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Dimensionally Stable Nanofibrous Nonwoven as a Flexible
Dynamic Emissivity Switching Temperature-Regulating

Material

Eva Loccufier,* Muluneh G. Abebe, Jozefien Geltmeyer, Timo Meirman,
Ozlem Ipek Kalaoglu Altan, Joachim F. R. Van Guyse, Eric Khousakoun, Hayriye Gidik,
Elham Mohsenzadeh, Driss Lahem, Richard Hoogenboom, Bjorn Maes, and Karen De

Clerck*

Smart textiles that passively regulate thermal comfort provide a sustainable
alternative to energy-intensive climate control. A promising strategy involves
modulating radiative heat transfer by dynamically adjusting surface
emissivity, thereby facilitating reversible switching between heat-retentive and
heat-dissipative states. Existing systems enable emissivity switching but often
need external energy or lack dimensional stability when deformed, which
limits wearable applications. Here, a fully passive, autonomously adaptive
dynamic emissivity switch textile (DEST) based on a thermo- and
humidity-responsive electrospun poly(N-isopropyl acrylamide) (PNIPAM)
copolymer is introduced. To ensure robust functionality in humid or aqueous
environments, a crosslinkable allyl-functionalized PNIPAM copolymer is
synthesized via post-polymerization amidation of a P(NIPAM-co-methyl
acrylate) copolymer and processed using a green water-ethanol-based
electrospinning technique. Thiol-ene crosslinking produced water-stable,
thermoresponsive nanofibers with a transition near skin temperature. For
reversible macropore actuation, a dimensionally stable architecture is
employed that avoids out-of-plane distortion, achieved through a
honeycomb-shaped electrospinning collector and a tailored mechanical
cutting pattern. A silver coating imparts the overall infrared (IR) reflectivity,
facilitating radiative heat retention when the macropores are closed. The
resulting DEST exhibits dual responsiveness to temperature and ambient
humidity, enabling passive switching between emissive and reflective states
without external energy input, with a =6 °C reversible thermal comfort
window.

1. Introduction

Maintaining thermal comfort in both liv-
ing and working environments is crucial for
human well-being, productivity, and over-
all health. With rising global temperatures
and the growing need for climate con-
trol, the demand for efficient thermal reg-
ulation is poised to intensify. Currently,
thermal comfort is predominantly achieved
through centralized heating, ventilation,
and air conditioning systems, which to-
gether account for over 20% of the global
energy consumption.[?] These active forms
of thermal regulation place considerable
strain on energy infrastructure, particularly
in densely populated areas and areas with
extreme climates.

An emerging strategy to reduce the re-
liance on the energy-intensive thermal reg-
ulation of infrastructure is the development
of materials that regulate personal ther-
mal comfort.>*l Among these, smart tex-
tiles that can adapt their thermal proper-
ties to external conditions offer a promis-
ing route to localized, energy-passive ther-
mal regulation. By dynamically modulating
infrared (IR) emissivity, these textiles can
switch between heat-retaining (low emis-
sivity) and heat-releasing (high emissivity)

E. Loccufier, |. Geltmeyer, T. Meirman, K. De Clerck

Centre for Textile Science and Engineering (CTSE)
Department of Materials

Textiles and Chemical Engineering

Ghent University

Technologiepark 70A, Ghent 9052, Belgium

E-mail: Eva.Loccufier@UGent.be; Karen.DeClerck@UGent.be

O. I. K. Altan

M. G. Abebe, B. Maes

Micro- and Nanophotonic Materials Group

Research Institute for Materials Science and Engineering
University of Mons

20 Place du Parc, Mons B-7000, Belgium

Faculty of Textile Technologies and Design

Department of Textile Engineering

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202517161

DOI: 10.1002/adma.202517161

Adv. Mater. 2025, 17161 e17161 (1 of 15)

Istanbul Technical University
Inonu Cad No: 65, Beyoglu, Istanbul 34437, Turkey

© 2025 Wiley-VCH GmbH


http://www.advmat.de
mailto:Eva.Loccufier@UGent.be
mailto:Karen.DeClerck@UGent.be
https://doi.org/10.1002/adma.202517161
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202517161&domain=pdf&date_stamp=2025-11-22

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

states, depending on the wearer’s needs and the surrounding
environment.>¢! Better known as dynamic emissivity switch tex-
tiles (DESTS), these systems are designed to mimic biological
principles used by squids and lizards to passively regulate ther-
mal comfort.”"!] In addition, the porous structure of fabrics en-
ables designs that allow for both moisture regulation and heat
regulation, another important factor in maintaining a comfort-
able body temperature.!*12-17]

DESTs can be both active and passive, depending on the
stimuli that enable the thermal regulation.[%18-25] Active mate-
rials, such as those driven by electrical power, regulate heat
exchange, thereby reducing energy consumption,! but only a
few fast-switching dual-mode thermal regulating textiles exist.[?¢]
Although these can lead to practical actuation problems, en-
ergy consumption can be minimized by using alternative ex-
ternal stimuli, such as mechanical pressure.?*?! Even then,
fast-responsive passive thermal regulating materials are favored.
However, the currently available materials have significant lim-
itations in both material properties and performance, including
mechanical instability or deformation during actuation, the need
for manual switching (flip-over designs), a lack of biocompatibil-
ity and eco-friendly fabrication, and a limited thermal or ambient
humidity operating range.!17:8:10.15.1821-34]

A recently investigated method to enhance the response
time of thermoregulating materials is the use of electrospun
nanofibers. Compared to conventional textile production meth-
ods, electrospinning produces fibers with nanometer-scale diam-
eters, resulting in a very high specific surface area.l**! Combined
with the large porosity in between the fibers, the overall fabric
has the potential for a significantly faster response and, thus, a
quicker thermal regulation.’**% Additionally, the combination
of these properties enables significant potential changes in the
fabric’s dimensions in response to thermal stimuli.

The development of thermally regulating textiles comprising
electrospun nanofibers has been reported over the last five years
for use in, e.g., all-weather smart textiles, air-conditioned masks,
and sun blinds for windows.[1#3840-48] These have focused on
enhancing thermal management capabilities through innovative
material compositions, for example, by incorporating polyethy-
lene glycol as a phase-change material into the electrospinning
solution.l**°] However, there is a shortage of materials that si-
multaneously address the use of a green electrospinning process,
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the material’s biocompatibility and environmental sustainability,
and incorporate a layer that guarantees dimensional stability dur-
ing pore opening/closing.[28:29.39:51-53]

Therefore, we developed a new textile structure consist-
ing of a thermo- and humidity-responsive electrospun poly(N-
isopropyl acrylamide) (PNIPAM) copolymer coated with silver
(Ag) nanoparticles as a textile coating layer that exhibits a fast
and reversible thermal response (Figure 1). PNIPAM is a ther-
moresponsive polymer with a lower critical solution tempera-
ture (LCST) of ~32 °C in water. Below this temperature, it be-
comes water-soluble, enabling a green electrospinning process
using an aqueous ethanol solution. In addition to its high func-
tionalization potential—which allows for tailoring the water sta-
bility of electrospun PNIPAM fibers through crosslinking (later
referred to as PNIPAM-X)—PNIPAM and its copolymers have
been extensively studied and are widely recognized for their
biocompatibility.>*%] Numerous in vitro and in vivo studies have
demonstrated their low cytotoxicity and suitability for biomedical
applications such as drug delivery, tissue engineering, and regen-
erative medicine. For instance, PNIPAM-based hydrogels have
shown excellent compatibility with mammalian cells and have
been used as scaffolds for cell culture and tissue regeneration.!
Moreover, copolymers, such as dextran-grafted PNIPAM, have
been shown to enhance the cytotoxicity of chemotherapeutic
agents while maintaining biocompatibility.[**-%?] The resulting
nonwoven therefore shows strong potential for application in the
development of smart textiles designed for skin contact. Further-
more, the design is enhanced by implementing a mechanical
metamaterial inspired by zero Poisson material.l*-%] By develop-
ing a honeycomb-like configuration, the overall dimensional sta-
bility is ensured, allowing the use of this nonwoven fabric as a top
layer on other materials. This concept is schematically depicted in
Figure 1 for a skin-contact application, specifically a thermoreg-
ulating sports T-shirt, which serves as the first proof-of-concept
application for our DEST.

2. Results and Discussion

2.1. Model-Based Design of Dimensionally Stable Nanofibrous
DEST

In this work, the proposed DEST structure consists of layered
components, namely a unidirectional carbon-fiber high-emissive
textile bottom layer, with a 70-100 pm thin electrospun thermore-
sponsive PNIPAM-X fabric coated with a 50 nm layer of silver
nanoparticles on top to ensure good conductivity without loss
in biocompatibility.[®*71] A carbon fiber bottom layer was cho-
sen for proof-of-concept purposes, but any fabric with high emis-
sion can replace this, such as woven cotton fabrics with dedicated
coloring.775]

A functional DEST for dual-mode temperature regulation
must operate in two modes: heat-retentive and dissipative. The
fabric is in heat-retention mode when the ambient temperature
is low. This section explains the concept in detail through mod-
eling the effective emissivity of the proposed DEST. The added
value of this DEST compared to a traditional textile and bare
skin is illustrated through the thermal circuit model for the skin-
textile-environment structure, which accounts for a small air
gap between the textile and the skin (Figure 1). Initially, at low
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Figure 1. Model-based design strategy of a dynamic emissivity switch textile (DEST) for dual-mode temperature regulation. The DEST consists of a
high-emissive textile bottom layer topped with a thermo- and humidity-responsive crosslinked electrospun PNIPAM copolymer. This nonwoven layer is
coated with silver through physical vapor deposition. A macroscopic 3-legged triangle pattern is cut into the nonwoven, creating a dimensionally stable
top layer that facilitates reversible opening and closing of macropores. This construction yields a multi-layered material capable of both heat retention
and dissipation, as schematically depicted in the thermal circuit comparison with bare skin and a traditional textile.

relative humidity, the silver-coated PNIPAM-X layer keeps its
original shape, leading to full coverage of the high-emission car-
bon fiber bottom layer. This significantly reduces the body’s heat
radiation to the environment by decreasing the effective emis-
sivity of the fabric’s outer surface, putting the DEST in heat-
retention mode. When the ambient temperature rises, the fab-
ric switches to heat-dissipation mode. The PNIPAM-X layer con-
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tracts, exposing the bottom, high-emission layer to the environ-
ment, increasing the effective emissivity of the outer surface and
allowing heat to dissipate from the body into the environment.
Details of the model-based fundamentals of this DEST design
are schematically depicted in Figure 2a,b and explained in detail
in Section S1 (Supporting Information). The resulting map of
the effective emissivity €5 as a function of the metalized layer’s
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Figure 2. Analysis of the effective emissivity of a dual-layer DEST. a) Schematic representation of the main heat flow channels when the fabric covers
skin, and b) the corresponding thermal circuit analogy. The resulting map of the effective emissivity e as c) a function of €,,, and C¢ (for €5=1), and
d) temperature setpoint as a function of e, and Cy showcase the heating and cooling potential of the DEST.

emissivity €,, and the coverage factor C; (the metalized surface
area over the bottom layer surface area), and the temperature set-
point as a function of €5 and C; are given in Figure 2c,d. The
effective emissivity approaches that of the metallic top layer as
the C;approaches 1. On the other hand, when the metalized is-
lands shrink, the surface area of the top layer decreases, increas-
ing the effective emissivity toward the theoretical limit of the bot-
tom layer’s emissivity.

The effective emissivity behavior can be categorized into four
regions: i) both C;and e, are low (bottom-left corner), ii) low C;
and high ¢, (top-left corner), iii) both Cyand ¢,, are high (top-
right corner), and iv) high Cyand ¢, low (bottom-right corner).
In regions (i) and (ii), the effective emissivity remains high due
to the large exposure of the bottom layer, enabling radiative cool-
ing regardless of €,,. Here, the top layer’s emissivity is less criti-
cal because of its minimal coverage. Region (iii) also yields high
emissivity, but through full coverage with a high-emissivity top
layer. In contrast, region (iv) shows low emissivity, as the emis-
sive bottom layer is obscured by a low-emissivity top layer, favor-
ing heating. Thus, regions (i) and (iv) represent optimal cooling
and heating scenarios, respectively, and are key targets in DEST
design.

This analysis highlights the importance of minimizing the
top layer’s ¢,, through precise electromagnetic design and fab-
rication of this layer. Thermal comfort is defined by the tem-
perature setpoint, which is the ambient temperature at which
comfort is achieved. A wider setpoint range indicates bet-
ter dynamic performance. The ideal cooling setpoint reaches
26 °C (low coverage), while the heating setpoint drops to 11 °C
(high coverage). For comparison, traditional fabrics like cot-
ton exhibit only a narrow setpoint band =22 °C, whereas a
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DEST aims to expand this as much as possible. The details on
these calculations are given in Section S1 (Supporting Informa-
tion).

To utilize DEST technology to improve smart textiles, a flexible
top layer is needed that maintains overall dimensional stability
when the pores open and close in response to external stimuli.
This type of mechanical metamaterial requires a specific design
strategy.l>>>°] Based on intensively investigated 2D re-entrant
structures (e.g., chiral quadratic lattice structure, structurally
hexagonal re-entrant honeycomb, square rib missing model, and
lozenge missing rib model), we developed a cutting pattern to
create a DEST top-layer that creates honeycomb pores upon
opening and closing of the structure, see Figure 1.°660-62] A 3.
legged triangle cutting pattern with cuts spaced 2 mm apart,
as shown in Figure 3b, was applied to the PNIPAM-X nonwo-
ven. To improve the opening and closing of these pores, a spe-
cialized honeycomb-shaped collector with 2 mm wide honey-
combs was designed as an electrospinning collector (Figure 3a).
This created areas with higher fiber density on top of the col-
lector structure and lower fiber density in the gaps between the
collector pores, as shown in the scanning electron microscopy
(SEM images of Figure 3. After removal from the collector, this
creates a nonwoven with localized improved mechanical stabil-
ity where the honeycomb mesh collector was underneath, and
larger porosity zones that are ideal for expansion and contrac-
tion when applying the cutting pattern. The local fiber-dense
zones provide sufficient mechanical rigidity while maintaining
flexibility, enabling reversible opening and closing of the macro-
scopic honeycomb pores, as shown in Section 2.4. As a result
of this combined design strategy, the sample will not deform
in either the lateral or axial directions while the fabric switches
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Figure 3. Shape characteristics and associated SEM images of the microstructure of a) the honeycomb aluminum electrospinning collector, and b) the

3-legged triangular cutting pattern.

between cooling and heating modes, unlike other designs. This
enables an overall DEST with high flexibility, durability, and wear
resistance, making it ideal for the development of smart tex-
tiles.

2.2. Thermoresponsive PNIPAM Synthesis

To develop a functionalized PNIPAM that is crosslinkable
via radical thiol-ene chemistry, it was envisioned to intro-
duce allylacrylamide comonomer units. However, copolymer-
ization of NIPAM with allylacrylamide would lead to prema-
ture crosslinking due to radical addition to both the acrylamide
and allyl groups of the latter monomer. Recently, Hoogen-
boom and coworkers established efficient triazabicyclodecene
(TBD)-catalyzed amidation for the post-polymerization modifi-
cations of poly(methyl acrylate), including the preparation of a
poly(allylacrylamide) homopolymer.”¢7°! This previous work in-
spired the post-modification strategy for the crosslinking of PNI-
PAM nanofibers. Therefore, NIPAM was copolymerized with
methyl acrylate to produce P(NIPAM-co-MA) through free rad-
ical copolymerization using 2,2’-Azobis(2-methylpropionitrile)
(AIBN) as an initiator at 70 °C (Figure 4a). The copolymer
was isolated via precipitation in diethyl ether, followed by fil-
tration and vacuum drying. The optimal copolymer to produce
water-stable nanofibers was established after a preliminary study
in which the amidation ratio and the molecular weight of the
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polymers were varied, as shown in Section S2 (Supporting In-
formation). The successful copolymerization was confirmed by
SEC, which revealed a molecular weight (Mn) of 32.4 kDa and
a dispersity (D) of 3.97 (Figure S2, Supporting Information).
'H NMR spectroscopy was used to determine the content of
methyl acrylate to be 33 mol% (Figure S2, Supporting Informa-
tion). P(NIPAM-co-MA) was converted to P(NIPAM-co-AllylAm)
through TBD-catalyzed amidation using allylamine (Figure 3).
SEC analysis revealed an increase in Mn to 45.8 kDa and a
similar D of 3.83, indicating that the allylacrylamide units lead
to an increase in hydrodynamic volume in DMA (Figure S2,
Supporting Information). The appearance of peaks at 3.7, 3.9,
and 5 ppm in the 'H NMR spectrum confirmed the complete
transformation of the acrylate esters to allylacrylamide units in
the copolymer (Figure S2, Supporting Information). The mod-
ification was further validated by the disappearance of the es-
ter band at 1700 cm™! and the appearance of the allyl band at
900 cm™! in the FTIR spectra, as shown in Figure S2 (Sup-
porting Information). The incorporation of the allyl side chains
did not significantly alter the lower critical solution tempera-
ture (LCST) of the P(NIPAM-co-allylAm) copolymer compared
to pure PNIPAM, as confirmed by cloud point measurements
conducted through turbidimetry, which revealed a cloud point
temperature (T,) of 32.7 °C (Figure S3, Supporting Informa-
tion). As a result, the modified polymer remains water-soluble
at room temperature, allowing the green electrospinning into
nanofibers.%
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Figure 4. a) Copolymerization of NIPAM with MA followed by amidation with allyamine to form P(NIPAM-co-AllylAm), enabling b) photo-crosslinking

with dithiothreitol to form a water-insoluble polymer network.

2.3. Electrospinning, Crosslinking, and Functionalization of
PNIPAM

The P(NIPAM-co-AllylAm) polymer was dissolved in ethanol in
the presence of dithiothreitol (DTT) and the photoinitator Ir-
gacure 2959 to form a 20 wt% polymer solution, denoted as the
PNIPAM-X solution. The solution was electrospun into a homo-
geneous nanofibrous mat with fibers having an average diame-
ter of 280 + 89 nm, followed by UV treatment, which initiated
the thiol-ene reaction (Figure 4b). DSC measurements showed
that the glass transition temperature (T,) of the nanofibers af-
ter crosslinking increased from 129 to 138 °C, thereby indicat-
ing lower chain segment mobility as expected upon successful
crosslinking (Figure S4, Supporting Information).

The dimensional stability of the PNIPAM-X nanofibers at the
microscale was tested by examining the fibers’ microstructure af-
ter storage in demineralized water at various temperatures and
buffer solutions at pH 4 and 10 for 3 days (Figure 5a—e). In all
cases, the fibers swelled but maintained their fibrous structure,
ensuring the material’s integrity. Additionally, the nonwoven was
exposed to a salt solution simulating human sweat (Figure 5f).
Human sweat mainly consists of water and electrolytes, with
sodium chloride (NaCl) being the most prominent salt at an aver-
age concentration of 50 mmol L=!. After 3 days of immersion in
the salt solution, no changes in the microstructure were observed
compared to storage at the same temperature in demineralized
water.

Adv. Mater. 2025, e17161
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Water contact angle (WCA) measurements of both the non-
crosslinked and crosslinked nonwovens revealed complete wet-
ting within milliseconds (thus a WCA of 0°), making them both
superhydrophilic. However, compared to conventional PNIPAM
nanofibers that dissolve immediately upon contact with water,
the PNIPAM-X nonwoven exhibits high water stability, signifi-
cantly expanding its application field, for example, toward dedi-
cated skin-contact smart textile applications.

A conductive and biocompatible silver (Ag) nanoparticle layer
was deposited on the PNIPAM-X nanofibrous membranes us-
ing physical vapor deposition (PVD). This resulted in a 50 nm-
thick silver layer that did not visibly alter the membrane’s mi-
crostructure. Given the relative surface roughness of nanofibers
compared to a flat surface and the fact that PVD is a surface
technique, slight variations in thickness, especially in the sam-
ple depth, can occur. However, no macroscopic visual changes
are observed after the PVD process, and the electrical conductiv-
ity of the Ag-coated PNIPAM-X remains uniform over a 10 cm?
sample. Additionally, the Ag layer has a high water stability while
maintaining the membrane’s flexibility, ensuring the material’s
comfort is not compromised. This water stability was demon-
strated by measuring the washing water after 5 consecutive pore-
opening cycles (at 40 °C and 85% RH) and after washing cy-
cles (in water <10 °C) using UV-vis spectrophotometry (see
Figure S5, Supporting Information). This indicates that there is
only marginal Ag leaching, especially compared to a reference so-
lution containing 0.02 mg mL~! Ag nanoparticles of 10 nm in an

© 2025 Wiley-VCH GmbH
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Figure 5. SEM images of PNIPAM-X samples after immersion for 3 days in demineralized water at a) 6 °C, b) 22 °C, and c) 50 °C; buffer solutions at
22 °C of d) pH 4, and e) pH 10; and f) 50 mmol L™ NaCl solution at 22 °C as a simulation of human sweat.

aqueous buffer, which already shows a clear absorbance between
350 and 600 nm even at this low concentration. It has previously
been shown that PVD can deposit wear-resistant coatings using,
among other materials, nitrides or carbides.[1-% However, Ag is
a relatively ductile material, making it prone to wear over multi-
ple cycles. To increase the hardness of the Ag layer, alloying with,
e.g., Cu or Pd has previously been demonstrated to improve wear,
thereby likely enhancing the washability of the DEST.[8-88]

2.4. Humidity-Driven Thermoresponsiveness of PNIPAM-X
Nanofibers

Given the thermosensitive nature of PNIPAM, which persists
after the functionalization and crosslinking of the modified
P(NIPAM-co-AllylAm), the thermoresponsivity of the electro-
spun PNIPAM-X nonwovens was studied. For this, 3-legged
triangle-shaped cuts, as depicted in Figure 3b, were cut into
the electrospun nonwoven. This nonwoven was spun on an alu-
minum collector with a honeycomb pattern, resulting in fiber-
dense zones at the honeycomb bars (Figure 3a). This allows for
zones that provide mechanical rigidity and zones that more eas-
ily extract and contract in response to temperature or humid-
ity. Combined with the macroscopic cutting pattern, this creates
macropores that open when RH and/or temperature increase
(Figure 6a). Immersion in water enables the pores to recover,
closing ~85% (Figure 6D, left). When reintroduced to a high-
humidity environment, the pores reopen (Figure 6b, right). In
addition, there is no visual out-of-plane displacement of the non-
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woven upon opening and closing the pores, as shown in the side
view images of Figure 6. This results in a zero Poisson nonwoven
layer without overall tension throughout the material when fully
covered by the cutting pattern, due to the material’s thermore-
sponsiveness rather than external mechanical forces. As a re-
sult of the dedicated electrospin collector, the mechanically rigid
hexagons, with a localized higher fiber density and therefore vis-
ible under wet conditions to the human eye, provide overall di-
mensional stability after multiple opening-and-closing cycles, as
demonstrated in Figure S6 (Supporting Information) by outlin-
ing several hexagonal honeycomb structures with the same size
and under the same angle as the electrospinning collector atop a
digital microscope image.

To quantify the pore opening and closing, the honeycomb
PNIPAM-X was exposed to different surrounding tempera-
tures at varying relative humidities for 72 h and vice versa
(Figure 7a,b), as well as immersed in temperature-controlled
demineralized water for 24 h (Figure 7c). The surface area
covered with nanofibers was determined for a given RH and
temperature by pixel analysis of top-view images using Image]
(Figure 8a). The lower the surface area, the larger the honey-
comb macropores of the nonwoven. In all cases, the macrop-
ores induced by the honeycomb pattern increase in size as the
temperature rises (Figure 7a) or the RH increases (Figure 7b),
until they are fully opened by local shrinkage of the nonwoven
material, bringing the fibers closer together. As demonstrated
in Figure 6, there is almost no out-of-plane displacement of the
sample as a result of this contraction, especially when compared
to the first proof-of-principle samples with cross-shaped cuts in
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Figure 6. Macroscopic stability of honeycomb PNIPAM-X layer a) upon increasing the RH from 40% to 75% at 25 °C, followed by b) immersion in cold
water (10 °C), and reintroduction in an increasingly humid atmosphere at 25 °C. c) Macroscopic stability of a pre-curved DEST upon increasing the RH

from 40% to 80% at 35 °C.

electrospun nonwoven (Figure 8b). The combination of our ded-
icated spinning collector and cutting pattern, therefore, results
in a nanofibrous metamaterial layer that maintains dimensional
stability during pore opening and closing. The higher the rela-
tive humidity or temperature, the sooner we see the pore-opening
process. Once a threshold combination of RH and temperature is
reached, thermoresponsiveness, and thus pore opening, occurs
quite rapidly. This is demonstrated by placing a sample in a cli-
mate chamber at 35 °C and 90% RH after storage at 23 °C and
25% RH, resulting in complete pore opening within less than 4
min (Figure 7d).

Upon immersion in water, the pores always open slightly, even
at temperatures as low as 6 °C, with an opening of ~20% of
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the initially covered surface area (Figure 7c). An increase in wa-
ter temperature linearly decreases the surface area covered by
nanofibers. Furthermore, this process is entirely reversible. The
gradual cooling of water from 50 to 10 °Cleads to a corresponding
gradual reduction in pore size. Given the initial 20% loss of fiber
coverage, the opening and closing of pores in water are entirely
reversible. Pores that open under high humidity need to be sub-
merged in water to close again. The locally contracted nanofibers
do not unwind when cooled, but immersing them in water re-
stores the closed state. Indeed, upon immersion of the opened
structure in cold water (< 15 °C), the surface area covered with
nanofibers can be increased again to 80% of the initial (closed)
sample size, similar to the water-stored samples (Figure 6¢). This

© 2025 Wiley-VCH GmbH
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Figure 7. Thermosensitivity of the PNIPAM-X nanofibers upon varying temperature by tracking the surface area covered by nanofibers at a) different RH
and b) different ambient temperatures while keeping the other parameter constant; as well as c) immersion in water at varying temperatures. d) Time
scale of thermoresponsiveness assessed by measuring nanofiber coverage under sudden climate change to 35 °C and 90% RH (initial climate: 23 °C,

25% RH).

effect is not hindered by the Ag PVD coating (Figure 7c), making
it an ideal candidate for use as a nonwoven layer on top of high-
emissivity textiles, as discussed in the final section.

2.5. Electromagnetic and Thermal Properties

To demonstrate the potential of our passive, dual-mode ther-
moregulating electrospun Ag-coated modified PNIPAM-X non-
woven layer, we investigated the electromagnetic properties of
the sealed DEST with a honeycomb pattern. This was done both
with and without the Ag coating by irradiating the sample with
light of different wavelengths relevant for thermal regulation of
human bodies. This allowed measuring the reflectance and trans-
mission, and calculating the absorbance, considering that the to-
tal equals 100% (Figure 9).

Without applying the Ag coating, the PNIPAM-X nonwoven
exhibits a very high transmission rate combined with a very low
reflectance across the entire wavelength range investigated. If the
light is not transmitted through the sample, it is absorbed by the

Adv. Mater. 2025, e17161 el7161

sample (Figure 9a). This is mainly relevant for light with a wave-
length ~6 um, where a steep drop in transmission is observed.
Given that this light falls within the mid-IR range, it will locally
heat the material.

Applying the Ag coating on the nanofibers significantly in-
creased the reflectivity across the entire wavelength range, while
also reducing the transmission (Figure 9b). This creates the po-
tential to reflect incoming heat away from the fabric to the envi-
ronment, a requirement for an efficient DEST.

Next, the electrospun Ag-coated PNIPAM-X nonwoven layer
was applied to a unidirectional carbon fiber fabric to visually
demonstrate the thermal properties and thus the potential for
passive thermal regulation. Both the temperature profiles of the
top layer of the fabric in its closed/reflection and open/emission
modes were measured using an IR camera while varying the tem-
perature underneath the fabric (Figure 10).

In its closed mode, the sample without an Ag coating is sig-
nificantly warmer than the Ag-coated sample, both at low and
high temperatures (Figure 10a). Without the Ag coating, the heat
from underneath the fabric is transferred to the environment due

(9 of 15) © 2025 Wiley-VCH GmbH
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Figure 8. Digital microscopy images illustrating the impact of incorporating a) the macroporous honeycomb cutting pattern on the overall stability of
the nanofibrous top layer when exposed to various thermal conditions under high relative humidity or immersion in water, compared to b) a reference

sample with a simple cross-shaped cut at 90% RH.

to extensive transmission and absorption of the IR light in the
nonwoven layer, leading to heat loss from the body below. Upon
incorporation of the Ag PVD layer, the body heat is reflected back
to the thermally radiating body, hindering the temperature loss
to the surrounding ambient environment. The proposed DEST
thus allows maintaining the heat below the fabric when the hon-
eycomb macropores are closed.

When looking at a fabric with an open honeycomb structure
(thus, large macropores of the electrospun nonwoven), both fab-
rics allow similar dissipation of heat to the surrounding environ-
ment (Figure 10b). Above a certain threshold temperature, which
is lower at a higher relative humidity (Figure 7a), the pores of the
DEST open, allowing the built-up body heat to be dissipated to
the environment.

2.6. Application Design Rationale

With the large reflection rate of the fabric, as well as the pore
opening and closing mechanism now established, the applica-
tion potential of the proposed DEST is highlighted through a
case study of a sports T-shirt designed to regulate a person’s tem-
perature while they are sweating, focusing on the dry-to-humid
regime. Initially, the honeycomb pores are closed, allowing the
person to keep their body heat. Upon engaging in physical ac-
tivity, one will begin to get warm and sweat, a natural mecha-
nism for regulating body temperature. This will increase the rel-
ative humidity underneath the T-shirt. As a result of this increase
in temperature and relative humidity, the honeycomb pores will
start to open up, allowing heat and moisture dissipation to the

Adv. Mater. 2025, e17161

€17161 (10 of 15)

surrounding environment, as schematically depicted in Figure 1.
Given the honeycomb pattern, the dimensional stability of the
nonwoven layer is ensured without significant out-of-plane non-
woven disposition (Figure 6). Upon contact with cold water, the
honeycomb pores close again by 85%, after which the opening-
and-closing process is reusable.

A more detailed view of the emissivity of our DEST (both ex-
perimentally and modeled) for body-contact applications is pre-
sented in Figure 11a, where it is plotted over the human body
emissivity reported in the literature at a skin temperature of 34 °C
and a standard human body emissivity of 0.99.3%1 The designed
DEST has an overall emissivity e, of ~0.3 when integrated over
the wavelengths of interest for thermal regulation of human body
emission (5-20 um). This experimentally established emissiv-
ity was compared to the simulated emissivity for an electrospun
nonwoven with a nanofiber diameter of 200 nm, a thickness of
150 um, and a coverage factor (Cy) of 0.85. This shows a relatively
good prediction of the effective emissivity using this electromag-
netic model. Upon varying the fiber diameter and fabric thick-
ness in the electromagnetic model, an €5 as low as 0.2 can be
achieved. There is, however, a slight visible discrepancy in the
absorption/emission spectrum at lower wavelengths between the
experimental data and the simulation. This is probably due to the
absorption of 6-7 um radiation by PNIPAM-X nanofibers that are
not fully coated and are seated deep in the membrane volume.

Based on the experimentally established thermoresponsive be-
havior of the nonwoven material with a honeycomb pattern cut,
as shown in Figure 8, the C; can range from 1 for the initial
closed DEST to nearly zero when all the honeycomb pores are
maximally open. In practice, values between 0.25 and 0.85 are

© 2025 Wiley-VCH GmbH
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Figure9. Infrared reflection, transmission, and absorption spectra of hon-
eycomb pattern cut PNIPAM-X nanofibrous membranes, a) without Ag
coating and b) with Ag coating, showing a significant increase in re-
flectance upon introducing the Ag layer on top of the DEST.

achieved (Figure 7a—c), resulting in the subsequent highest and
lowest setpoints of 25 and 19 °C, respectively, based on Equations
S7-S21 (Supporting Information) described in Section S1 (Sup-
porting Information) (Figure 11b). When comparing these set-
points (green arrow) to the ideal scenario (purple arrow), where
C; can vary from zero to one, and the modeled scenario (dark red
arrow), the setpoint window is lower. A thermal comfort window
of 6 °C can be achieved, which is a significant improvement over a
conventional sport T-shirt, making our honeycomb pattern elec-
trospun nonwoven an ideal candidate for further exploration of
thermoregulating skin-contact applications.

In addition to the thermo- and humidity-responsive nature of
our DEST, it is known that the presence of anions also influ-
ences the LCST of PNIPAM.*%3] The Hofmeister series pro-
vides a qualitative hierarchy of anions based on their capacity to
precipitate proteins in aqueous solutions.”*%! Tt includes sev-
eral common anions found in human sweat relevant for this
case study, such as chloride (Cl™), bicarbonate (HCO,~), phos-
phate (H,PO,~ or HPO,?"), and sulfate (SO,%7). Upon using a
T-shirt made from our proposed DEST, interactions with these
anions will likely influence the thermoresponsive behavior. This
has already been demonstrated for microgels®!! and hydrogel
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sponges.[®*] This is promising for future work on our PNIPAM-
X electrospun nonwoven. It was even demonstrated that altering
the molecular weight of the PNIPAM in solution increases the
tunability of this effect. This could enable our PNIPAM-X ma-
terial to be used in various climates, such as developing clothes
for areas with high RH and temperature during summer, where
wearers transition from air-conditioned rooms with low RH and
temperature to high RH and temperature outside.!"!

3. Conclusion

A multilayered dynamic IR emissivity-modulating material was
designed and fabricated to provide passive thermoregulation. By
combining layers with different emissivity values with a top layer
that undergoes thermally induced expansion and contraction, a
surface with tunable and programmable effective emissivity is
achieved. This highlights the high potential for developing ther-
moregulating textiles. Although this is a simple principle, dif-
ferent material selection and design aspects must be considered
to ensure overall dimensional stability, enable environmentally
friendly production, and ideally, make it biocompatible for skin-
contact applications.

In this work, a modified crosslinked PNIPAM nanofibrous
nonwoven coated with Ag was developed as such a thermore-
sponsive top layer. Using an electrospun nonwoven instead of
a traditional textile creates a significantly higher specific surface
area due to its small fiber diameter, resulting in greater shape-
changing potential. As a result of the LCST of PNIPAM, which
is »32 °C, thermal expansion/contraction is achieved around
this temperature. It is observed that the response temperature
decreases when the surrounding relative humidity increases or
when the structure is immersed in water, resulting in a faster
contraction of the structure. After humidity- and/or temperature-
induced contraction of the nonwoven, immersion in cold water
(< 10 °C) allows the sample to restore up to 85% of its original
size. This volume loss upon recovery is no longer observed after
this initial cycle.

To create an overall dimensionally stable top layer, an in-house
developed cutting pattern was incorporated into the nonwoven
after electrospinning on a dedicated honeycomb-structured col-
lector. As a result, honeycomb-shaped macropores are opened
or closed by the humidity- and temperature-induced contraction
and expansion of the structure. Together with the Ag coating, this
creates a dimensionally stable metamaterial with passive emis-
sion and reflection modes.

The potential of our honeycomb-pattern nonwoven top layer
was demonstrated through a proof-of-concept application on
a unidirectional carbon fabric in a dry-to-humid regime. This
shows the thermal comfort potential of the layer at ~6 °C. This
represents a significant improvement over conventional textiles,
which lack a thermal comfort range, making great strides toward
the development of clothing for thermal management control in
dedicated climates around the world.

4. Experimental Section

Materials:  All chemicals were used as received unless other-
wise stated. Neutral Al,O; was purchased from Fischer Scientific,

© 2025 Wiley-VCH GmbH
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Figure 10. IR camera image of the nanofibrous Ag-coated DEST with the honeycomb pattern cut at different temperatures of a heating block underneath
the sample at 85% RH in a) heating/closed and b) cooling/open mode, showing the working principle of the heat storage or transfer with changing
conditions. For every sample, the measured temperature profile of the IR camera is given on the right of the pictures. In its closed state, there is a limited

temperature loss of the DEST to the ambient environment.

N, N-dimethylacetamide (DMA, >99%), N,N-dimethylformamide (DMF,
>99%), diethylether (Et,O, >99%), triazabicyclodecene (TBD, 98%), al-
lylamine (99%), methylacrylate (99%), and N-isopropylacrylamide (NI-
PAM, 97%) were purchased from Sigma—Aldrich. BASF kindly do-
nated Irgacure 2959. 2,2'-Azobis(2-methylpropionitrile) (AIBN) was
purchased from Sigma-Aldrich and recrystallized from methanol be-
fore use. Deuterated chloroform (CDCl;) was purchased from Eu-
risotop. Colloidal silver solution (4000 ppm) was purchased from
Argenol.

Synthesis of P(NIPAM-co-MA):  P(NIPAM-co-MA) was synthesized via
free radical polymerization, using AIBN as the initiator. In detail, 10 g of
NIPAM (420 equiv, 0088 mol), 3.4 mL of DMA (180 equiv, 0.038 mol),
40 mL of DMF, and 34 mg of AIBN (1 equiv, 0.21 mmol) were combined
in a 100 mL round-bottom flask. Next, the flask was cooled in an ice bath
and degassed by bubbling argon through the reaction mixture for 1h. Next,
the polymerization was performed at 70 °C, and the reaction progress was
monitored online using GC. The polymerization was continued until full
conversion, and the polymer was isolated as a white powder by precipita-
tion in cold diethyl ether.

A Bruker Avance 300 MHz Ultrashield was used to measure 'H-nuclear
magnetic resonance ("H NMR) spectra at room temperature. The chem-
ical shifts are given in parts per million () relative to tetramethylsilane,
and chloroform-d was used as solvent.

Size-exclusion chromatography (SEC) was performed on an Agilent
1260-series HPLC system equipped with a 1260 online degasser, a 1260
ISO-pump, a 1260 automatic liquid sampler (ALS), a thermostatted col-
umn compartment (TCC) set at 50 °C equipped with two PLgel 5 um
mixed-D columns (7.5 mm x 300 mm) and a precolumn in series, a 1260
diode array detector (DAD) and a 1260 refractive index detector (RID).
The used eluent was DMA containing 50 mM of LiCl at a flow rate of
0.500 mL min~". The spectra were analyzed using the Agilent Chemsta-
tion software with the GPC add-on. Molar mass values and molar mass
distribution, i.e., dispersity (D) values, were calculated against poly (methyl
methacrylate) standards from PSS.

Gas chromatography (GC) was performed on an Agilent 7890A system
equipped with a VWR Carrier-160 hydrogen generator and an Agilent HP-5
column of 30 m length and 0.320 mm diameter. A flame ionization detec-
tor was used, and the inlet was set to 250 °C with a split injection ratio
of 25:1. Hydrogen was used as carrier gas at a flow rate of 2 mL min~'.
The oven temperature was increased by 20 °C min~! from 50 to 120 °C,
followed by a ramp of 50 °C min~" to 300 °C.
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Infrared (IR) spectra were measured on a Perkin-Elmer 1600 series FTIR
spectrometer and are reported in wavenumber (cm™'). Lyophilisation was
performed on a Martin Christ freeze-dryer, model Alpha 2-4 LSC plus.

Following properties of the synthesized polymer were obtained: DMA-
SEC: Mn=32.4 kDa, D=3.97; "H NMR (300 MHz, Chloroform-d) & 7.11—
5.69 (m, 2H), 4.03 (m, 2H), 3.66 (m, 3H), 2.56 (m, TH), 2.46-1.26 (m
9H), 1.17 (m, 12H). MA content = signal 3.66 ppm/(signal 3.66 ppm +
(signal 1.17 ppm/2)) = 3/9=33% MA.

Synthesis of P(NIPAM-co-allylAm): A total of 10 g of P(NIPAM-co-MA)
(32.7 mmol of MA groups, 1 equivalent of MA groups), and TBD (714 mg,
5.1 mmol, 0.16 eq.) were dissolved in 51 mL of allylamine (670 mmol,
20 eq) in a 100 mL round-bottom flask equipped with a stir bar. The re-
action mixture was degassed by bubbling argon through the solution for
30 min. Subsequently, the reaction mixture was heated to 70 °C and left to
react for 3 days. Next, allylamine was evaporated using a rotary evaporator,
and the polymer was dissolved in DCM and precipitated in excess diethyl
ether (500 mL). The precipitate was dried overnight in the vacuum oven.
Subsequently, the polymer was dissolved in water, and a small amount of
Dowex 50WX8 was added, followed by stirring overnight. Next, the Dowex
was filtered off, and the solution was frozen in liquid nitrogen and freeze-
dried. SEC: Mn = 45.8 kDa, D=3.83; "TH NMR (300 MHz, chloroform-d, 6):
§7.19 (m, 3.3H), 5.74 (m, TH), 5.07 (m, 1.8H), 3.84 (m, 3.7H), 2.91-1.17
(m, 11.7H), 1.07 (m, 10.2H).

The cloud point temperature of the polymer solutions was determined
using turbidimetry on an Avantium Crystal 16 turbidimeter. A 1 mL sam-
ple of 10 mg mL~" was examined by cycling the temperature between 10
and 80 °C, and the Tp was determined as the temperature at which the
transmission had decreased to 50% during heating. The heating rate was
setat 0.5 °C min~".

Electrospinning:  Poly(NIPAM-co-AllylAm) (0.6 g), DTT (30 mg), and
Irgacure D-2959 (5 mg) as the photoinitiator were dissolved in ethanol
(3 mL) to form a 20 wt% solution. The solution was stirred at room temper-
ature for 6 h in UV-insulating vials to prevent pre-crosslinking. Otherwise,
crosslinks in the spinning solution would increase the dynamic viscosity
to an extent that would hinder the electrospinning process. The nanofibers
were electrospun with a flow rate of 0.75-1.5 mL h~', a tip-to-collector dis-
tance of 12-15 cm, and an applied voltage of 15 kV. An in-house printed
aluminum collector with a thickness of 2 mm and honeycomb-shaped
holes was used to collect the electrospun nonwoven (details see Figure 3),
till a thickness of 82 + 17 um was reached. The obtained nanofibers were
placed under a 300 W Osram Ultra-Vitalux UV lamp (mainly UV-A with
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Figure 11. a) Measured and simulated absorption spectra of Ag-coated
nanofibrous DEST plotted over the human body emissivity at standard
human body conditions of 34 °C skin temperature and emissivity of 0.99.
b) Temperature setpoint range as a function of the effective emissivity of
the Ag-coated nanofibrous DEST compared to a classical textile, the theo-
retical and ideal effective emissivity aimed for in DESTs.

intensity of #5 mW cm~2) at a distance of 10 cm for 1 h on both sides
of the nonwoven. Details associated with preliminary optimization of this
production process can be found in Section S2 (Supporting Information).

Functionalization of Crosslinked PNIPAM:  Silver (Ag) deposition on the
crosslinked P(NIPAM-co-AllylAm) nanofibers, denoted as PNIPAM-X, was
performed using physical vapor deposition (PVD) in an in-line stainless-
steel chamber via magnetron sputtering (DISCOVERY-365, Denton). The
deposition chamber was evacuated to an ultimate pressure of 1.10~7 Torr.
The system was equipped with a plate magnetron cathode. A rectangular
silver target (300 mm x 50 mm) was sputtered in pure Ar gas at a flow
of 70 sccm. The substrate was placed on the conveyor, carried back and
forth under the cathode. The target was sputtered in the DC mode at a
power of 500 W (3.3 W cm~2). The working pressure during the deposi-
tion was fixed at 3 mTorr. Prior to Ag deposition, the PNIPAM-X surface
was ion-cleaned to remove residual contaminants and activate it, thereby
promoting strong adhesion between the metal layer and the substrate. A
50 nm Ag film was deposited under a 3 mTorr Ar sweep to minimize oxi-
dation during deposition.

Characterization of Nanofibrous Membranes: ~ Scanning Electron Micro-
scope (SEM) analyses were performed using a FEI Quanta 200 F SEM with
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an acceleration voltage of 20 kV. Before SEM analysis, the samples were
coated with a thin layer of gold via a sputter coater (Emitech SC7620). The
nanofiber diameters were measured using Image| software by taking an
average of 50 measurements per sample.

The Fourier Transform Infrared Spectroscopy (FTIR) spectra were
recorded using a Nicolet iS50 FTIR setup with OMNIC software in the
range 400-4000 cm™" with a resolution of 4 cm™" and 32 scans for each
measurement.

Modulated temperature differential scanning calorimetry (DSC) traces
were analyzed using a TA Instruments Q2000, equipped with a refriger-
ated cooling system (RCS90) and a nitrogen purge gas (50 mL min~").
The instrument was calibrated using T,,,, technology with standard T,,,,
aluminum pans, utilizing indium at the heating rate employed during the
measurement. The heating rate was set at 2 °C min~', and samples of 2.5
+ 0.5 mg were used. The selected temperature modulation was + 0.5 °C
every 40 s. The samples were analyzed through two heating cycles, during
which they were heated from 0 to 250 °C.

Water-stability tests were performed both before and after crosslinking.
Therefore, the nanofibers were immersed in deionized water at different
temperatures, and their dimensional stability was subsequently measured.
Water contact measurements were performed with a 5 pL deionized water
droplet on a DSA 30 Kriiss GmbH drop shape instrument at room tem-
perature. For each sample, 10 measurements were taken to obtain repro-
ducible results.

The visual inspection of the opening and closing of the DEST was fol-
lowed using a Dino Lite Premier Digital Microscope, with the samples
clamped in a sample holder within a Weiss Technik Lab Event 150 climate
cabinet at varying temperatures and relative humidities.

The Ag leaching from the DEST after multiple washing cycles was de-
termined by measuring the transmission spectra of the washing water us-
ing a Perkin-Elmer Lambda 900 UV-vis spectrophotometer, recording ab-
sorbance between 350 and 750 nm, and comparing them to a silver dis-
persion as a reference solution. This reference was a 10 nm dispersion of
0.02 mg mL~" in an aqueous buffer containing sodium citrate as stabilizer.

The reflectance, transmittance, and absorbance (1-reflectance-
transmission) of the samples were characterized using a Shimadzu IR
Prestige 21 FTIR spectrometer. The infrared measurements were carried
out using an integrating sphere (Mid-IR IntegratlR—PIKE technologies),
which features a 12-degree illumination of the sample to measure the
total (diffuse and specular) relative reflectance (compared to a standard
gold sample). The samples were placed directly onto the sample port
(diameter of 2.5 cm), located at the top of the sphere, for reflectance
measurements. For the transmittance measurements, the samples were
placed in front of the entrance port, and the sample port, located on top
of the sphere, was covered with gold reference material.

A FLIR T420 high-performance infrared camera with an onboard visual
camera was used to monitor the heat dissipation of the samples during
the opening and closing of the honeycomb pores in contact with human
skin.

Modeling:  With the ambient setpoint temperature as a final result, the
electromagnetic and thermal modeling framework is divided into three cat-
egories. The emissivity of the top layer was investigated using an electro-
magnetic model (solving the scattering problem) and a radiative transport
model (solving the RTE). Subsequently, the setpoint was calculated with
the thermal model (solving the heat balance equation). The initial phase
involved applying the conventional Lorenz—Mie solutions for a cylinder to
determine the optical properties of an individual metallic nanofiber. This
encompassed the efficiencies of scattering Q,, («), extinction Q. (@), and
absorption Q,p. (), along with the scattering phase function ®(a, 0).
Here, @ and O designate the incident and scattering angles, respectively.
Subsequently, by using the incoherent summation rule, the effective ra-
diative properties of a nanofiber cloud uniformly dispersed in air were
calculated (e.g., asymmetry factor g, scattering albedo w (), effective ab-
sorption kg (a), scattering o.g(a), and extinction f.g(a) coefficients). Us-
ing these effective optical parameters, the radiative transfer equation was
solved through a collision-based forward Monte Carlo (MC) simulation
to retrieve the spectral absorptance and emissivity. Using these spectral
results, the total emissivity (integrated over the emission of the human
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body) of the top layer (¢,,) and the effective emissivity of the fabric (e.¢)
were calculated.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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