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ABSTRACT: Commodity polymers are produced in large volumes, providing robust
mechanical properties at relatively low costs. The products made from these commodity
polymers typically offer only static functionalities. Over the past decade, however, in the
scientific literature, stimuli-responsive additives and/or polymer coatings have been
introduced to commodity polymers, yielding composites and bilayers that change shape
in response to light, temperature, and/or humidity. These stimuli responsive commodity
polymers allow the marketing and sales of these otherwise bulk products as “high-end” smart
materials for applications spanning from soft actuators to adaptive textiles. This Spotlight on
Applications presents an overview of recent intriguing works on how shape changing
commodity polymer composite and bilayer actuators based on polyamide 6, poly(ethylene
terephthalate), polyethylene, and polypropylene have been fabricated that respond to
environmental stimuli and discusses their potential applications.
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B INTRODUCTION

The use of commodity polymers, including polyamide 6 (PAS,
Nylon-6), polyethylene (PE), poly(ethylene terephthalate)

additives and thus performs as the actuator itself (see Figure
2). However, in the field of shape changing actuators the
commodity polymer is typically employed as a (robust) passive

(PET), and polypropylene (PP), has been well-established in
our daily lives with production exceeding millions of tons per
year." Scale-up of production has resulted in tremendous cost
reductions; the materials are mature to the point that it often
appears of little financial benefit to continue research on them,
given the restricted margins of profitability in these massive-
scale productions, see Figure 1.

The research, development, and manufacturing of stimuli-
responsive commodity polymers could contribute a great deal
to the catalog of industrial production materials, allowing the
marketing and sales of these otherwise bulk products as “high-
end” “smart” materials. Recently, stimuli- responsive polymers
with functional properties that can be changed in response to
external environmental stimuli have received considerable
attention. Innovations over the past few years have
demonstrated the great promise stimuli-responsive commodity
polymers hold for high-end, high-value applications ranging
from adaptive textiles to soft actuators. It is foreseen that these
materials will play a decisive role in meeting societal challenges
in the fields of sustainable energy, health care, personal
comfort, and food safety.

Road toward Stimuli-Responsive Commodity Poly-
mers. Shape changing commodity polymers can be prepared
by blending in low molecular weight stimuli-responsive
additives, such as graphene or carbon nanotubes (CNTs).
The commodity polymer serves as a host for the responsive
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substrate, predominantly focusing on otherwise fragile hydro-
gels, liquid crystals (LCs) and shape memory polymers
(SMPs) to act as the actual actuating initiator.” > In the
following paragraphs, stimuli-responsive additives, molecules
and polymers will be discussed, covering the mechanisms that
drive the shape changes in commodity polymer composites
and bilayers in response to an environmental stimulus. The
shape alterations imposed by changes in the surrounding
temperature, humidity and light, are expressed through the
actuator design‘s_8 or via gradients in molecular alignment,
temperature or light penetration.” "> Essentially, macroscopic
motion is governed by the combination of material and
geometrical parameters, such as mismatches in expansion
coefficients, elastic moduli ratios and relative thickness ratios."
In this Spotlight on Applications, we demonstrate that shape
changing hydrogels, LCs and SMPs also can be used to make
the commodity polymer stimuli-responsive.
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Figure 1. Material property chart illustrating strength as a function of the relative cost per unit volume of several materials, including commodity
polymers such as PET, PA6, PE, and PP. Chart created using CES EduPack 2018, Granta Design Ltd.?
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Figure 2. Two methods of fabricating stimuli-responsive shape changing commodity polymers. (A) In a composite, the responsive additives are
embedded in the commodity polymer. (B) A bilayer, shape changing material is typically constructed from a commodity polymer substrate with a

responsive coating.

Hydrogels are 3D polymer networks capable of absorbing
and retaining up to 90 wt % of water, depending on the cross-
link density and polymer—solvent interactions, and swelling
close to 10 times its initial volume with large deformations (&
~ 90%)."* Thermoresponsive hydrogels, such as poly(N-
isopropylacrylamide) (pNIPAM), exhibit a lower critical
solution temperature (LCST) and undergo a hydrophilic-to-
hydrophobic transition close to the human body temperature,
resulting in shrinkage of the polymer.'> At temperatures below
the LCST, the polymer network undergoes enthalpy-driven
swelling with water via supramolecular interactions including
hydrogen bonds.'® In contrast, the heated network becomes
hydrophobic as the supramolecular bonds are disrupted and
the entropic term stimulates the release of water leading to
deswelling (Figure 3A). Shape deformations can be engineered
by applying an inhomogeneous stimulus or through gradients
in cross-link density through the hydrogel.'”

Liquid crystal networks (LCNs) are anisotropic, which make
them e;ppealing for fabricating stimuli-responsive poly-
mers.”'®"” The anisotropic properties arise from alignment
and order of the reactive LC mesogens that is preserved by
polymerizing them into aligned, cross-linked networks.”"*'
More complex alignment profiles than simple uniaxial are
possible, including 90° out-of-plane (splay), 90° in-plane

(twist) or continuous in-plane (helical).”*~** As with oriented
semicrystalline polymers, aligned LCNs demonstrate aniso-
tropic thermal expansion: in their strive to increase entropy the
polymer chains take on a more random alignment (order—
disorder) evoking an axial contraction and transverse
expansion (see Figure 3B).”>™’

SMPs are deformable into temporary, “memorized” or
“programmed” shapes, from which the original shape can be
recovered upon application of an external stimulus (Figure
3C). These semicrystalline polymers” and chemically or
physically cross-linked networks can be programmed to strain
fix a higher energy temporary conformation, relying on a sharp
transition (a glass (T,) and/or melting (T,,) transition) to
immobilize polymer chains and prevent recovery.””*° The
programmed SMPs can be expanded from one-way shape
memory materials, consisting of irreversible recovery of the
initial state from a deformed geometry through an applied
(thermal) stimulus, into materials with reversible shape
changes to attain a tertiary shape.’' ~**

To create light-sensitive, shape changing hydrogels, LCs and
SMPs, light-responsive trigger molecules and additives can be
introduced.”” Light-responsive molecules, include azoben-
zenes, spiropyrans and spirooxazines, while humidity-respon-
sive triggers have polar or ionic moieties.””* Photoresponsive
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Figure 3. Schematic illustrations describing the temperature-responsive shape changing properties of hydrogels, liquid crystal networks, shape
memory polymers, and the working principle of a light responsive molecular switch. (A) An example of an insoluble polymer network which below
the LCST retains significant amounts of water. In transitioning through this LCST the network becomes hydrophobic as the intermolecular bonds
are disrupted and the network shrinks considerably. (B) A uniaxially aligned liquid crystal network manifests anisotropic thermal expansion by axial
contraction and transverse expansion at elevated temperature. (C) A shape memory polymer can be deformed manually into a “programmed”
shape. The polymer chains are then immobilized through cooling, and the deformed shape is “memorized” after unloading and can be recovered by
heating the polymer. (D) The light-sensitive azobenzene absorbed electromagnetic radiation to isomerize from the extended trans isomer to the
unstable cis isomer. The length of the anisotropically shaped molecules is significantly reduced in this isomerization. The reverse isomerization
occurs when exposed to a different (longer) wavelength of light or by heating.

dyes absorb electromagnetic radiation and undergo reversible
transformations in shape and color.*”?* Azobenzenes, for
example, photoisomerize from the extended trans configuration
to the unstable cis isomer when exposed to specific
wavelengths of light, usually UV (see Figure 3D). The reverse
cis-to-trans isomerization occurs thermally or by exposure to
visible light. The shape of the molecule is considerably altered
when exposed to light: the molecular length of the trans-isomer
is nearly halved during isomerization to the cis-isomer. Such
molecular changes can be amplified in a polymer matrix
leading to macroscopic shape changes of the polymer film.

Shape changes in the polymer can also be induced by using
photothermal dyes and other additives, including graphene,
CNTs, nanoparticles or UV-absorbers, which transduce
incident light into heat.””~*

Humidity-responsive shape changing films are generated by
embedding moisture sensitive trigger molecules that have polar
or ionic moieties in the polymer. In case of hydrogels, the dried
hygroscopic polymer is often responding to humidity changes
with deformations dependent on the cross-link density,
number of ions and polar groups within the polymer network.
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Table 1. An Overview of Commodity Polymers, Including (Thermo)mechanical Properties, Chemical Structures, and Diverse

Applications”
. Poly(ethylene
Polyamide 6 Polyethylene Polypropylene
terephthalate)
(PA6) (PE) (PP)
(PET)
Young's modulus 780 (cond.) -
2000 - 2700 150 - 1400 1100 - 2000
(MPa) 3800 (dry)
Strain-at-break
150 - 250 50 - 150 200 - 1400 150 - 700
(%)
Glass transition 25 (cond.) - 75
q 60 - 85 -128 - -120 -15--3
(C) (dry)
Tm
220 265 137 170
(°C)
Isotropic linear
thermal
expansion 0.83-1.0x 10* 1.7-7 x10° 1-51x%x104 1-1.8x10%
coefficient, q
a(1/°C) (ary)
23-80°C
Repeating unit
Applications

A

Packaging

“Data were taken from refs 51—54.

Automotive Automotive Furniture
Personal .
Packaging Bottles . Labelling
protection
Textiles Textiles Packaging
Toys
38832 https://dx.doi.org/10.1021/acsami.0c10802
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In this Spotlight on Applications, stimuli-responsive
commodity polymer composites and bilayers that change
shape will be discussed. We compare and contrast scientific
findings and offer our projection of future applications utilizing
heat-, humidity- and light-responsive commodity polymers in
soft actuators and adaptive textiles. Other compelling stimuli-
responsive functional properties, such as switching of
permeability or optical properties, will not be considered in
this work.*’™ We restrict our focus to the fabrication and
(future) application of emerging materials composed of
common textile polymers PA6 and PET, and the large volume
polymers PE and PP, each of which shall be discussed
individually (Figure 1). The approaches presented in this
Spotlight on Applications can be equally applied to other
commodity and noncommodity or specialty polymers not
mentioned explicitly here.**™*’ A comparison of some of the
basic properties of these commodity polymers are summarized
in Table 1, including temperatures relevant for processing and
use, Young’s moduli, strains-at-break, (isotropic) linear thermal
expansion coefficients, and several product examples. The
(thermo)mechanical properties are important parameters to
develop shape changing commodity polymers as deformations
are determined by a mismatch in for example elastic moduli
and thermal expansion coefficients.'”*’ In these shape
changing composites and bilayer actuators, the benefits of
using commodity polymers will be highlighted.

In Table 2, an overview is given of the different shape
changing commodity polymer composites and bilayer actuators

Table 2. Summary of Different Shape Changing Stimuli-
Responsive Commodity Polymer Composites and Bilayers

shape changing

commodity  composite, bilayer
polymer or multilayer active layer stimulus refs
PA6 bilayer conductive light, 11
paint, thermal
graphene
PA6 bilayer LCN humidity 22
PA6 bilayer hydrogel humidity 60
PA6 bilayer PA6 humidity 61
PA6 bilayer PA6 humidity, 63
thermal
PA6 n/a PA6 thermal 64
PET bilayer azobenzene  light 67
PET bilayer CNF humidity, 68
thermal
PET bilayer Ag-plated (electro) 69
thermal
PE n/a PE thermal 64
PE composite azobenzene  light, 71, 72
thermal
PE bilayer azobenzene  light, 73
thermal
PE bilayer hydrogel, humidity, 74
CNT light,
thermal
PE multilayer azobenzene  light, 75=77
thermal
PE bilayer azobenzene light, 78, 79
thermal
PP composite LCN humidity 83
PP bilayer hydrogel humidity, 84
light,
thermal
PP bilayer azobenzene  light, 86
thermal

discussed in this Spotlight on Applications. How the actuator
benefits from the commodity polymer is highlighted: either
actively performing macroscopic shape changes or providing
mechanical stability as a passive bulk polymer.

Polyamide 6 (PA6). PA6, commonly known as nylon-6, is a
semicrystalline polymer with repeating units linked through
amide groups that provide high tensile strength by forming
intermolecular hydrogen bonds.” These flexible thermo-
plastics can be dyed, mechanically oriented and exhibit
excellent wear resistance, all features of significant interest to
many industries (including automotive, packaging, textile, and
many others).” > The sensitivity of the hydrophilic amide
groups in PA6 (see Table 1) to humidity is often exploited in
(hygro)thermal actuators, where changes in temperature are
coupled to changes in humidity. Anisotropy is frequently
introduced by solid-state stretching during manufacturing to
provide a strong thermal contraction and linear swelling along
the polymer backbone.

A bilayer actuator was fabricated by drop casting a hydrogel
solution (made of a poly(acrylic acid)/polyacrylamide
copolymer grafted onto a carboxymethyl cellulose (poly(AA-
co-AAm)-g-CMC)) onto a PA6 film.®® The hydrogel was
photo cross-linked, the combination yielding an actuator which
readily swelled in water, causing the bilayer to bend. In this
actuator, PA6 provided mechanical robustness as the hydrogels
absorbed significantly more moisture. When submerged in
water, the shape changing bilayer took over 5 min to fully
bend, with the PA6 substrate along the inner radius. The
bilayer unbent in 3.5 min after adding ethanol; the absorbed
water molecules migrated into the ethanol owing to good
miscibility of the solvent. The addition of a polysaccharide-
based hydrogel increased biocompatibility, which is considered
appealing for potential drug delivery or implantable device
applications.

Humidity-sensitive bilayer actuators have also been prepared
by spraying LCs from solvent onto oriented, anisotropic PA6
substrates; spraying is compatible with high-throughput
industrial standards.”? The rod-like LCs self-organize, with
the stretching direction of the PA6 substrate acting as an
alignment layer. The LC alignment at the PA6 interface is
planar, but the LC director gradually rotates through the film
depth to stand perpendicular to the substrate at the air
interface to minimize the surface free energy. This “splay”
alignment is fixed during photo cross-linking to form an LCN
composed of carboxylic acids. A subsequent alkaline treatment
generates a carboxylate sodium salt gradient in the LCN
coating, which becomes humidity-sensitive. Thus, both the
LCN and PA6 absorb moisture, though the hygroscopic
polymer salt expands more than the PA6. At lower humidity,
the bilayer is bent with the LCN on the inner radius. With
increasing humidity, the swelling splay aligned polymer salt
pushes away the PA6 underlayer.

A more complex response was programmed in the LCN/
PA6 bilayers; the in-plane twist rotation of the LCs was
controlled by the addition of chiral molecules, and this LCN
twisting was mirrored in its humidity response.’’ In this case,
the 3D response of the bilayer was fully determined by the
swelling of the anisotropic PA6 substrate, as the LCN did not
contain humidity-sensitive carboxylate salt units but did act as
an in situ template to direct the response. At lower humidity,
the bilayer is nearly straight. As PA6 absorbs moisture, the in-
plane twist angles 0 < @ < 90° of the LCN layer directed the
formation of a helix. Adjusting the concentration of chiral

https://dx.doi.org/10.1021/acsami.0c10802
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Figure 4. Actuation behavior of a PA6-based bilayer actuator. The spray-applied coating consists of a self-organized LCN with a 45° in-plane twist
angle. At increasing humidity, the oriented PA6 substrate absorbs significant amounts of moisture, deforming the bilayer actuator. The in-plane
twist angle within the LCN coating controls the humidity-driven three-dimensional deformation of the actuators. Reproduced from 61 with

permission from The Royal Society of Chemistry.
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after twisting. A polymer fiber is wound to form a twist-coil actuator that strongly contracts at elevated temperature, further winding the actuator.
Reproduced with permission from 64. Copyright 2014 AAAS. (B) An oriented PAG fiber is roller-pressed and coated with conductive paint to yield
multidirectional bending by side-selective Joule heating. Reproduced with permission from 11. Copyright 2017 Wiley-VCH.

dopant defines the in-plane rotation of the LCs through the
film depth, and the greatest macroscopic deformation of the
bilayer was found when the LC twist is 6 = 45° (see Figure 4).
The formation of helical structures using chiral molecules in
the LCN coating eliminated the need to cut oriented (bi)layers
at oblique angles to the alignment direction to achieve curling
motion.'”*>%” It is notable that a coating of only 4 um is
capable of guiding the macroscopic response of a 15 ym PA6
substrate.

38834

As temperature changes are coupled with variations in
environmental humidity, the response of PA6 could be tailored
to fabricate dual-stimuli responsive polymers. A layer of
continuous carbon fiber reinforced copolyamide (cCF:PA6-1)
was 3D printed onto PA6.°’ The bilayer laminates feature
PA6’s humidity/thermal-sensitivity coupled with the mechan-
ically resistant copolyamide in which the embedded carbon
fibers act as an electrical circuit for Joule heating. In conditions
of high humidity (~98%), the bilayer was nearly straight,

https://dx.doi.org/10.1021/acsami.0c10802
ACS Appl. Mater. Interfaces 2020, 12, 38829—38844
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Figure 6. Actuation of stimuli-responsive PET-based actuators. (A) A ductile PET substrate is spray-applied with a light-responsive, brittle LCN.
Arbitrary shapes can be accessed through thermal programming: the bilayers can be reversibly actuated using UV (365 nm) and visible (40S nm)
light before being thermally shape fixed again. Reproduced with permission from ref 67. Copyright 2020 Wiley-VCH. (B) A bilayer actuator is
fabricated by depositing CNFs onto a PET substrate. The CNFs self-assembled perpendicular to the long axis of the substrate. The ab- and
desorption of moisture by the aligned CNFs reversibly deforms the bilayer. Reproduced from ref 68. Copyright 2019 Elsevier.

bending toward the PA6 side after the desorption of moisture
by (electro)heating. The versatile composite actuators
demonstrated significantly improved actuation speeds com-
pared to other hydrogel systems, aided by the tethered Joule
heating.

Compelling work was conducted on PA6 fibers which were
wound with a predefined number of twists per meter to
provide highly anisotropic actuators (see Figure 5A).°* The
high strength, twist-inserted PA6 fibers attained large,
reversible dimensional changes when heated, able to reach
contractions up to 49% originating from the large negative
thermal expansion coeflicient amplified by the twist of the
fiber. Instead of using radiative heating, multiwalled CNT's or
metal wires could also be incorporated enabling conductivity
driven Joule heating. A heat-activated muscle-like actuator was
built from twisted @ ~ 860 ym PA6 fibers which could lift a 1
kg weight 7 mm, corresponding to a specific actuation stress of
2100 J/kg. A textile was prepared by weaving the coiled,
conductive PA6 monofilaments (warp direction) together with
polyester and cotton fibers (weft direction). The porosity of
the weave was dynamically altered by Joule heating; the
controlled opening and closing intended to enhance the
wearer’s comfort. Similarly, window shutters were designed
which opened or closed through thermal stimulus, anticipated
for use in self-regulating indoor temperatures.

Bending deformations were made multidirectional by
generating asymmetry through heat conductivity differences
across the thickness of roller-pressed PA6 fibers."" Conductive
coatings are applied to otherwise poorly conducting PAG fibers

to obtain a temperature gradient generated bending motion
through heat convection (see Figure SB). The PA6 modulus
decreased as heat was transferred across the thickness of the
roller-pressed fiber and, combined with strong thermal
contraction, resulted in bending of the oriented film.
Essentially, the temperature mismatch across the thickness of
the oriented film subdivides the oriented PA6 filament into
“passive” and “active” regions, accounting for directional
actuation. Two different conductive coatings were explored:
a paint consisting of silver flakes and metallic nanowires
embedded in an adhesive resin (Ag/Nb paint) and dip coating
the films into a solution containing graphene flakes. The Ag/
Nb paint was developed to electrothermally actuate, whereas
the graphene flakes could be controlled photothermally.
Interestingly, by painting Ag/Nb traces along the longitudinal
planes of a roller-pressed square fiber, selective Joule heating
could bend the beam in the +X, +Y direction or contract the
beam (in the —Z direction) upon simultaneous laser
excitation; the actuator went through over 100000 bending
cycles with less than 5% amplitude loss. In contrast, a highly
focused laser source could only initiate modest bending, as
only a small area was exposed compared to Joule heating.
Poly(ethylene terephthalate) (PET). The semiaromatic
thermoplastic PET is produced via condensation reactions
and widely used in textile and packaging applications as it
forms an excellent moisture barrier (also see Table 1).% Spun
PET fibers may be dyed, are significantly oriented, and offer
high crystallinity, tensile strength and thermostability. In

contrast to PAG, it is considered less sensitive to humidity,

https://dx.doi.org/10.1021/acsami.0c10802
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Figure 7. Stimuli-responsive shape changing PE. (A) Epitaxially grown crystals of light-sensitive azobenzene dopants bearing C20 aliphatic side
chains adsorbed onto oriented PE as seen with optical microscopy. In stress relaxation experiments, the adsorbed chromophores allowed for
repeated stress generation in response to UV-light exposure. Adapted from ref 73 with permission from The Royal Society of Chemistry. (B) A
flexible LDPE substrate is locally coated with carbon nanotube doped poly(N-isopropylacrylamide) to form bilayer, hinged actuators. The hinges
change shape when being heated above the lower critical solution temperature enabling bending. Reprinted with permission from ref 74. Copyright
2011 American Chemical Society. (C) A light-driven plastic motor is prepared by connecting the ends of a photoinert LDPE substrate coated with
an azobenzene-containing liquid crystal elastomer. The bilayer actuator continuously rotates using simultaneous UV and visible light illumination
driving cooperative azobenzene isomerization. Reproduced with permission from ref 76. Copyright 2008 Wiley-VCH.

while still providing anisotropic thermal expansion after solid-
state stretching. Among all commodity polymers, PET is
regarded as the most sustainable polymer, as it is frequently
recycled to serve a second life.° It is not limited to just lower
grade products: a virgin grade is typically blended with
recycled PET to fabricate products appearing in garments,
home textiles (duvets, pillows, or carpeting) and automotive
components (sound insulation, seat covers).

Thin, anisotropic PET films are attractive for their
mechanical robustness and ductility, but also for their
thermoplastic moldability. PET can be thermally shaped into
any complex, even origami-like, shape when deformed around
its Tg.67 In combining PET with photoactuators, intricate
architectures can be designed with arbitrary initial shapes that
reversibly actuate upon illumination. An azobenzene-contain-
ing LC mixture has been spray-applied onto oriented PET
films, and self-aligned in the nematic phase prior to photo
cross-linking. The photoinert PET support layer was bent with
the LCN on the inner radius of the bilayer upon illumination
with UV light, which anisotropically contracts the LCN
undergoing an order-to-disorder transition (Figure 3D).
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When the light is turned off, the bilayer retained its bent
shape for hours in the dark; the device quickly returned to its
initial shape by exposing to visible light. The bilayer was
wrapped in aluminum foil, manually deformed into any
arbitrary shape (via shape fixing), and when heated to 100
°C for 15 min, the segmental polymer chain mobility allows
adoption of the new shape, with subsequent cooling freezing in
the new configuration. The bilayer undergoes shape morphing
upon exposure to light, even allowing area-selective reversible
actuation (Figure 6A). The structure can be erased, and a new
structure imposed by again reheating and forming the device,
establishing easy fabrication of mechanically robust, reprog-
rammable photoactuators.

A humidity-sensitive PET-based actuator is prepared by
depositing a suspension of cellulose nanofibers (CNFs) onto a
substrate.”® The bilayer actuator is prepared by evaporation-
assisted uniaxial self-assembly of the CNFs. The physically
cross-linked CNF gel network aligned perpendicular to the
long axis of the PET support layer (see Figure 6B). The
humidity-sensitive gel rapidly ab- and desorbs moisture,
causing reversible bending of the bilayer strip, even capable
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of lifting heavy weights owing to strong intermolecular
hydrogen bonds between individual CNFs.

In a twisted-coil actuator (TCA), the negative thermal
expansion coefficient of PET was exploited by twist-inserting
silver-plated fibers, followed by Joule heating to obtain
actuation.”” The PET fibers underwent metallization via
activation of hydroxyl and carboxylic acid end groups at the
surface which were deposited with silver, also known as an
electroless plating technique. At an initial length of 50 cm, the
fiber bundle was fixed to a rotating motor while a mass hung at
the end to prepare ~10 cm long TCA. The highly oriented
PET fibers thus serve as a robust base layer, which strongly
contracts by the efficient transduction of heat from the metal
coating. Large stresses of 368 and 357 MPa, respectively, are
reported at 160 °C either through electroheating or with a heat
gun. It was disclosed that the rapid tensile actuation of ~12%
was facilitated at 6 V.

Polyethylene (PE). PEs account for the larégest share of the
annual production of commodity polymers.”’ These thermo-
plastic polyolefins can be subdivided by density, degree of
branching and molecular weight (such as long-branched low-
density (LD), short-branched linear low-density (LLD), high-
density (HD), and ultrahigh molecular weight (UHMW), as
examples). These macromolecular differences are reflected in
their mechanical properties, affecting strength, impact
resistance, and flexibility, providing a great diversity in
applications ranging from packaging to toys, and even personal
protection. Additionally, the PEs are humidity-insensitive and
photoinert, and the (thermo)mechanical properties become
highly anisotropic upon solid-state stretching (Figure SA),
which is greatly benefitted from in constructing shape changing
commodity polymers.

Uniaxially stretched PE films with a high specific surface area
of ~40 m”/g and porosity of ~40—50% have been doped with
an azobenzene-containing LC mixture.”’ Thermal polymer-
ization of the LCs resulted in a yellow colored, relatively
transparent composite with the oriented PE and anisotropic
pores serving as a good alignment material for the LC
mesogens. The photoisomers aligned along the PE’s stretching
direction and the films reversibly bent toward the UV light
source due to an increasing cis azobenzene content when
examined above the T, (~95 °C) of the LC polymer. The
composite unbent through thermal relaxation due to segmental
mobility of the LCN, which was accelerated by exposure to
visible light, inducing cis-to-trans isomerization and bending
away from the light source.

In a similar way, azobenzene was embedded in ultrahigh
molecular-wei%ht polyethylene (UHMWPE), this time using
direct casting.”” Compatibility of the azobenzene with the
apolar UHMWPE matrix was increased by attaching PE (C78)
side chains to the azobenzene core. The as-cast composites
were solid-state drawn to draw ratio 60, yielding high Young’s
modulus (~100 GPa) films with a high degree of chromophore
alignment. The films were periodically exposed to either UV or
visible light at increasing intensities. As the films were
illuminated a photomechanical stress was generated, attributed
to the strong thermal contraction of the ultradrawn UHMPWE
matrix surrounding the heat-producing azobenzene chromo-
phores. The photomechanical stress rapidly disappeared when
the light source was turned off. Remarkably, photoinduced
mechanical stresses exceeding 65 MPa at only 0.06% strain
were generated. In longer-term experiments, periodic light
exposure of the composite films showed excellent photo-

mechanical stability over at least ~2600 cycles. The high-
modulus, lightweight composites remotely attained specific
photomechanical stress values >6 X 10* Pa-(kg:m™)~", which
are comparable to values found for conventional hard metallic
or ceramic actuators.

Other photothermal dyes, such as C20-azobenzene or 2-
(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT), are also
reported to introduce responsivity in PE (see Figure 7A).""?
The azobenzene photoswitch is adsorbed onto the surface of
oriented UHMWPE serving as an alignment layer to fabricate
light-responsive actuators, enabling stress generation (up to ~3
MPa), although ultimately lacking the performance demanded
for putting UHMWPE to practical use. Additionally, blending
BZT with UHMWPE also allowed direct laser writing,
inducing surface deformations through local heating.

Thermoresponsive, self-folding bilayer actuators were
fabricated employing a flexible isotropic LDPE substrate
locally coated with stimuli-responsive hinges operating at
temperatures below 60 °C.”* In designing complex architec-
tures, the temperature response of predefined hinge actuators
was programmed by solution deposition of single-walled
carbon nanotube (SWCNT)—pNIPAM followed by UV-light
polymerization, forming thin thermosensitive coatings on the
LDPE layer acting as the support layer. As the SWCNT—
pNIPAM hydrogel was heated above the lower critical solution
temperature (around ~33 °C), water was expelled due to the
hydrophilic-to-hydrophobic transition, resulting in macro-
scopic film bending. The addition of uniformly dispersed
SWCNT into the hydrogel was shown to significantly enhance
response time; bending at predefined sites formed a cube
within only 35 s compared to 150 s for the hydrogel alone
(Figure 7B). This rapid actuation is explained by two possible
mechanisms: either the SWCNT improved convection through
the hydrogel, or optimized water diffusion within SWCNT
channels. Additionally, laser irradiation of the near-IR
absorbing nanotubes resulted in ultrafast (<1 s), thermal
actuation, desirable in biocompatible architectures for drug
delivery, for example. Near-IR radiation is of particular interest
as it has a lower photon energy than UV-light and therefore
less harmful to living organisms.

Photopolymerized light-responsive azobenzene liquid crystal
elastomers (LCEs) aligned in a higher order smectic phase
were attached to an unstretched passive LDPE utilizing an
adhesion layer.”” The low-modulus LDPE support permits
sufficient flexibility to undergo large, macroscopic deforma-
tions. Cooperative dimensional changes of the azobenzenes in
the LCE drove macroscopic unidirectional movement of the
multilayer film, the directional motion resulted from the
asymmetric leg shapes; by alternating UV and visible light
exposures of the sharp tip and the flat edge, “walking” motion
of a film was demonstrated. This untethered movement was
expanded by using selective local exposures with different light
intensities to prepare a flexible robotic arm.

In contrast to conventional bending, Ikeda and coworkers
demonstrated how azobenzene-functionalized LCEs applied to
sheets of otherwise photoinert PE could be applied as a light-
driven motor, see Figure 7C.7° The alignment of the LCE was
preserved as a cross-linked elastomer with T, around room
temperature. The ends of the LCE/PE bilayer strip were
attached after threading around two pulleys to form a belt-like
actuator. Simultaneous UV and visible light exposure at
different film positions resulted in a slow rolling toward the
light sources; UV exposure forced a contraction along the long
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axis of the mesogens, whereas visible light reversed this length
change. The demonstrator beautifully displayed how light can
induce motor-like motion through simultaneous UV and
visible light illumination at two different positions.

A lightweight robot was built using a responsive LCN
coating applied onto PE substrates to form shape changing
bilayer in an effort to replace heavy, rigid, tethered metal
robots.”” The LCN was composed of thermally polymerized
azobenzene chromophores. Two distinct LCN/PE actuators
were prepared. The first was a flat, multilayer composite using
an adhesive and a ring-shaped laminate in which the substrate
was strained 2%, the coating applied and then allowed to
elastically recover. The resulting untethered robot had a ring-
shaped “arm” and flat bilayer films as “wrist” and “hand”
connected by passive joints to independently control move-
ment. The hand with inactive “fingers” was capable of gripping
a 10 mg load by trans-to-cis isomerization, the cargo held firmly
by cis-to-trans isomerization and transferred by bending the
arm, displacing over a total distance of 20 mm. Finally, the
cargo was released into a container by reopening the hand,
demonstrating the ability to manipulate material positions with
light. Repeatedly moving objects in the horizontal and vertical
directions was estimated to attain photoinduced stresses
similar to human muscles (~320 kPa).

A layer of linear polymer with side-chain azobenzene
mesogens was bar coated onto unstretched, photoinert
LDPE.”® The azobenzene chromophores were aligned by
using polarized light and adhered via electron beam (EB)
irradiation in an inert atmosphere to prepare large (14 X 14
cm?) samples without using an adhesive. The formation of
intra- and interlayer chemical bonds via one step EB
polymerization is considered industrially relevant, potentially
improving processing speeds. The direct cross-linking was also
anticipated to provide sufficient mechanical strength with
efficient translation of anisotropic expansion to the flexible
substrate. The dose of absorbed ionizing radiation was found
to be key in preparing reversible bilayer actuators; at low dose,
no bending was observed during UV exposure, with bending
becoming evident only in a certain EB dose window. The
bilayers bent toward the light source when illuminated with
UV-light and reverted upon visible light exposure with
excellent bond durability and reversible bending. The
adhesive-free bilayer withstood prolonged UV exposure (for
5 h), showing no signs of fatigue cracking or delamination,
while the multilayer actuator with adhesive layer failed after
only 10 min.

Azobenzene derivatives can be adsorbed and aligned onto
the surface of isotropic LDPE.”” Flexible PE substrates were
initially rubbed with silicon carbide sandpaper to induce
microgrooves as alignment layers for the chromophores.*’
Then, the passive LDPE films were immersed in azobenzene/
ethanol solutions. When vertically removed from the solution,
the cast composites had azobenzene derivatives adsorbed to its
surface due to capillary action in the microgrooves.
Unsubstituted and mono- and disubstituted hydroxy azoben-
zene had good alignments, defined as order parameters (S)
exceeding 0.46. The order parameter was calculated from
dichroism values derived from polarized absorption spectra,
with a random alignment corresponding to S = 0 and perfect
order to S = 1, respectively.®’ However, only small
deformations took place for the unsubstituted azobenzene,
contrasting with the large and fast photoresponses of hydroxy
substituted analogues. It was reported that an UV intensity

>100 mW/cm” led to permanent damage to the surface of the
photoactuators. Well below this intensity (at 20 mW/cm?),
large photoinduced stresses of ~0.26 MPa were repeatedly
generated indicating good fatigue resistance.

Finally, a twisted PE fiber bundle actuator (similar to the
PA6 and PET fiber actuators described earlier, see Figure SA)
was able to generate a sgeciﬁc actuation stress of 2630 J/kg at
only 4.5% contraction.”* The twisted fibers were found to
generate a high torque due to heat-driven reversible untwisting
attributed to the negative axial and positive radial expansion of
oriented polymer fibers.

Polypropylene (PP). The second-most produced commod-
ity polymer after PE is PP. This thermoplastic polyolefin is
humidity-insensitive, photoinert and provides anisotropic
(themo)mechanical properties through solid-state stretching.
This semicrystalline polymer is well-known to be exceptionally
tough, durable, both chemically and heat resistant and hence
ﬁndin§2 application in furniture, labeling, packaging, and
ropes.

As with PE, oriented porous PP polymers may serve as
flexible substrates, which serve to align LCs infiltrated into the
pores. A nematic LC mixture consisting of carboxylic acid
moieties”” was used to fill the porous PP (~55%) via capillary
forces; the LC was subsequently photopolymerized.*” Tensile
tests revealed the composite became significantly tougher than
the naked LCN film: the elongation-at-break (&,) improved
from e,1cn ~ 2% tO & composie ~225%, which in terms of
energy required for material failure was ~200 times that of the
LCN alone. The ductile composite films were made humidity-
responsive by immersing them in a 0.1 M aqueous potassium
hydroxide solution for 20 min, forming a humidity-sensitive
LCN with carboxylate salt moieties. Cutting the film at an
angle with respect to the nematic director altered the mode of
deformation: as the initially flat strip absorbed moisture,
swelling occurred predominantly in the perpendicular
direction, directing the composite to bend, curl or twist.
Double composite layers were prepared by filling two
orthogonally oriented substrates: it is noteworthy that these
double-layered actuators demonstrated a handedness inversion
in helicity at ~40% RH. Without further details, the authors
contemplate how these composite salts potentially could be
integrated in soft piezo-electric materials making use of
humidity fluctuations for energy harvesting.

A hydrogel actuator solution cast onto biaxially oriented PP
displayed humidity, temperature and infrared (IR) light
responses.”’ The commercially available PP substrate con-
tained a poly(acrylic acid) (PAA) coating, facilitating
anchoring of a cast borax cross-linked N',N'-diethylethane-
1,2-diamine-modified poly(vinyl alcohol) (PVA-DEEDA-
borax) to the substrate. Sensitivity to fluctuating humidity
and temperature levels influenced swelling of the hydrogel and
hence bent the passive PP substrate. Similarly, IR light was
used to photothermally initiate deswelling when going through
the lower critical solution temperature (LCST). It was
suggested that tetra-coordinated boron enhanced the swelling
and deswelling kinetics via charge repulsion which increased
the free volume within the film network. In diverse
experimental conditions (10—60 °C and 13—82% RH,
respectively) the bilayer actuator demonstrated large, reversible
deformations ranging from —360 to +360°. Several 3D shapes
were constructed by connecting multiple bilayer actuators,
resulting in shape changing numbers, grippers and artificial
muscles to lift objects (Figure 8A).
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Figure 8. Actuation of PP-based actuators. (A) A multiresponsive bilayer actuator was fabricated by applying a hydrogel coating onto PP. Several
shape changing demonstrators were prepared, displaying its responsiveness to heat, changing humidity, and IR light. Reproduced from ref 84 with
permission from The Royal Society of Chemistry. (B) A schematic of a spring-like motor composed of a light-responsive liquid crystal network
attached to a PP substrate which is end-capped by PU foam wheels. The photographs demonstrate isomerization-driven forward motion through
reversible winding and unwinding of the bilayer. Reproduced with permission from ref 85. Copyright 2017 Wiley-VCH.

A spring-like motor composed of a light-responsive LCN
attached to a PP substrate has also been reported (Figure
8B).*® Oriented azobenzene- -doped LCNs were attached to the
photoinert, biaxially oriented PP with a conventional tape
adhesive, and a wheel made by connecting the ends of the
bilayer strip above T,. Shining UV-light leads to asymmetry:
exposing only one side evokes a contractive force which shifts
the center of mass. Rolling directionality of the multilayer
actuators was determined by the position of the LCN; when
located on the inner side of the wheel, it rolled toward the
LED, whereas placing it on the outer side caused rolling away
from the light. This simple concept demonstrated that by
preparing a helical ribbon end-linked to polyurethane foam
wheels, a continuous, light-driven motion could be obtained
akin to a spring-like motor. A bilayer film was wrapped around
a metal rod and shape-fixed upon cooling into a helical ribbon.
The ribbon showed not only fast photocontrolled motion but
also the ability to reprocess the LCN using exchangeable
chemical bonds.

Complex pathways are commonly followed to obtain
stimuli-responsive garments. Light-insensitive PP fabric was
functionalized by physical adsorption of a poly[di(ethyelene
glycol) methyl ether methacrylate- copentaﬂuorophenyl acryl-
ate] (P(DEGMA-co-PFPA)) precursor.*® Postpolymerization
modification of the precursor took place at the reactive
pentafluorophenyl ester, which was replaced with a light-
responsive azobenzene. The azobenzene-containing copolymer
was spin-coated onto PP fabric from solution and dried in an
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oven, yielding a bilayer actuator. The 1 X 10 mm? freestanding
fabric rapidly bent over 70° within <2 s when exposed to UV at
two different positions. Unfortunately, unbending did not
occur on a similar time scale; the bent state did not revert even
after exposure with visible light for an hour. However, when
the bilayer was stored at 50 °C, the initial shape recovered
within 10 min, showing reversible actuation was possible.

B CONCLUSIONS AND OUTLOOK

This Spotlight on Applications has demonstrated how shape
changes can be introduced in commodity polymer composites
and bilayers in response to light, temperature, and/or humidity
changes. In fact, all stimuli-responsive commodity polymers
discussed follow similar design guidelines: thin (um-range),
high-aspect ratio (L;/L; > 1) films, or fibers with strongly
deviating expansion coefficients (see Figure 4).%" In this field,
two approaches are used to induce shape changes in
commodity polymers: doping stimuli-responsive additives
into the commodity polymer or coating stimuli-responsive
materials onto the reinforcing commodity polymers (Table 2).
In this section, we will reflect on these novel materials in the
form of the next challenges, while focusing on how the
commodity polymer itself can be made stimuli-responsive.
Scalability and Stability. Adding responsive features to
inexpensive, bulk, otherwise static commodity polymers will
extend their range to more high-end applications, but this most
likely will require more extended product lifetimes of the
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(partially) metal actuators, whereas (partially) organic actuators are found in white, and human muscle actuators are colored green. The metal and
organic actuators are colored according the external stimuli applied, that being humidity (swelling, blue), light (orange), and photothermal/electro-
heating (red). Commodity polymer-based composite and bilayer actuators are built from PA6, PET, PE, and PP. In accordance with future
applications, robotics are considered to demand large specific actuation stresses, whereas smart textiles are anticipated to benefit from a larger
actuation strain. Data were taken from refs 3, 4, 64, 69, 72, 75, 77, 84, and 97—101.

responsive elements than currently required for polymers used
in typical disposable consumables (drinking cups, packaging
material, and so forth). The blending of low molecular weight
responsive additives or applying responsive coatings must be
easy to integrate into industrial processes with only small
production modifications and preferable to developing
completely new polymers, itself a lengthy, expensive process.
Time consuming, expensive techniques such as film transfer
and casting are interesting from a scientific point of view but
are of limited use in high-throughput processes. Co-extrusion
of intermediate adhesive and functional layers,”””® compres-
sion molding of reprocessable networks,*® spraying of LCs as
top coats,”>*"” infiltration in porous polymers,”"** blending
in low molecular weight additives,”* and applying conductive
paints'' can all find their way in the commodity polymer
industry.

It is desirable that the performance of shape changing
actuators does not deteriorate under conditions of continual
temperature, humidity, or light changes.'' Among the diverse
stimuli exploited as triggers in actuators, we consider
illumination as most favorable, as it is area selective, remotely
controllable, and capable of initiating fast shape changes with
possible additional selectivity based on dependence on light
polarization, if desired.”” Furthermore, as stimuli are often
interconnected,”” i.e. surrounding humidity is coupled with
temperature, illumination can directly impact these conditions
photothermally.** Obviously, this all depends on the intended
application; for example, homogeneous heating may be more
applicable in adaptive garments than employing (local)
photothermal heating.

From an application point-of-view, repeated or long-term
exposure to light, especially UV light, is of key interest with
respect to product lifetime. Especially for polymers, which tend
to discolor due to degradation, and photochromic dyes, prone
to photofatigue, it is beneficial to add UV-absorbers or free-
radical scavengers which are well-known to extend product
lifetimes.**™"* In addition, it is appealing to develop molecular
switches that respond to visible or even (near-)IR light.”
Regarding humidity-sensitive materials, hydrogels frequently
lack mechanical robustness, and their operation window is
typically restricted to aqueous environments, which consid-
erably limits their usefulness.'” Depending on the application,

long-term product life can be improved by applying a
protective top coat endowing polymers with abrasion-, impact-,
and/or scratch-resistance.

Fabrication Guidelines. A more appealing solution to
address all of these shortcomings (time-consuming costly
techniques, inferior mechanical properties, and susceptible
responsive parts) is found in using additive blending to create
stimuli-responsive commodity polymer composites. Typically,
in high-throughput industrial processes a blend of additives is
supplied to the commodity polymer before undergoing
elaborate processing conditions (i.e., solid-state stretching) to
yield highly oriented, anisotropic composites with extended
product lifetime. The addition of the stimuli-responsive
molecules to these packages endows the final product with
responsive parts shielded by the robust, encapsulating
commodity polymer. An example of such a robust, anisotropic
UHMWPE actuator is given in ref 72. This composite design
contrasts bilayer-type actuators in which hydrogels, azoben-
zene-containing coatings, or LCN coatings are repeatedly
exposed to daily life conditions, requiring top-coats to protect
the relatively fragile materials.

Among the four commodity polymers, the polyolefins (PE
and PP) may be considered most useful for improving the
robustness of current shape changing polymer actuators based
on hydrogels and liquid crystals. The widely applied
polyolefins offer chemical and photoinertness, are humidity-
insensitive and vary in (thermo)mechanical properties depend-
ing on the degree of branching, molecular weight and
manufacturing processes (e.g., solid-state stretching). PA6 for
example, is susceptible to temperature—humidity cross-
sensitivity which is anticipated to be unfavorable for most
shape changing hydrogel and LC actuators. As an alternative to
polyolefins, PET may be used as it provides good optical clarity
while being less sensitive to moisture than PA6.

Applications. A particularly attractive application for these
emerging responsive bulk polymers is in the field of consumer
or medical soft robotics. In particular, there has been an
explosion of growth in the consumer robot market, which is
expected to further increase 110—175% over the next S
years.”* " These consumer robots come in many forms for
many functions but hold in common the need to interface with
humans, requiring them to provide appropriate responses for
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physical contact between robot and human, creation of
artificial muscles driving natural 3D motion, and manipulating
delicate objects with soft grippers.

Developing stimuli-responsive commodity polymer contact
interfaces within “soft” robots would seem natural, as long as
the physical properties of the “soft” material are adequate for
the job at hand. Soft shape changing actuators typically require
compliant polymers with large reversible strains (¢ > 1%),
while being low modulus materials (E < 1 GPa), whereas hard
robotics commonly demand bulky metal-based actuators (E >
1 GPa) operating at low strain values (¢ < 1%) (for a
comparison of “hard” and “soft” actuators described in the
literature, see Figure 9). In contrast, hard robotic actuators are
generally powered by an electric stimulus to provoke
immediate, fast stress responses, often coupled to larger strains
through hydraulics or pneumatics.'”” Lightweight, “soft”
alternatives employing highly oriented UHMWPE films
doped with azobenzene chromophores generated high stresses
at similar strain-values to metallic actuators.”” Large aniso-
tropic expansions of highly oriented, high-strength fibers (E >
1 GPa) were combined by twisting fiber bundles so they exert
large, reversible, mechanical strains in response to a stimulus,
generating large stresses.'””'"* These compelling examples
suggest the design of mechanical compressors, artificial
muscles,**'* and even exoskeletons and prosthetic limbs
employing high-aspect ratio fibers. While many human-
mimetic challenges remain, including the design and
integration of skin-like compliant materials for robot-human
physical interaction combined with adaptive sensing, control
and actuation,'”® these intricate devices show promise for
robotic applications, although the challenges of remote control
and/or lower operating temperatures must be addressed. An
increasing demand for these new technologies is antici-
pated,”"?’ reaching a market size of over 100 billion USD in
202,108,109

Responsive commodity polymers hold promise as adaptive
textiles, in which fiber packing density can be engineered to
dynamically change upon exposure to external triggers."'® We
envision the opening of textile weaves in warm environments,
allowing eased perspiration and helping maintain safe body
temperatures, and hence increase the wearer’s comfort.
Alternately, a denser fiber packing in colder temperatures
will preserve body heat, keeping one warm. Similarly, smart
window shutters could self-regulate indoor temperature by
triggered opening and closing.®* Hence, tunability in, for
example, twist fibers is particularly interesting as the coil spring
index, correlates the mean coil to fiber diameter, can be
modified to attain task-dependent large reversible strain or
maximal actuation stress through optimized design. The major
challenge to fulfill requirements for both stimuli-responsive
soft actuators and adaptive textiles will be found in covering
actuation specifications key to device architectures. A
combination of high stresses and large actuation strains in
polymer actuators is still sought after to execute all possible
tasks. Nevertheless, we envision that shape changing
commodity polymers shall become accessible by using simple
processing techniques (solid-state stretching) to yield high-
aspect ratio composite actuators meeting the desired actuation
stress—strain performance.

In addition to the above-mentioned stimuli-responsive
commodity polymers, other (commodity) polymers such as
polycarbonate and poly(methyl methacrylate) are frequently
reported as featuring optical responsivity, which is interesting
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for applications in sensors, anticounterfeit labeling, and
aesthetics. > 445111112 Currently, the combination of polymer
fibers and photonic coatings is also explored to prepare
thermoregulating textiles relying on the reflection of IR
light.""? The application of light, heat, or humidity to change
photonic colors is appealing, though alternative stimuli such as
mechanical force should also be considered for fabricating
strain sensors, for example.lH_Hé These developments point
out that commodity polymers can still expand their range of
applications, leaving plenty of room for innovations.

In summary, inexpensive commodity polymers are being
utilized to develop new stimuli-responsive soft actuators and
adaptive textiles. By using rather simple coating or blending
techniques to introduce responsiveness without requiring
striking modifications in the existing infrastructure, new
applications may be found for these otherwise static polymers.
It is foreseen that shape changing commodity polymers will
continue to expand at a rapid pace and will play a important
role in meeting social challenges in the fields of sustainable
energy, health, soft robotics, and “smart” textiles.
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diacrylate; CNF, cellulose nanofiber; CNT, carbon nanotube;
EB, electron beam; HD, high-density; IR, infrared; LC, liquid
crystal; LCE, liquid crystal elastomer; LCN, liquid crystal
network; LCST, lower critical solution temperature; LD, low-
density; LLD, linear low-density; LPL, linearly polarized light;
MWCNT, multiwalled carbon nanotube; PA6, polyamide 6;
PA6.6, polyamide 6.6; PAA, poly(acrylic acid); PE, poly-
ethylene; PET, poly(ethylene terephthalate); pNIPAM, poly-
(N-isopropylacrylamide); poly(AA-co-AAm)-g-CMC, polya-
crylamide/poly(acrylic acid) copolymer grafted onto carbox-
ymethyl cellulose; poly(DEGMA-co-PFPA), poly[di(ethyelene
glycol) methyl ether methacrylate-copentafluorophenyl acryl-
ate]; PP, polypropylene; PVA-DEEDA-borax, borax cross-
linked N',N'-diethylethane-1,2-diamine-modified poly(vinyl
alcohol); RT, room temperature; SMP, shape memory
polymer; SWCNT, single-walled carbon nanotube; TCA,
twisted-coil actuator; T,, glass transition temperature;
UHMW, ultrahigh molecular weight; UV, ultraviolet
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