogging and their threatening effects on environment and human

[

health, we r; universal anti-fogging approach by designing a stretchable anti-fogging tape (SAT)

that can b

O

lly applicable to diverse transparent materials and various curved surfaces of

optical devices and solar products. We demonstrate the superior anti-fogging properties of the SAT

h

with hi smittance above 90% and low diffuse transmittance below 5% in high-humidity

t

environments, r various modes of mechanical deformations (uniaxial tension, punching, and

U

cyclic mopping), apd over a prolonged lifetime (over 193 days tested so far). We show potential

A
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applications of the SAT for efficient solar stills and personal protective equipment. This work also

suggests new applications of hydrogels towards functional flexible transparent materials by

harnessinglai ed properties of polyethylene films'®?®?”! and hydrogels® 2.

H I
4, Experﬁl Section

Materi Chemicals including acrylamide, benzophenone, Irgacure-2959, and Sylgard 184
were purc om Sigma-Aldrich. Saran Premium Wrap as low-density polyethylene was

purchased from Jeéhnson. NHS-Fluorescein was purchased from Thermo Fisher Scientific. Visor

Ul

materials i PET, Glass, PMMA were purchased from McMaster-Carr. All chemicals were used

N

without f rification. Deionized water (from a Milli-Qsystem) was used throughout the

experimen(s.

(O

ation of LDPE-PAAm. Figure S3, Supporting Information schematically illustrates the

proced benzophenone-induced grafting photopolymerization™” for fabricating the LDPE-

M

PAAm. The pristine low-density polyethylene film (Saran™ Premium Wrap) was first thoroughly

[

cleaned wi | and deionized water, and completely dried with nitrogen gas. Thereafter, the

benzophen® ion (10 wt.% in ethanol) was applied onto the polyethylene film to evenly cover

the entire or 10 min at room temperature. The benzophenone-treated polyethylene film

N

was wa hanol three times and completely dried with nitrogen gas. Precursor solution of

t

hydrogel lymers was prepared by mixing aqueous solutions of hydrophilic monomer (i.e.,

acrylamide) and rophilic initiator (i.e., Irgacure-2959, 1 wt.%). The typical concentration of the

3

hydrophili er ranges from 5 wt.% to 40 wt.%, which determines the chain density anchored

A
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on the surfaces of polyethylene film. The mixture of the precursor solution was poured onto the
benzophenone-treated polyethylene film in an acrylic mold and then covered by a glass plate with a
hydrophﬁg. Both the precursor solution and the benzophenone-treated polyethylene film
were subj violet irradiation in an ultraviolet chamber (365 nm ultraviolet; UVP CL-1000)
for an P%urner UV radiation, the hydrophilic monomer forms PAAm polymers via free radical
polymerizatign. JMeanwhile, surface absorbed benzophenone mediates the grafting of PAAm
polymers reactive sites on the polyethylene chains. After UV radiation, the treated

ponether%as thoroughly rinsed with deionized water to remove the unreacted reagents on

the surfac:JPE film.

Fatt of SAT. A pristine LDPE film was first pre-stretched and tightly attached to an
[

acrylate p no surface wrinkles. Thereafter, the pre-stretched LDPE film was uniformly
coated with a w IS solution, using the spin coater (Specialty coating systems, 6800 Spin Coater

Series) ion speed of 250 rpm for 3 minutes. The thickness of the PDMS layer can be

tuned by adj the rotational speed. The mixing ratio of PDMS is set as 1/30 for the reversible
adhesion. The entire sample was further cured at a mild temperature (i.e., 50 °C) for 12 hours to
ensure no Srface wrinkles formed by the thermal-induced deformation of the LDPE film. Once the
PDMS laye , we followed the same protocol of synthesizing LDPE-PAAm to covalently graft

uncrosslink on the other surface of the LDPE film. The resultant SAT consists of a laminated

structure !’th the LDPE film as the intermediate layer, the PDMS as the adhesive layer, and the
PAAmM aMgging layer.

AFM ima;g. AFM topology images were acquired with an atomic force microscope (MFP-

3D, Asy%h). Dry freestanding pristine LDPE and SAT films were directly attached onto the
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sample stage with a double-sided carbon tape. Surface topology was evaluated for areas covering 10

X 10 pm®.

{

Co jcroscopy imaging. Due to the optical transparency of the SAT film, different dyes

were utilized to facilitate imaging and characterization of the SAT film. A hydrophobic Nile red dye
|

(Aemission = nm) was added to Sylgard 184 mixture to allow the visualization of the PDMS layer

while the i-fog8ing tape was immersed in an aqueous NHS-fluorescein solution (Aemission = 518 nm)

G

to enable thg visaalization of the PAAm layer.

S

Co le measurement. A total volume of 10 plL deionized water was deposited on both

U

dry and h urfaces of the pristine LDPE film and the PAAm layer of the anti-fogging tape.

Videos welf€ recorded to measure the advancing and receding contact angles.

f

U measurement. The UV-vis-NIR measurement was conducted by the Cary 5000

a

UV-vis-NIR spectrophotometer (Agilent Technologies), following the standard ASTM D1003. The first

test was run specimen in position but with a standard high-reflectance reference material in

\l

positio the intensity of incident light T;. The second test was run with both specimen

and the refgrence in position to measure the total light transmitted through the specimen T,. The

[

total trans e can be calculated by the ratio of T, over T; (e.g., T;= T,/ T.). The third test was

run with n en in position but with a light trap in position to measure the light scattered by

O

the instrun@eént T;. The last test was run with both specimen and light trap in position to measure the

I

light scattamed by gihe instrument and the specimen T,. The diffuse transmittance can be calculated

t

by To=[T4 )1/ Th.

U

A
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Simulation of the total transmittance of the films after condensation. The wave optics

simulation of a LDPE-PAAm is performed by the transfer matrix method. The structure is shown in

t

P

Figure S6, rting Information where it is a two-layer structure made of the LDPE film on top of a
water film. tructure is in the air. The incident light is normally incident on the structure

from the'L iImside and is assumed unpolarized because our primary interest is in solar radiation

1

as well as agbient light. The optical properties of water are taken from the work B9 The optical

1]

C

properties reported in the literature " are used for wavelengths from 1.1 to 2.5 um and the

[31]

complex refraghivefiindex at the shortest wavelength reported in the literature °*, i.e., A = 1.1 um, is

$

extrapolat shorter wavelengths. To take into account the exponential increase of the

U

absorption ient of LDPE in the UV range, their optical properties at the UV range (1 <

0.17 um) réported in the literature % is approximated as k = 8.54 x 1071% exp(1.55 x 10~ 5 w)

f

and is smo nected to those at the visible range. As a result, the optical properties of LDPE

d

used in the Simt¥@tion are shown in Figure S16a, Supporting Information. The thickness of the LDPE

film is det as 20 um by fitting the predicted total transmittance to the experimentally

W

measur tance without water condensation as shown in Figure S16b, Supporting

Information. To suppress the oscillation of transmittance due to the nature of perfectly coherent

{

wave optics, we calculate the total transmittan zce with 0.1 nm interval and take the average over

adjacent p @ r + 25 nm. The water thickness of 16 um is selected so that the predicted total

transmitta agrees with experimental measurements. We also conduct the ray optics

N

simulation,_ giving_the same results as the wave optics simulation (Figure S16b, Supporting

L

Informatio

Au
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To model the total transmittance through untreated LDPE film with water droplets, the
ray optics simulation is done by using the commercial software COMSOL Multiphysics ®. The
structurhin Figure S16a, Supporting Information. The same LDPE film thickness as that of
treated L d uniform radius of water droplets are assumed. The other geometrical

parame!er*o e system are the diameter, contact angle, and areal density of water droplets. The

diameter of the water droplets is set to be 80 um, which approximately is the peak position of the
radial dist jon,

and the contact angle of 110° is assumed. Those values are experimentally

obtained min Figure S6, Supporting Information. The areal density is treated as a fitting

parameter; best fit to experimentally measured total transmittance at 50 °C is produced
when 0.55 ed.

An on stretchable and foldable transparent materials. To demonstrate the
capability of e ting fog on a stretchable transparent material, we first thermally cured a Sylgard
184 wi i e ratio of 10:1 to fabricate a stretchable transparent material, and then
prestretched gnti—fogging tape and gently attached the tape on the surface of the PDMS

substrate. We exposed the surface of the PDMS substrate with our anti-fogging tape to heated
water vapc! (60 °C) to test its anti-fogging property. To demonstrate the capability of eliminating fog
ona foldatQarent material, we first cut a PET film to a 2D shape that can be folded into a 3D

cube, and t er prestretched our anti-fogging tape and gently attached the tape on the surface

of the PET!iIm. The 2D PET film was folded into a 3D cube with the anti-fogging tape as its inner

surface.Md the inner surface of the 3D cube to heated water vapor (60 °C) to test its anti-

fogging property.s

<
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Outdoor water purification tests under natural sunlight. The solar water purification system
was constructed from the super-absorbent foam (McMaster Carr, 8884k41) painted in black (Rust-
Oleum SMe pristine LDPE film or LDPE-PAAm film as the condenser, the glass beaker as the
water coll he bubble wrap as the thermal insulation layer, and the glass container as the
basin fifedmter of around 600 ml. A metallic ball was placed at the center of the condenser,

driving the flow of the condensed water by its gravitational force. The outdoor water purification

tests were ed at Massachusetts Institute of Technology campus on June 23" in 2020. The
solar flux, wlent temperature, and the ambient relative humidity were recorded by the
rooftop w tion at MIT Center for Advanced Urbanism. The temperatures of the absorber

Tabsorbers m above the absorber) T,..or, and the bulk water Ty..r Were measured using

thermoco Ies every hour. Collected purified water was measured using a balance with 0.001 g
resolution. concentrations of the collected water were measured using Inductively Coupled

Plasma Mass'S ometry with calibrated results shown in Figure S15, Supporting Information.

Support'!g Information

Supporting @ ion is available from the Wiley Online Library or from the author.
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Figure 1 | Schematic illustration of stretchable anti-fogging tape (SAT) applicable to diverse
transparent materials with various curvatures. a) The SAT consists of three synergistically-combined
transparent layers: i) a stretchable middle layer with high elastic recovery made of low-density
-
polyethylene (LDPE) to keep transparent materials tightly bound, ii) an anti-fogging top layer made
of uncross rylamide (PAAm) to impart hydrophilicity to transparent materials, and iii) an
adhesivel bettemmiayer made of loosely crosslinked polydimethylsiloxane (PDMS) to form robust yet
reversible M between transparent materials and SATs. The SAT is originally adhered to a
backing Ia\r (e.HPET) and can be readily peeled from the backing layer for usage. b) Schematic
illustration of the working principle for applying the SAT. Once peeled from the backing layer, the
SAT is first pre—sAtretched to remove wrinkles from its surface, and thereafter adhered to versatile

| W A |
transparent materials with various curvatures with seamless contact. When exposed to high-

humidity environments, the transparent materials with SATs facilitate filmwise condensation,
y |

allowing the incident light to transmit them through with negligible light scattering.
= |

4 LDPE b LDPE-PAAmM Dry state (Advancing)

Ll i d

Dry state (Receding)

PSP EIEEE

Hydrated state (Advancing)
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Figure 2 | and mechanical characterizations of the stretchable anti-fogging tape. a) AFM
surface of the pristine LDPE film, measuring its root mean square of roughness. b) AFM
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surface topology of the LDPE-PAAm film, measuring the thickness of the LDPE-PAAm layer and its
root mean square of roughness. c) Confocal microscopy images of the anti-fogging tape to illustrate

the unists of the PAAm layer in the hydrated state. PDMS and PAAm are stained with
Nile red an cein, respectively. d) Contact angle measurements of the anti-fogging tape in the
dry state. gle measurement of the anti-fogging tape in the hydrated state. f) Nominal

stress versusmstmeich curves of SAT under monotonic uniaxial tensile loading and cyclic uniaxial

3

tensile loa red dot indicates the failure point. Inset images showing the SAT at undeformed

state (i.e., =1 d deformed state (i.e., A =3.4). g) Transmission FTIR spectrum of the pristine

&

LDPE film a DPE-PAAm film. The NH, at 3200 cm™ and 3349 cm™, the C=0 stretching at 1665

cm™, and ing at 1613 cm™ indicate the anchored polyacrylamide chains. The scale bars in

S

c), d), e), an aPe€ 500 um, 1 mm, 1 mm, and 10 mm, respectively.
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Figure 3 | UV-vis-NIR characterization. a) Schematic illustration of the measurement of total
T

transmittahTz/ 0
transmitte total. b) Schematic illustration of the measurement of diffuse transmittance

T, :[7;— AL 1)]/Tl, where T is the intensity of the scattered light by the instrument

where T} is the intensity of incident light and 7, is the intensity of

measurWample in position but with the light trap in position, 7, is the intensity of the

diffusively trans5ted light with both the sample and the light trap in position. c) Schematically

illustration of itdiffusively transmitted and reflected light in the pristine LDPE film. d) The
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measured total transmittance of the pristine LDPE film before condensation and after condensation
when exposed to hot water vapor. The bold line is the corresponding simulation result of the total
transmittaﬁe pristine LDPE film after condensation when exposed to hot water vapor. e) The
measured nsmittance of the pristine LDPE film before condensation and after
condengatiq!nwen exposed to hot water vapor. f) Schematically illustration of the directly
transmitted lightin the LDPE-PAAmM film. d) The measured total transmittance of the LDPE-PAAmM
film beforeration and after condensation when exposed to hot water vapor. The bold line is
the correspon@ingy simulation result of the total transmittance of the LDPE-PAAm film after

condensati exposed to hot water vapor. e) The measured diffuse transmittance of the LDPE-

PAAm film ondensation and after condensation when exposed to hot water vapor.
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hod of spraying hydrophilic agents suffers short lifetime due to the weak interface
philic agents and transparent materials. In contrast, our method of covalently
ked hydrophilic polymers maintains the mechanical robustness by resisting
ater flow. b) The existing method of coating crosslinked hydrogels suffers low optical
exposed to high-humidity environments because the swelling of crosslinked
crease instability. In contrast, swelling of uncrosslinked hydrophilic polymers in

ot affect the transparency of the film, giving high transparency in high-humidity



environments. c) Comparison of the measured diffuse transmittance among existing anti-fogging

methods and our method as a function of water vapor exposure time. d) Measured total

t

P

transmittance_and diffuse transmittance of the LDPE-PAAm film through the test period over 193
days. e) M | transmittance and diffuse transmittance of the LDPE-PAAm film at various

punchin% placements of 0, 5, 10, 15, and 20 mm. f) Measured total transmittance and diffuse

transmittar@e LDPE-PAAm film at various loads of dynamic scratching.
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Figure 5 | Anti-fogging properties for diverse transparent materials. a) Dropwise condensations on

the pristine transparent films (i.e., PE, PET, PDMS, PMMA, PS, Glass) block the visions when exposed

t

D

to heated Water vapor due to their fogging surfaces. Filmwise condensations on the same films with
anti-foggin intain clear visions when exposed to heated water vapor due to their anti-

fogging-sur ces. b) Measured diffuse transmittance of the pristine transparent films (i.e., PE, PET,

£

PDMS, PMMA, PS, Glass) and the same films with anti-fogging tape. c) Dropwise condensations on

C

the pristin PMMA tubes with various radii of curvature (i.e., 3.2, 6.4, 9.5, 14.3, 19.1 mm)

block the Misighs When exposed to heated water vapor due to their fogging surfaces. Filmwise

S

condensati he same tubes with anti-fogging tape maintain clear visions when exposed to

heated wa

U

r due to their anti-fogging surfaces. d) Measured diffuse transmittance of the

pristine cuf¢ed PMMA tubes with various radii of curvature (i.e., 3.2, 6.4, 9.5, 14.3, 19.1 mm) and the

)

same tub anti-fogging tape. e) Demonstration of fogging on the pristine stretchable

d

transparent'™a | and anti-fogging on the stretchable transparent material with anti-fogging tape.
f) Demons of anti-fogging on the foldalbe transparent material with anti-fogging tape. The

scaleb ), f) are 10 mm, 5 mm, 5mm, and 10 mm.
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Figure 6 | -fogging eyeglasses and protective goggles. a) Schematic illustration of the working

G

principle f@ applying the stretchable anti-fogging tape to eyeglasses and safety goggles. b) The

40)

The resultant gdggle with anti-fogging tape adhered onto the inner surface of the left-side goggle. d)

=

resultant ith anti-fogging tape adhered onto the inner surface of the right-side glass. c)
Outdoor fo st of eyeglass at the temperature of -5 °C. e) Indoor fogging test of protective
mperature of 20 °C. f) Outdoor fogging test of protective goggle at the

goggle

temperature of -5 °C. The scale bars in (b-f) are 20 mm.
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Figure 7 | Outdoor water purification tests under natural sunlight. a) Schematic illustration of the

a

design of $§ol Il using LDPE-PAAmM as the condensation cover to enhance solar-powered

freshw

ion. b) Images of two solar stills with the pristine LDPE film and the LDPE-PAAmM

film as t ensation cover from 09:00 to 20:00 on June 23", 2020. c¢) The collected purified

M

water over time for the two water purification systems with the pristine PE film and LDPE-PAAmM film

as the con

]

cover from 8:00 to 20:00 on June 23th. d) The collected purified water over

time for t ater purification systems with the pristine LDPE film and LDPE-PAAm film as the

condensatio from 8:00 to 20:00 on Sep 8" after prolonged storage of the film for 77 days. e)

n

Measur; ation of the primary ions Na*, Mg*, K*, and Ca®* before and after solar-powered

{
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