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Abstract Heat-, light-, and humidity-responsive materials were fabricated via chemical design and cold drawing processing. The crystallizable
polyether/polyester diols were first reacted with isophorone diisocyanate (IPDI), followed by chain extension with azobenzene units. The synthe-
sized polyurethanes exhibited ductile behavior and drawing-induced orientation when the soft segments possessed high crystallinity. Upon
heating or UV irradiation, the oriented polyurethane strips underwent bending, whereas the pristine strips did not. Under humid conditions, both
oriented and pristine polyurethane strips containing poly(ethylene oxide) (PEO) soft segments bent, albeit in opposite directions. In contrast,
polyurethane strips with polycaprolactone (PCL) and polytetramethylene ether glycol (PTMEG) soft segments showed no response to humidity,
regardless of whether they were stretched. Mechanistic investigations revealed that the temperature increase resulting from the photothermal
effect of the azobenzene moieties is the main reason for light-induced actuation, which differs from that in many other azobenzene-based mate-
rials. The entropic elastic energy stored during stretching is released upon UV irradiation, heating, or humidification to drive the bending defor-
mation. This work presents a strategy for constructing multi-stimuli- responsive materials via molecular design and post-processing, highlighting
the synergy between functional moieties and microscopic structures, which holds great significance for the development of advanced intelli-
gent materials.
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INTRODUCTION

Stimuli-responsive polymers, or “smart” polymers, which can
undergo alterations in solubility, volume, and/or conformation
in response to external stimuli, have attracted considerable at-
tention for advanced applications, such as optoelectronic de-
vices,!' energy storage,” smart textiles,*” soft robotics,’®~'2
and flexible electronics.l'>~'% To realize the responsiveness of
polymeric materials towards multi-stimuli, the fundamental
principle is to introduce functional moieties responsive to differ-
ent stimuli,!'’~2% such as light,*"! temperature,*? pH value**
humidity,?* electrical field,””” and chemical stimuli,*® into poly-
mer structures. When different stimuli are applied, diverse stim-
uli-sensitive moieties integrated within a single polymer can ex-
hibit multifarious responsive behavior.””! For instance, pho-
tochromic azobenzene moieties have been incorporated into
the copolymer of N-isopropylacrylamide (NIPAM) with N-(4-
phenylazophenyl)acrylamide,’® yielding a material that ex-
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hibits dual responsiveness to both light and heat. Triple-stimuli
and even quadruple-stimuli-responsive materials have been
proposed and elaborately illustrated in aqueous systems.[?>=3%!
In nature, organisms such as plants, spider webs, and mus-
cles exhibit hierarchically ordered architectures via biological
self-organization, which endows them with multifunctional
capabilities that enable responses to complex environments,
including mechanical reinforcement, environmental protec-
tion, stimuli-responsive actuation, and efficient mass trans-
port.36-391 Inspired by spider silk, researchers have devel-
oped various advanced materials, including robust double
cross-linked networks (DCNs) utilizing slide-ring molecules, 0!
twisted thermo-responsive polyurea fibers with twistocaloric
cooling,/*" and healable and recyclable supramolecular elas-
tomers.[*2l These bio-inspired systems demonstrate that con-
verting external stimuli into programmable deformations is
the key to designing responsive polymer materials. This can
be achieved by incorporating stimuli-responsive polymers—
macromolecules designed to undergo significant changes in
their physical or chemical properties upon receiving a specif-
ic signal—into materials with specific structures.[3-49
Azobenzene undergoes trans-cis isomerization when irradiat-
ed with light of an appropriate wavelength. Reverse cis-trans
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isomerization can be driven by light or occurs thermally in the
dark. The photochromatic properties of azobenzene make it
an ideal component for numerous molecular devices and
functional materials. The design and construction of numer-
ous azobenzene-containing functional structures have been
extensively studied.>>>"1 Azobenzene derivatives were incor-
porated into a polyurethane system and it was found that
poly(urethane-urea) (PUU) materials bearing azobenzene
moieties and an oriented structure exhibited light-stimuli-re-
sponsive bending deformation, indicating that molecular ori-
entation plays a decisive role in regulating and enhancing the
stimuli-responsive performance.l>l Despite the well-estab-
lished research framework of polyurethane as a versatile
high-performance polymer and extensive research efforts
dedicated to stimuli-responsive polyurethanes,’>3! there re-
mains an urgent need to establish a fundamental and system-
atic cognitive framework for how the precise chemical mi-
croenvironment governs the macroscopic responsive behav-
ior.

In this study, we fabricated multi-stimuli-responsive poly-
meric materials using a combination of chemical synthesis to
incorporate functional moieties and physical processing to in-
duce orientation. Poly(ethylene glycol) (PEG), poly(tetram-
ethylene ether) glycol (PTMEG), and poly(e-caprolactone) diol
(PCL) soft segments with distinct hydrophilicity and crystal-
lization behaviors and photoresponsive azobenzene groups
were incorporated into the polyurethane chains via chemical
synthesis. Polyurethane chains have multi-block architec-
tures with micro-phase separation.[’*551 When the soft seg-
ments are highly crystalline with melting points above room
temperature, the polyurethanes become ductile. Oriented mi-
crostructures of ductile polyurethanes can be developed via
cold drawing, thereby enhancing the photoresponsive and
thermoresponsive behaviors but reducing the humidity sensi-
tivity compared to unoriented samples. The prepared
polyurethane materials exhibited heat-, light-, and humidity-
responsive behaviors with stimuli-sensitive moieties and well-
oriented microstructures.

EXPERIMENTAL

Materials

Poly(e-caprolactone) diol (PCL, M,=4000 g-mol™") was pur-
chased from Wuhan Kemic Biomedical Technology Co., Ltd.,
polytetramethylene ether glycol (PTMEG, M,=4000 g-mol™")
from Jining Benock Biotechnology Co., Ltd., and polyethylene
glycol (PEO, M,=4000 g-mol~") from Shanghai Titan Scientific
Co., Ltd. Isophorone diisocyanate (IPDI), 4,4'-dihydroxyazoben-
zene (DHAB), and 4,4"-azodianiline (ADA) were obtained from
Shanghai Titan Scientific Co., Ltd.

Synthesis of Polyurethanes

In a nitrogen-filled atmosphere, PEG, PTMEG, or PCL diols (2.5
mmol) were placed in a dry three-necked flask, heated to 110
°C under vacuum, and stirred vigorously for 4 h to eliminate
residual moisture. Once cooled to 75 °C, 10 mL of dimethylac-
etamide (DMAC) solution of 5.1 mmol of IPDI and 0.03 g of
dibutyltin dilaurate (DBTDL) catalyst was added slowly, fol-
lowed by being stirred at 75 °C for another 4 h. Subsequently,
the system was cooled to 40 °C, and 2.6 mmol of azobenzene

chain extender (ADA or DHAB)—dissolved in 10 mL of
DMACc/N,N-dimethylformamide (DMF) (8/2, V/V)—was added.
The reaction mixture was stirred at 40 °C for 24 h. Finally, the
reaction mixture was heated to 75 °C and maintained for ap-
proximately 6 h, yielding a yellow viscous product. The poly-
mer was purified via precipitation with cold ether to remove
oligomers, unreacted materials, and catalyst, followed by dry-
ing under vacuum at 70 °C for 12 h.

Gel Permeation Chromatography

Gel permeation chromatography (GPC) analyses were per-
formed using an LC-100 HP pump (Shanghai Wufeng Scientific
Instrument Co., Ltd.), a Mono GPC-100 column (7.8 x 300 mm, 5
um, 1000 A; Sepax Technologies, Inc.), and a Shodex RI-201H re-
fractive index detector (Shoko Science Co., Ltd.). The mobile
phase consisted of N,N-dimethylformamide (DMF) delivered at a
flow rate of 1.0 mL-min~', and the column temperature was
maintained at 40 °C. Relative molecular weights and molecular
weight distributions were determined using polystyrene stan-
dards. Data acquisition and processing were performed using a
V2008GPC software package installed on a dedicated worksta-
tion.

UV-Visible (UV-Vis) Spectroscopy

UV-Vis absorption spectra were acquired on a PerkinElmer
Lambda 950 spectrophotometer. Samples of polyurethanes
were dissolved in DMF at a concentration of approximately 0.05
mg/mL and loaded into standard 1.0 cm path length quartz cu-
vettes. After irradiation for various durations using a UV lamp
(UVGO, 365 nm, 45 W, AC 90-240 V), the spectra were immedi-
ately recorded in a dark compartment to prevent any unintend-
ed photochemical effects during measurement.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) measurements were
conducted on a Discovery DSC 250 instrument (TA Instruments,
USA). Prior to analysis, the samples were dried in an oven at 40
°C for 24 h and subsequently hermetically sealed in Tzero alu-
minum pans. The thermal protocol involved heating the sam-
ples from 25 °C to 120 °C, followed by cooling to -70 °C and a
second heating scan to 120 °C. All heating/cooling processes
were performed at a constant rate of 10 °C:min~" under a nitro-
gen purge of 50 mL-min~". The crystallization temperature (T,)
and melting temperature (T,,,) were determined from the peak
positions of the cooling and second-heating scans, respectively.
The crystallinity x. of all samples was calculated based on the
melting enthalpy, as shown in Eq. (1):

AH,

XC:AT%OXW1—CX1OO% M
where AH,, is the measured melting enthalpy of crystalline seg-
ment; AHp, is the melting enthalpy of the 100% crystalline PEG,
PTMEG, or PCL; and W, is the weight fraction of PEG, PTMEG, or
PCLin PU.

Tensile Testing

The tests were conducted at 25 °C and 50 RH% using a tensile
machine (UTM2502, Suns, China). Each sample was measured at
least five times, at a stretching rate of 10 mm-min~". Engineer-
ing stress (0), engineering strain (), drawing ratio (A) and defor-
mation length keeping ratio (R,) were described by the follow-
ing equations:
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where F is the tensile force, S is the cross-sectional area, L is the
drawing length, L, is the pristine length, L, is the length after re-
moving the stress.

Thermal Imaging Characterization

Real-time thermal evolution of the film strips (14.54 mm x 8.29
mm X 0.214 mm) during actuation was monitored using a high-
resolution IR camera (FLIR T1050sc, 1024x768 pixels, emissivity:
0.35) at 20 °C and 40% RH. Photothermal testing utilized unilat-
eral 365 nm UV irradiation (200 mW-cm™) from a 5 cm distance.

RESULTS AND DISCUSSION

Azobenzene-containing polyurethanes were synthesized using
a two-step procedure. First, polyether/polyester diols (PCL, PEO,
or PTMEG) were reacted with excess IPDI to form isocyanate-ter-
minated prepolymers. These prepolymers were subsequently
chain-extended using azobenzene derivatives, namely 4,4'-azo-
dianiline (ADA) or 4,4'-dihydroxyazobenzene (DHAB) (Scheme
1a). The compositions and molecular weights of the resulting
polyurethanes are summarized in Scheme 1. The detailed syn-
thetic routes, procedures, and characterization data are provid-
ed in the electronic supplementary information (ESI).
Differential scanning calorimetry (DSC) was performed to
evaluate the thermal behavior of the synthesized PUs (Fig. 1).
All polyurethanes and their corresponding unreacted diols
were characterized to enable comparative analysis. Table 1
summarizes the melting temperature (T,;,), crystallization tem-
perature (T,), and crystallinity (x.) of these polyether/polyester
diols, which exhibit significant differences from their corre-
sponding polyurethane derivatives. Upon the incorporation
of diols into the polyurethane backbone, significant reduc-
tions in crystallinity, T,,,, and T, were observed. For instance,
neat PEO-4k exhibited a T,,, of 60 °C and a T_ of 36 °C (Fig. 1a);
however, these values decreased to 46 °C and 23 °C, respec-
tively, for EPA and EPH (Fig. 1b). Consistent with this trend,
the x. of PEO in EPA and EPH are 33.0% and 42.7%, respective-
ly—much lower than that of neat PEO-4k (77.8%). PEO-4k, as
a short flexible chain in its neat state, avoids entanglement,
allowing its chains to align freely into ordered spherulites or
lamellae, resulting in high crystallinity. In contrast, EPA and
EPH are formed via irreversible covalent bonding between
PEO soft segments and hard segments through the iso-
cyanate groups of IPDI via rigid linkers, which restrict the mo-
tion of soft segment chain ends, hindering the parallel align-
ment of PEO chains into the crystalline domains. Further-
more, these multi-block copolymers undergo thermodynami-
cally driven microphase separation: rigid hard segments
spontaneously aggregate into hard-segment microdomains
via hydrogen bonds. These microdomains further compress
the effective crystallization space of the PEO soft segments

and restrict the rotation and extension of the PEO chains, pre-
cluding a sufficiently ordered arrangement into crystals. Both
effects collectively explain the lower crystallinity and melting
points of PEO in the polyurethanes compared to neat PEO-4k.

During the first cooling cycle, the crystallization peaks of
TPA and CPA were observed at approximately 0 and —4 °C, re-
spectively. In contrast, TPH and CPH exhibited crystallization
peaks at approximately 10°C, which were notably higher
than those of their “A” counterparts. Meanwhile, Both EPA
and EPH exhibited crystallization peaks near 20 °C. Upon sub-
sequent heating, all six compounds—EPA, EPH, TPA, TPH,
CPA, and CPH—displayed endothermic melting peaks at ap-
proximately 46 °C. The observed crystallization behavior of
these polyurethanes was governed by the interplay between
the intrinsic crystallizability of the soft segments and the mi-
crophase structure dictated by the hard segments. Among
the soft segments employed, poly(ethylene oxide) (PEO) pos-
sesses a highly regular, symmetrical repeating unit with a
short sequence length, which strongly favors parallel chain
packing and rapid crystallization. Consequently, EPA and
EPH—both with PEO soft segments, exhibit the highest crys-
tallization temperatures (about 20°C) in the series. Poly(e-
caprolactone) (PCL), while maintaining a linear backbone, in-
corporates ester groups that disrupt structural symmetry and
reduce overall regularity; therefore, its intrinsic crystallizabili-
ty is lower than that of PEO. Poly(tetramethylene ether glycol)
(PTMEG) features an extended carbon chain between ether
linkages, which further diminishes the molecular regularity
and retards long-range ordered alignment. In addition to the
soft segments, the hard segments exert a non-negligible ef-
fect on the thermal behavior. In CPH, the hard segments are
constructed from aromatic diphenol chain extenders that
promote strong m-m stacking and cohesive urethane-ure-
thane hydrogen bonds. This leads to a high degree of mi-
crophase separation, yielding well-defined hard domains that
efficiently exclude the PCL segments. The resulting PCL soft
domains are relatively “pure,” with few hard segment intru-
sions. Their chains retain high segmental mobility and can
readily undergo conformational adjustment and orderly
packing upon cooling. As a result, CPH exhibited a high crys-
tallization peak temperature with a pronounced exotherm. In
contrast, CPA contains hard segments that are rich in urea
linkages. These urea groups form strong hydrogen bonds
with the ester groups of PCL, whereas the rigid phenyl rings
and urea units dispersed in the soft domains act as physical
cross-links and steric hindrances. This severe phase mixing re-
stricts the segmental motion of PCL chains so substantially
that effective chain folding and ordered packing are kinetical-
ly hindered. Crystallization is thus forced to proceed only at
much lower temperatures, where a large supercooling pro-
vides a sufficient thermodynamic driving force to overcome
the constraints. Correspondingly, the crystallization peak
temperature of CPA was markedly depressed (to approxi-
mately -5 °C). This difference in microphase separation
strength can be further validated by SAXS (Fig. S8 c in ESI). For
PEO-based polyurethanes, the extremely strong crystalliza-
tion tendency of PEO dominates, so that even variations in
the hard segment structure produce only minor shifts in the
crystallization temperature; however, the same trend holds,
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Scheme 1 (a) General synthesis and chemical structures, (b) detailed compositions, and (c) GPC traces of different polyurethanes.

with better microphase separation leading to slightly higher
values. The same trend is well- documented for PTMEG sys-
tems. Hence, the pronounced crystallization differences be-
tween the “A” series and TPH/CPH series arise primarily from
the chain extender chemistry that governs microphase sepa-
ration and interphase hydrogen bonding, while the absolute
crystallization temperature is set by the intrinsic structural
regularity of the soft segment.

The mechanical behavior of polyurethane materials was in-
vestigated. Fig. 2 shows the stress-strain and load-unload
curves of polyurethanes incorporating different soft seg-
ments and chain extenders. All the strips exhibited pro-
nounced ductility, with TPH demonstrating the highest elon-

gation at break and EPH having the lowest elongation. No-
tably, the tensile strengths of CPA and CPH, using polycapro-
lactone (PCL) as the soft segment, were significantly higher
than those of their PEO-based and PTMEG-based counter-
parts. For example, the breaking stress of CPA approaches 27
MPa, whereas those of EPA and TPA approach about 18 and
13 MPa, respectively. Additionally, all polyurethane strips pos-
sess a relatively high initial modulus, followed by yielding,
softening, and hardening, a phenomenon attributed to draw-
induced molecular orientation and recrystallization. Upon un-
loading, partial elastic recovery was observed, although a sig-
nificant plastic deformation persisted. 2D small-angle X-ray
scattering (2D SAXS) patterns revealed that the microscopic

https://doi.org/10.1007/510118-026-3757-8
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DSC curves (first cooling and second heating) of (a) the diols PEO-4k, PTMEG-4k, PCL-4k and (b) the synthesized polyurethanes EPA, EPH,

Table1 Melting peak temperature (T,,)), crystallization peak temperature (T,), and crystallinity (x.) of polyurethane samples and polyether/polyester diols.

Sample Melting peak temperature (T,,, °C) Crystallization peak temperature (T, °C) Crystallinity (x., %)
EPA 46 23 33.0
EPH 46 23 42.7
TPA 46 1.0 256
TPH 46 9.5 23.8
CPA 47 -5.0 31.9
CPH 48 11 284
PEO-4k 60 36 77.8
PTMEG-4k 50 27 395
PCL-4k 50 24 52.1

30 20
a — EPA b —EPA

Stress (MPa)

Strain (%)
Fig. 2

structures of all polyurethane strips were oriented after the
cold-drawing process (Fig. S7 in ESI).

The distinct mechanical responses observed in the
stress—strain curves originate from a combination of molecu-
lar and mesoscopic factors. At the molecular level, the intrin-
sic chemical structure of the soft segments dictates their in-
termolecular interactions. PEO, which contains only ether
linkages, relies primarily on weak van der Waals forces, which
facilitate segmental slippage under loading. PTMEG, with its
longer tetramethylene sequence, exhibits reduced chain reg-
ularity and even weaker interchain cohesion, leading to the
lowest mechanical strength among the three. In contrast, PCL
soft segments possess highly polar ester groups that form
strong dipole-dipole interactions, effectively restricting chain

0 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400

0 L L L
0 100 200 300 400

500 600
Strain (%)

(a) Stress-strain curves and (b) load-unload curves of EPA, EPH, TPA, TPH, CPA and CPH strips.

slippage and requiring greater energy for fracture. However,
this molecular picture is insufficient to explain the pro-
nounced performance gap between CPH and CPA, both of
which incorporate the same PCL soft segment but differ in
chain extender chemistry.

The SAXS analysis provides mesoscopic insights. The circu-
lar integration of the 2D scattering patterns reveals that CPH
exhibits a notably stronger and sharper principal scattering
peak in the low-q regime than CPA (Fig. S8c in ESI), suggest-
ing a much higher degree of microphase separation between
the soft and hard segments. This enhanced microphase seg-
regation forces the PCL segments into “pure” soft domains
with minimal hard segment dissolution. The purer PCL phase
crystallized more readily and formed well-developed crys-
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talline lamellae. These crystallites act as both additional phys-
ical crosslinks and sacrificial energy-dissipating units, and
their strain-induced reorganization and breakdown consume
considerable energy during deformation. Moreover, the more
ordered and segregated hard domains in the CPH undergo
yielding and plastic deformation, which further contribute to
energy dissipation. In CPA, inferior microphase separation
leads to a phase-mixed soft phase with hindered PCL crystal-
lization, depriving the material of these supplementary
toughening mechanisms. Therefore, the superior mechanical
performance of CPH arises synergistically from strong soft-
segment intermolecular interactions and the reinforcing en-
ergy-dissipating morphology governed by the chain exten-
der structure. In addition, we calculated the orientation in-
dices for the stretched samples based on the relevant charac-
terization data. The calculated results were 86.8% for TPH,
88.2% for CPH, 68.9% for TPA, and 65.7% for CPA. These data
provide quantitative evidence for the structural evolution
during the stretching process.

a EPA-0 b

TPA-0 c

We then investigated the thermoresponsive behavior of
the synthesized polyurethane materials. A 60 °C heat pipe
was used as the heat source. All pristine polyurethane strips
(denoted by ‘-p’) exhibit no observable directional actuation
behavior in 30 s towards the heat pipe (Fig. S9 in ESI). Upon
stretching all six strips to a strain of 600%, all stretched strips
(denoted by "-0) displayed distinct macroscopic actuation re-
sponses upon exposure to an external heat source, with all
materials consistently bending towards the heat pipe (Figs.
3a-3f). Macroscopic deformation represents a one-time
shape-recovery behavior because the elastic entropic energy
stored during cold drawing was released during the first heat-
induced actuation (Fig. S10 in ESI). Such different thermore-
sponsive behaviors can be explained by different microscop-
ic structures. Pristine thin films prepared via solution casting
exhibit isotropic aggregation states: the soft segments are
randomly coiled, resulting in irregular chain alignment and
non-oriented hard segments. Upon heating, thermal energy
merely activates the random segmental motion of the soft
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Fig. 3 Heat-responsive behaviors of the oriented (a) EPA, (b) TPA, (c) CPA strip, (d) EPH, (e) TPH and (f) CPH strips after exposing to heat source (a
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segments, causing mutually cancelled extensions and con-
tractions; hence, no directional actuation occurred. During
stretching, molecular chains align along the stretch direction,
with hard segments directionally aggregating and soft seg-
ments oriented, locking in an anisotropic structure because
the melting temperatures are higher than room temperature.
Upon heating, the soft segment chains revert to random coils,
generating contraction along the orientation direction and
releasing entropy elastic energy during stretching, resulting
in observable bending deformation. Furthermore, the consis-
tency of the bending direction (always towards the heat pipe)
arises from a localized thermal gradient. As the heat pipe ap-
proaches the film, the surface facing the heat source rapidly
absorbs thermal energy and first reaches the activation
threshold for segmental mobility. Consequently, the highly
oriented chains on this proximal surface initiate entropic con-
traction almost instantaneously, while the chains on the cool-
er and distal sides remain temporarily frozen in their extend-
ed state. This rapid asymmetric structural recovery creates a
severe strain mismatch across the thickness of the film, gener-
ating a powerful localized bending moment that decisively
curls the material towards the heat source.

The DMA temperature-sweep measurements of the
stretched polyurethane films (Figs. 3g-3l) and pristine
polyurethane films (Fig. S11 in ESI) further corroborated the
significant impact of temperature on the stretched specimen.
For all samples, the storage modulus (E") remained high at
low temperatures and then gradually decreased upon heat-
ing, indicating the progressive activation of segmental mo-
tion and weakening of the physically crosslinked network.
Meanwhile, the loss modulus (E") and tand increased with
temperature and showed a pronounced increase in the vicini-
ty of 40-50 °C, where E' dropped sharply, suggesting a major
relaxation process associated with the loss of stretch-induced
orientation and the disruption of ordered microdomains. The
results of the heat response first establish a fundamental pre-
requisite: none of the unstretched pristine specimens exhibit-
ed bending upon heating, whereas all oriented specimens
(the -0 series) underwent thermal bending in the same direc-
tion, but with distinctly different angles. This sharp contrast
confirms that the molecular chain orientation along the
stretching direction, accompanied by oriented crystallization,
is a necessary condition for converting thermal energy into
macroscopic directional actuation. Without such an oriented
structure, the specimens can only undergo isotropic thermal
expansion or softening, and are unable to generate a bend-
ing motion. The significant differences in the bending angles
of the oriented specimens are primarily governed by the
competition between the “driving force” arising from the ori-
ented structure and the “stiffness resistance” of the material
itself. The DMA curves show that EPA-o, TPA-o, and EPH-o not
only possess a higher E' in the low-temperature region but al-
so exhibit a more distinct modulus plateau, which reflects
their higher degree of crystalline orientation and well-orga-
nized oriented lamellar structure. The enormous contractile
driving force caused by the high degree of orientation signifi-
cantly outweighs the accompanying increase in stiffness,
thereby enabling the specimens to display larger bending an-
gles. In contrast, CPH-o had the lowest initial ' and a much

less pronounced modulus plateau, indicating a weaker de-
gree of orientation and a looser structure. Consequently, the
generated contractile driving force was insufficient, and its
bending angle was the smallest.

Next, the photoresponsive behaviors of the polyurethane
strips were investigated. It was found that after the cold-
drawing treatment, the photoresponsive behaviors of the
polyurethane strips changed significantly. The uniaxially ori-
ented polyurethane strips exhibited pronounced bending up-
on UV irradiation for 30 s (Figs. 4a-4f), whereas the pristine
strips did not (Fig. S12 in ESI). Both the polyurethanes bear-
ing ADA and DHAB moieties exhibited similar photorespon-
sive behaviors. However, we found that the photoresponsive
behaviors of ADA and DHAB in solution were significantly dif-
ferent, according to UV-Vis spectroscopy. The normal pho-
toresponsive behavior of azobenzene-based materials is
based on the trans-cis photoisomerization of azobenzene
units upon UV irradiation.>6-591 Upon UV irradiation, the UV-
Vis spectra of the DMF solutions of EPA, TPA, and CPA showed
obvious changes in a few seconds (Figs. S11a-S11c in ESI), in-
dicating the formation of a cis-isomer-rich state. However, the
UV-Vis spectra of the DMF solutions of EPH, TPH, and CPH did
not change after 60 min (Figs. S11d-S11f in ESI). The com-
pletely different photoresponsive behaviors of azobenzene-
containing polyurethanes in the solution state and in the bulk
state indicates that the photoresponsive mechanism of uniax-
ially oriented polyurethane strips is not simply based on nor-
mal trans-cis photoisomerization of azobenzene units upon
UV irradiation.

To elucidate the photoresponsive mechanism of the orient-
ed polyurethane strips, infrared thermal imaging was per-
formed. Infrared thermal imaging results confirmed a signifi-
cant increase in the surface temperature of the stretched
strips upon UV irradiation. The initial state of the strips was
shown in Figs. 4(g) and 4(j). After UV irradiation for 10 s, the
surface temperatures of the samples increased significantly,
with the maximum temperature of the EPA sample reaching
63.2 °C and that of the EPH sample reaching 79 °C (Figs. 4h
and 4k), indicating a substantial photothermal effect. When
the irradiation time increased to 30 s, the temperature of the
EPH sample approached 160 °C, whereas the temperature of
the EPA sample was 134.5 °C (Figs. 4i and 4l), exhibiting a
larger temperature increase compared to that at 10 s of irradi-
ation. Based on the infrared thermal imaging results and the
consistent responsive behaviors of polyurethane strips to-
wards light and heat stimuli, we propose that the photo-in-
duced actuation of stretched polyurethane strips is dominat-
ed by the photothermal effect of azobenzene moieties and
thermally induced actuation.[®0-621 Macroscopic light-driven
deformation is governed by an entropy-driven photothermal
shape-memory effect, where temperature variations stem
from a competitive allocation between photochemical and
photothermal energy conversion pathways. In the ‘H-series’
materials (e.g., EPH), the electron-donating effect of the oxy-
gen atom drastically lowers the cis-trans thermal relaxation
energy barrier. Upon the absorption of UV light by azoben-
zene chromophores, the absorbed photon energy is predom-
inantly converted into thermal energy, leading to a rapid lo-
calized temperature rise. This sharp temperature increase in-
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Fig.4 Light-responsive behaviors of the oriented (a) EPA, (b) TPA, (c) CPA strip, (d) EPH, (e) TPH and (f) CPH strips by UV (A = 365 nm) irradiation for
30 s; Infrared thermal imaging of the EPA strip: (g) UV off; (h) UV on for 10 s; (i) UV on for 30 s and EPH strip: (j) UV off; (k) UV on for 10's; (I) UV on for

30s.

duced by the photothermal effect enhances the mobility of
the highly oriented soft segment chains, forcing the polymer
chains to spontaneously retract towards a higher-entropy
random coil state, thereby resulting in consistent macroscop-
ic light-driven deformation. In contrast, the ADA-based series
(e.g., EPA) yields relatively stable cis-isomers; thus, a portion of
the absorbed photon energy is successfully trapped as photo-
chemical potential energy, leaving less energy to be dissipat-
ed as heat. Ultimately, in both systems, this rapid photother-
mal heating surpasses the thermal transition threshold, un-
locking the mobility of the highly oriented soft segment
chains and forcing them to spontaneously retract towards a
higher-entropy random-coil state. This energy-partitioning
mechanism elegantly reconciles why the ‘H-series’ materials
exhibit superior photothermal heating and robust macro-
scopic actuation despite the absence of observable steady-
state photoisomerization.

In Fig. 4, the fact that EPH reaches approximately 160 °C af-
ter 30's of UV irradiation inevitably raises concerns the ther-

mal aging of the material. Our results indicate that a short 30-
second high-temperature exposure does not lead to thermal
aging or mechanical deterioration. Instead, it acts as an “ultra-
fast photothermal annealing” process that enhances the me-
chanical properties of EPH films. To further verify this, we car-
ried out additional tensile tests, DSC and Fourier transform in-
frared spectrometer (FTIR) measurements on the EPH strips
after UV irradiation. Tensile stress-strain curves show that af-
ter 30 s of UV irradiation and cooling, the EPH film undergoes
no mechanical deterioration; instead, tensile strength rises
from ca. 13.5 MPa to ca. 17.5 MPa and elongation at break
from ca. 750% to ca. 900% (Fig. S14 in ESI). This macroscopic
“double enhancement” directly demonstrates that no ther-
mal degradation occurred. FTIR confirmed that hard seg-
ments reassembled into a dense H-bonded network (Fig. S15
in ESI), while DSC revealed that PEO soft segments recrystal-
lized into smaller, more uniform crystallites (Fig. S16 in ESI),
together explaining the simultaneous enhancement in
strength and elongation.
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Humidity is a key environmental parameter that signifi-
cantly affects material properties.l>263-671 Humidification was
applied to the EPA, EPH, TPA, TPH, CPA, and CPH strips (Fig. 5,
Fig. S17 in ESI). The EPA-p and EPH-p strips bent away from
the moisture direction, while the TPA-p, TPH-p, CPA-p, and
CPH-p strips showed no response to the humidity (Figs.
S14a-S14f in ESI). The EPA-o and EPH-o strips bent towards
the moisture flow, while the TPA-o, TPH-o, CPA-o, and CPH-o
strips still showed no response to the humidity (Figs. 5a—5f).
In general, the stretched PEO-based strips exhibited excellent
initial humidity sensitivity, achieved deformation quickly, and
reached their actuation limit in a short time (Fig. S18a in ESI).
The contrasting humidity responses observed between the
PEO-based (EPA/EPH) and PTMEG- and PCL-based systems
can be rationalized through a combination of thermodynam-
ic and structural factors. In EPA/EPH systems, the PEO back-
bone is densely populated with polar ether oxygen atoms,
which readily form strong hydrogen bonds with water
molecules. This thermodynamically favorable interaction

a b

EPA-o

d EPH-0

TPA-0

overcomes the cohesive energy that holds the polymer
chains together, leading to the spontaneous and substantial
permeation of water into the network. The absorbed water
acts as an efficient plasticizer and induces a “water-induced
melting” of the PEO microcrystalline domains. The resulting
complete disintegration of the crystalline crosslinked net-
work eliminates the structural reinforcement that governs the
stiffness of the material, thus serving as the microscopic ori-
gin of the drastic drop in the storage modulus (E') recorded
under high-humidity conditions. In stark contrast, PTMEG-
and PClL-based materials are constructed from long alkyl
chains (PTMEG) or ester groups separated by extended alkyl
segments (PCL), which render the chains strongly hydropho-
bic. The molecular cohesive energy within these systems was
sufficiently high to resist the ingress of external water
molecules. Consequently, the crystalline regions in these hy-
drophobic systems remain isolated from moisture, preserv-
ing their structural integrity. Without significant water uptake,
neither plasticization nor crystalline disintegration occurs.
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Table2 Summary of multi-stimuli responsive behaviors of pristine and oriented polyurethane strips.

Light-response

Heat-response

Humidity-response

Sample Direction Bending angle Direction Bending angle Direction Bending angle
EPA-p x No x No V= o
EPA-0 Ve 84° Ve 20° Ve A
TPA-p x No x No X o
TPA-0 Ve 75° Ve 15° X No
CPAp x No x No X e
CPA-0 Ve 66° Ve 23° X No
EPH-p x No x No V- 37
EPH-0 Ve 76° Ve 157 Ve A
TPH-p x No x No X o
TPH-o Ve 50° Ve 28° X Ne
CPH-p x No x No X e
CPH-0 Ve 27° Ve 22 a No

v': Bending; x : No Bending; < / — : Bending towards / away stimulus direction.

The crystalline network continues to provide stable mechani-
cal reinforcement, yielding a storage modulus that is nearly
insensitive to changes in ambient humidity. This order of hy-
drophilicity was further confirmed by the dynamic vapor
sorption (DVS) of different polyurethanes (Fig. S18b in ESI).
The DVS curve of EPA revealed a stepwise mass increase from
the initial weight over time, achieving a remarkable weight
gain of about 16.5%. Conversely, TPA and CPA exhibited a
negligible weight gains of only about 0.54% and 0.14%. These
findings further confirmed that the moisture sorption capaci-
ty of polyurethanes is dictated by the chemical structure and
polarity of their soft segments.

The different bending directions of the pristine and orient-
ed strips can be explained by their distinct humidity re-
sponse mechanisms. For pristine strips EPA-p and EPH-p, the
humidity response follows an ‘adsorption-swelling’ mecha-
nism: the surface exposed to moisture rapidly adsorbs water
and swells, creating a strain mismatch that drives bending
away from moisture. The PEO soft segments were highly
stretched for EPA-o and EPH-o0. When approaching moisture,
the highly stretched PEO chains on the moisture-facing sur-
face tend to revert to random coils, thereby releasing the en-
tropic elastic energy stored during cold drawing. This relax-
ation leads to size contraction of the moisture-facing surface,
producing a strain mismatch that drives bending towards
moisture. Fig. S18 (in ESI) a shows the bending angle-time
curve of EPA-o. When a humidity stimulus is applied to the
material surface, water molecules are first rapidly adsorbed
onto the surface layer and induce the segmental motion of
PEO, resulting in volume shrinkage of the surface layer and
release of the elastic entropic energy. At this stage, the bend-
ing angle increased rapidly. Subsequently, water molecules
diffused into the bulk of the strip, inducing further actuation
accompanied by a slower increase in the bending angle. Af-
ter 20 s of moisture exposure, the bending angle of EPA-o
plateaued at approximately 34°.

The different humidity sensitivities of the polyurethane ma-
terials were also revealed by DMA with a humidity scan (Figs.
5g-5l, Fig. S14 in ESI). The PEO-based polyurethanes showed
the strongest humidity sensitivity, with the storage modulus
progressively decreasing with increasing RH and a pro-
nounced reduction in loss modulus (Figs. 5g and 5j), indicat-
ing substantial water-induced plasticization of the polymer

network. In particular, EPH-o displayed a sharp increase in
tand at high RH, suggesting that moisture uptake activated
significant segmental relaxation and drove the material to-
wards a highly dissipative viscoelastic state. In contrast, the
PTMEG-based and PCL-based polyurethanes exhibited nearly
invariant storage modulus, loss modulus, and tané over the
full humidity range (Figs. 5h-5i and 5k-5I), demonstrating ex-
cellent resistance to moisture-induced softening, indicating
that the phase-separated structure remained largely unaffect-
ed by water. Overall, these results further demonstrate that
the humidity responsiveness is governed primarily by the hy-
drophilicity of the soft segments.

The actuation behaviors of EPA, EPH, TPA, TPH, CPA, and
CPH in response to light, heat, and humidity are summarized
in Table 2. Only the EPA-o and EPH-o strips simultaneously
exhibited light, heat, and humidity responses. The EPA-p and
EPH-p strips responded to humidity, whereas the TPA-p, TPH-
p, CPA-p, and CPH-p strips showed no response to the three
stimuli. It is noteworthy that regardless of whether the EPA
and EPH strips are stretched, they all show a response to hu-
midity, although in opposite bending directions. To summa-
rize, the multi-stimuli responsiveness of polyurethane strips is
governed by molecular architecture and morphology:
azobenzene moieties and chain orientation together enable
light and heat responses, and hydrophilic soft segments gov-
ern humidity sensitivity.

CONCLUSIONS

In summary, through rational molecular design, we synthesized
a series of responsive polyurethanes by integrating
polyether/polyester soft segments with azobenzene-based
chain extenders. Although these soft segments exhibit reduced
crystallinity compared with neat diols, their retained crystallinity
is sufficiently high to display ambient ductility, which enables
cold drawing to induce the orientation of their microscopic
structures. After the polyurethane materials were fabricated in-
to test strips and stretched, all strips exhibited a directional ac-
tuation response towards external heat and UV light sources. A
photoresponsive actuation mechanism dominated by the pho-
tothermal effect of azobenzene moieties and thermally induced
actuation was revealed. Additionally, only the polyurethane
strips with PEO soft segments showed actuation response to
humidity, which is attributed to the inherent excellent hy-
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drophilicity of PEO. Accordingly, polyurethanes incorporating
PEO segments, azobenzene groups, and oriented structures
show light, heat, and humidity triple-stimuli-responsive bend-
ing deformations and are endowed with the potential for de-
signing programmable multi-mode sensing and actuation.
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Multi-stimuli Responsive Polyurethane-based Materials: Structure-Property Correlations
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Heat-, light-, and humidity-responsive polyurethanes
were developed by incorporating azobenzene into crys-
tallizable soft segments. Cold-drawing stores entropic
elastic energy, which is released upon heating, UV irradia-
tion (via the photothermal effect), or moisture, driving
distinct bending behaviors. This molecular design and
post-processing synergy enabled the development of ad-
vanced multi-stimuli-responsive actuators.
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