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Light-Actuated Anisotropic Microactuators from

CNT/Hydrogel Nanocomposites

Aoife Gregg, Michael F. L. De Volder,* and Jeremy J. Baumberg*

Over the past decades, functional hydrogels that respond to a variety of
mechanical and chemical stimuli with a volume change of more than 100%
have been developed. Despite this impressive behavior, practical applications
of conventional hydrogels are limited by the need to transform their isotropic
swelling/contraction into useful deformations, as well as their slow response
times. Here, these challenges are addressed by combining poly(N-isopro-
pylacrylamide) (PNIPAM), a widely used temperature-responsive polymer,
with carbon nanotubes (CNTs). To ensure strong PNIPAM—CNT cohesion,
the hydrogel is synthesized directly on the CNT surfaces using in situ redox
polymerization. The anisotropy of vertically-aligned CNT forests is used to
transform the isotropic (de)swelling of PNIPAM into anisotropic motion.
This material combination is particularly attractive because the high optical
absorption and heat conductivity of carbon nanotubes converts light irradia-
tion into PNIPAM actuation. A wide variety of CNT-skeleton microstructures
are tested to reveal a range of actuation behaviors. The authors demonstrate
fast reversible movement, active switching from low to high light absorption

exposure to stimuli such as temperature or
pH. The size change arises from changes
in solvation so that a hydrogel swells with
water when the gel is hydrophilic and
expels water when it is hydrophobic. Tem-
perature-responsive  volume-switchable
hydrogels with a lower critical solution
temperature (LCST) are hydrophilic below
their critical solution temperature (1;) and
hydrophobic above, thus shrinking when
heated above T..
Poly(N-isopropylacrylamide) (PNIPAM)
is a favored temperature-responsive
volume-switchable hydrogel with an LCST
of =32 °C. Its popularity derives from
having an LCST just above room temper-
ature and close to human body tempera-
ture, as well as the tunability of its LCST
by introducing co-monomers, and the pos-
sibility to confer responsivity to stimuli

states, lattice shape changes, and good cycling stability.

1. Introduction

Hydrogels are an ideal material for reversible shape-changing
structures due to the flexibility in their fabrication techniques,
their biocompatibility, low cost, scalability, and the wide range
of possible constituent materials. They show many tunable
features and capabilities, depending on the chemistry of the
constituent polymers."?l Hydrogels with a switchable volume
are of particular interest: these change size dramatically upon
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such as pH by modifying the monomer

composition.># However, applications of

conventional PNIPAM are limited by its
isotropic volume switching, slow response times, and the diffi-
culty of achieving controllable pre-designed movement.>®! It is
thus often modified to address these limitations. PNIPAM has
been combined with materials such as graphene oxide,’? iron
oxide nanoparticles,38 clay™ and carbon nanotubes(?%2
to add properties including electrical and thermal conduc-
tivity, and response to light and magnetic fields. Fabrication
methods such as photopatterning,'*?22 electrospinning,2®!
origami 3212728 orafting to pre-fabricated nanopillars or
nanosheets,[?> precipitation polymerization,3¢37] 3D-[38-40
and ion-inkjet™! printing have been used to create nano- and
microscale hydrogel actuators with more complex controlled
motion and faster response times. However challenges remain,
particularly in developing anisotropic motion.

In this paper, carbon nanotubes (CNTs) are used as both
an additive to the PNIPAM and as a skeleton for fabricating
hydrogels in a wide range of shapes and sizes. CNTs are well
known for their remarkable strength, with Young’s modulus up
to 1 TPa and an inherent tensile strength of over 100 GPa.[**=4
They are highly durable and resistant to fatigue over millions of
strain cycles.'®*®4] CNTs are highly electrically and thermally
conductive, and vertically-aligned forests of carbon nanotubes
act as pseudo-blackbodies with up to 99% broadband absorp-
tion of light from UV to the far IR CNTs have previously
been combined with PNIPAM and other hydrogels in a variety
of ways.®! Typically CNTs have been incorporated by either
dispersing them in a polymer or pre-polymer solution,21>0->4
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or by functionalizing CNTs such that polymer growth and
crosslinking are initiated directly on the nanotube.’>! The
presence of CNTs has so far been used to improve hydrogel
response times by enhancing mass transport of water via
increased porosity of CNT/hydrogel composites,?!l add light
responsivity!?10062-64 and electrical conductivity,?*>>596560] and
improve mechanical properties.’*-52>+0] A unique opportunity
offered by CNTs that is under-explored in hydrogel composites
is the ability to assemble aligned CNTs into 3D structures by
using a combination of lithography and chemical vapor deposi-
tion of CNT&.[67:68]

In nature, isotropic swelling of a matrix is often combined
with carefully architected fiber arrangements to transform iso-
tropic swelling into complex movement, such as in pinecones
and other seed dispersal units.l’>’?) Aligned CNT structures
have previously been proposed as a scaffold to transform the
swelling of hygroscopic gels into a controlled motion to achieve,
for instance, opening and closing of cones and humidity sen-
sors.’*72l Here, we further progress the idea by combining
vertically-aligned forests of CNTs (VACNTs) with PNIPAM.
Combining the thermal response of PNIPAM with the high
emissivity of CNT forests means that radiative heat can be
transferred efficiently to the actuators to drive PNIPAM actua-
tion. The CNTs bestow anisotropic properties to the composite
material, both on the nanoscale (through vertical alignment of
CNTs within the forests) and on the microscale. The overall
microscale design of the CNT structure controls the type of
motion observed during hydrogel actuation, allowing complex
reversible motions to be achieved, such as anisotropic actuation
on both the nanoscale and microscale.

The proof-of-concept actuators shown here demonstrate
shape changes of various lattices, switching between high-
and low-transparency states, and buckling. Further, this work
provides an understanding of the actuation mechanisms, and
we anticipate that the proposed composite microactuators
(nactuators) have potential applications in color- and reflec-
tivity-changing surfaces, thermoregulation, valves, pumps, and
other flow-control devices.

2. Results and Discussion

2.1. Actuator Design and Fabrication

VACNT forests are grown using chemical vapor deposition
from lithographically defined patterns on Si-wafers (Figure 1a).
This method allows for the straightforward fabrication of any
geometry in the form of a 2D vertical extrusion, with heights
ranging from microns to millimeters.”3>> The resulting struc-
tures have vertical mechanical properties determined by the
covalent bonding along the length of the CNTs, combined
with different lateral mechanical properties set by the interac-
tion between neighboring CNTs."78l A temperature-respon-
sive hydrogel is formed via free-radical polymerization of
N-isopropylacrylamide (NIPAM) using a redox initiator in the
presence of a crosslinking agent, N,N’-methylene-bis-acryla-
mide (BIS). The resulting hydrogel is in a swollen state below
T;, and reversibly shrinks when the hydrogel is heated above T;
(Figure 1a).
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When PNIPAM hydrogel is formed in situ on the CNT struc-
tures, the forests act as a scaffold to define its size and shape.
Isotropic expansion and contraction of the hydrogel produces
an anisotropic response in the CNT/PNIPAM composite due
to the vertical nanoscale alignment of the CNTs: the induced
strain of the composite is negligible vertically (= 1%), but signif-
icant laterally (= 60%) (Figure 1b; Figure S1, Supporting Infor-
mation). The CNT forests resist strain along their growth axis
due to the strength of the individual CNTs along their length,
but the forests allow strain laterally as the nanotubes can move
relative to each other within the forest.”®l Microscale anisot-
ropy is achieved by growing CNTs in specific patterns instead
of uniformly across a substrate. These patterned CNT forests
act as a skeleton, about which bulk PNIPAM is formed to pull
like a muscle, resulting in more complex motion on switching
through T, (Figure 1a). Both free and surface-bound actuators
can be used, which demonstrate different behaviors (Figure 1c).
Here, the microactuators (lactuators) are typically on the scale
of hundreds of microns for ease of handling and imaging, but
it is straightforward to scale them down to microns using the
same fabrication procedure.

The actuators are fabricated by first growing the CNT forests
in a desired pattern on a substrate (Figure 2a—c). A PNIPAM
hydrogel precursor solution including initiator is then depos-
ited onto the substrate, physisorbs onto the CNTs, and is
polymerized in situ (taking care to ensure oxygen-free condi-
tions, see Experimental Section) so that the CNTs are physi-
cally embedded in the gel (Figure 2d,e). The precursor solution
selectively wets the CNTs by wicking into the nanostructures
(improved by UV-ozone treatment, see Experimental Section),
resulting in individual CNT/PNIPAM hydrogel composite
structures with only a thin layer of hydrogel over the bare sub-
strate (Figure S2a, Supporting Information). Depositing instead
an excess of precursor solution creates a hydrogel layer with
uniform thickness over the whole substrate, resulting in a
bulk hydrogel film with CNT structures embedded throughout
(Figure S2b, Supporting Information). The former method is
ideal for actuators that are to be kept bound to the substrate,
and the latter for actuators that are to be removed from the sub-
strate — the bulk hydrogel films can be easily peeled away from
the substrate (Figure 2g). This provides additional functionality
since different behaviors are found when the actuator struc-
tures are surface-bound or free.

2.2. Behavior of Free CNT/PNIPAM Hydrogel pactuators

A range of free actuator designs are tested, each demonstrating
specific actuation behaviors (Figure 3). When multiple CNT/
PNIPAM walls (Figure 3a) are embedded in a bulk hydrogel
film, the separation of the structures decreases upon heating
as the bulk hydrogel contracts more than the CNT/PNIPAM
structures (Figure 3f). Honeycomb patterned CNT structures
(Figure 3b) show strong optical absorptivity changes, as the
CNT/PNIPAM skeleton contracts less than the bulk PNIPAM
(Figure 3g) tilting the black sidewalls into full opacity (com-
pounded by the increased turbidity of the hot PNIPAM). CNT
forests can also be grown into structured sheets that have ani-
sotropic mechanical properties emerging from the morphology

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 1. a) Schematic temperature response of PNIPAM and CNTs separately, and combined into exemplar CNT/PNIPAM composite structure.
b) Schematic showing deformation of bulk PNIPAM and CNT/PNIPAM composite walls during actuation, demonstrating the anisotropic response that
results from the vertical alignment of the CNTs. ¢) Schematic showing the morphology of an exemplar CNT/PNIPAM actuator (i) below T, of PNIPAM,

(i) above T, while surface-bound, and (iii) above T, while free.

of their lattice (Figure 3c—e).”” These, when formed into struc-
tured CNT/PNIPAM hydrogel composite sheets, show both
macroscopic size changes (Figure 3h) and reversible changes
in the shape of the lattice unit cell (Figure 3i,j). This shows
the huge range of design freedoms available, accessing sym-
metry breaking and local buckling rotations in the unit cell
(Figure 3i,j, white arrows), auxetic systems (Figure 3e), and
offering opportunities for coupling the optical and mechanical
response.

2.3. Behavior of Surface-Bound CNT/PNIPAM Hydrogel
Hactuators

Surface-bound actuators can show more complex actuation
behaviors, as the surface binding boundary condition restricts
the swelling and contraction of the PNIPAM (Figure 4;
Movie S1, Supporting Information). Although the free actuators

Adv. Optical Mater. 2022, 2200180 2200180 (3 of 9)

show strong reflectance changes, their application is perhaps
limited because the overall size of the structures also changes.
By contrast, a surface-bound honeycomb actuator (Figure 4a,b)
shows reflectance changes without any overall change in the
structure area. The CNTs at the base of the structure bound
to the substrate maintain the overall size, while the CNTs at
the top of the structure far from the base become tilted by the
contracting PNIPAM top surface, which pulls the CNT walls
inwards. Viewed from the top, the cavities in the CNT structure
thus close, absorbing incident light. This is supported by finite
element simulations of the structure (Figure 4c,d). Reversible
buckling behavior is also observed in surface-bound structures,
as the differential expansion of the CNT/PNIPAM walls and the
bulk PNIPAM in the cells is relieved by first-order buckling of
the walls (Figure 4f). This matches accounts of corresponding
structures in literature, which suggest that more complex buck-
ling behaviors, including chiral actuation, can be achieved from
similar structures via optimizing their geometry.[8%81
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Figure 2. Schematic of fabrication and testing of CNT/PNIPAM hydrogel composite pactuators. Schematic shows a,b) patterning of CNT growth
catalyst by photolithography, c) growth of CNTs by chemical vapor deposition, d,e) deposition and in situ polymerization of PNIPAM hydrogel on CNT
microstructures, and f) setup used for testing the temperature response of the pactuators. g) Photographs of CNT/PNIPAM hydrogel actuators, with
higher (left) and lower (right) density CNT lattice designs as skeletons, peeling from substrate when swelled in water.

2.4. Light Response of CNT/PNIPAM Hydrogel pactuators

The composite actuators fabricated here are typically sub-
millimeter, set by the initial CNT microstructure. This small
size allows for faster response times, as the distance over
which water must travel is reduced.B?l The use of CNTs also
improves the response time, as they act as fluidic channels and
so enhance water transport.?718384 However, another factor
contributing to the response time is heat transport through
the structure and its surroundings. When inducing tempera-
ture changes using a hot plate, the response time is limited
by heat conduction and convection (although the small size
of the actuator again helps because there is less mass to heat).
Switching times of less than 5 min are achieved using a hot
plate, however much faster response times can be achieved by
using optical heating.

The highly efficient optical absorption of CNTs is used
here to create light-responsive actuators (Figure 5). Large
area 532 nm laser illumination at =20 W cm™ successfully
induces contraction in the CNT/PNIPAM composite actuators
(Movie S2, Supporting Information). This requires the pres-
ence of CNTs, as actuation is not observed in bulk PNIPAM
using the same incident power (Figure S4, Supporting Infor-
mation). The response time of the structure for optical driving
is now on the scale of seconds instead of minutes (Figure 5a;
Figure S5, Supporting Information). Local heating at the center
of the laser spot is seen within 70 ms, as identified by the rapid
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increase in opacity of PNIPAM in its hot state (dark region).
The whole structure exceeds T, after 1.3 s and is fully contracted
less than 3 s after laser illumination begins. The contraction
time here remains limited by heat transfer, as is clear from the
difference in switching times between the center of the laser
spot and the edges. The water transport limited response time
of the actuator could be sped-up by optimizing the CNT struc-
ture design and the laser heating configuration. The return to
the original shape of the structure takes 1-2 min, as there is so
far no active cooling of the system, which would provide further
speed-up.

Using a focused laser allows controlled local actuation
(Figure 5b; Movie S3, Supporting Information). By lowering the
laser power, there is insufficient photothermal input to heat the
whole actuator above T, and thus only the center of the illu-
minated area actuates. This enables reversible highly-controlled
changes in actuator morphology which are not simply predeter-
mined by the shape of the actuator but can be adapted during
use as needed. This, for instance, would enable hinging on the
left or right side of an articulated device (Figure S6, Supporting
Information). Note that the visible “hot spot” of laser heating is
not necessarily centered around the laser focus spot (Figure 5b),
due to the balance between heat absorption and heat loss. The
edge of the shadow circle is the boundary at which the equilib-
rium of photothermal heating, heat transfer within the actuator,
and heat loss to the environment result in a temperature below
the T, of PNIPAM (32 °C). The laser spot size is =1 mm? across,

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Scanning electron microscopy images (top row) of bare carbon nanotube structures used for pactuator fabrication, where (a,b,e) and are
taken with the sample mounted at 45° to the electron beam, and (c,d) are taken with the electron beam normal to the sample surface. Reversible actua-
tion (lower rows) of free CNT/PNIPAM composite hydrogel pactuators, demonstrating behaviors: f) change in density of CNT/PNIPAM microstruc-
tures embedded in bulk PNIPAM film, g) transparency change, h) macroscale size change, and i) microscale change in shape of lattice unit cell of CNT/
hydrogel lattice with structure as in (c). j) Actuation behavior of lattice shown in (c,g) using finite element simulation, showing shape change via local
rotations (white arrows). Scale bars are 300 um, 300 um, 150 um, 100 wm, 100 wm, 200 pm, 300 m, 5 mm, and 100 um in (a,b,c,d,e,f,g,h,i) respectively.

experiment

T<T,

I'>1,

Figure 4. a) Scanning electron microscopy image of pristine carbon nanotube structure used for pactuator. b) Reversible actuation of surface-bound
CNT/PNIPAM composite hydrogel pactuators, demonstrating transparency switch from opening and closing of inner cells. ¢) Schematic structure
used for finite element simulation of CNT/PNIPAM hydrogel actuators showing d) contraction under deswelling that matches (b). e,f) As (a,b) but with
higher magnification, showing shape changes of lattice unit cell by reversible buckling (f) and local rotations (white arrows). Scale bars are 200 pum,
200 um, 80 um, and 40 um in (a,b,e,f) respectively.
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Figure 5. Light-responsive behavior of CNT/PNIPAM pactuators. a) Timeline with optical transmission images showing response of pactuator to
illumination with 185 mW focused laser at 532 nm, showing local heating is observed within 70 ms of illumination and that the pactuator is fully
contracted within 3 s. b) Optical microscopy images showing controlled local switching of a CNT/PNIPAM pactuator using 20 mW 532 nm laser.
) Images showing the cyclability of a CNT/PNIPAM pactuator, demonstrating that a large reversible switch in volume is consistent over at least

25 cycles. Scale bars are 300 um throughout.

with highest intensity at the point marked. When the laser spot
is centered over the middle of the actuator, this results in a
circle centered at the laser spot. However, when the laser spot is
centered at the edge, the only significant photothermal heating
is where the light is incident on CNTs, so heat is only generated
within the actuator and thus the “hot spot” center is shifted
away from the laser focus.

The shorter response times with light actuation make cycla-
bility tests of such structures feasible. Over 25 cycles, actuators
still show large reversible actuation (Figure 5c¢). Small changes
in appearance likely arise from the actuator slightly moving
during cycling. The actuation response still survives over this
time (and likely indefinitely) as PNIPAM is known to maintain
its actuation over >1000 cycles.?*® The limiting factor cur-
rently appears to be the CNT skeletal structure, as some struc-
tures show cracking in the CNT/PNIPAM walls after repeated
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actuation (Figure S7, Supporting Information). This would only
affect particularly severe actuation behaviors such as buckling,
while others, such as transparency changes, would survive as
they do not depend on contiguous CNT/PNIPAM structures.

3. Conclusion

Hydrogels are promising materials for the fabrication of soft
actuators, but are limited by response time and their simple
isotropic volume change. The composite carbon nanotube/
poly(N-isopropylacrylamide) (CNT/PNIPAM) actuators in this
paper address these challenges and bring hydrogel actuators
closer to implementation. CNTs add direction-dependent prop-
erties to the hydrogel, and the resulting structures demonstrate
anisotropic behavior on both the nanoscale and the microscale.

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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This fabrication process allows for actuators with a wide range
of programmed movements. Behaviors such as opening and
closing holes, transparency changes, and shape changes of each
lattice unit cell are successfully demonstrated, with many more
behaviors achievable in the future using diverse CNT structure
designs. The small size of the structures contributes to a fast
actuation time, with these CNT/PNIPAM hydrogel actuators
reaching their fully contracted state in under 3 s globally, and
under 70 ms locally. This time could be further decreased by
optimizing the CNT skeleton design, decreasing the actuator
size further, and enhancing the heating mechanism (since
heating tests indicate that local actuator heating occurs in tens
of microseconds). The addition of CNTs to PNIPAM hydrogels
results in actuators that are both light- and heat-responsive, as
CNTs have broadband strong absorption of optical and IR radia-
tion. This allows for faster switching times, as the actuator can
be directly radiatively heated rather than requiring the whole
environment to be heated. The use of a laser beam for heating
also demonstrated that switching can be locally controlled
within a single actuator structure. This removes the restriction
of an actuation response that is pre-determined only by the
fabrication and initial design, giving responses that can be con-
trolled at will post-fabrication.

4. Experimental Section

Patterned Growth of Vertically Aligned Carbon Nanotube Forests by
Chemical Vapor Deposition: CNT microstructures are grown on silicon
and fused silica wafers with a catalyst layer of 9 nm Al,0; and 1 nm
Fe. The catalyst pattern is defined by photolithography using AZ5214E
photoresist, and the catalyst materials are deposited using e-beam
evaporation. The CNT forest is grown for 1-2 min in a horizontal tube
furnace at atmospheric pressure using gas flows 100/400/100 C,H,/
H,/He. The samples are cooled by pulling the tube out of the heated
length of the furnace while maintaining a growth atmosphere in order to
improve the adhesion of the CNTs to the substrate.

Redox  Polymerization and Crosslinking of ~N-isopropylacrylamide:
N-isopropylacrylamide (NIPAM) (255 mg) and N,N’-
methylenebis (acrylamide) (BIS) (2.25 mg) were added to 1.5 mL of water.
Nitrogen gas was bubbled through this monomer solution for at least
15 min to remove oxygen. Potassium persulfate (KPS) solution (85 puL of
60 mg mL™" solution) and tetraethylenediamine (TEMED) (2.3 uL) were
used as the initiator and accelerator respectively. A fresh KPS solution is
made on the day to avoid degradation. UV-ozone treatment was used
to hydrophilize the surface of the CNT sample to improve the wetting
of the pre-polymer solution onto the CNT structures. After adding
the KPS and TEMED, the pre-polymer solution was swirled to make a
homogeneous solution and deposited onto the treated CNT sample
within 10 min. The solution was deposited either by drop casting or spin
coating at 1000 rpm for 30 s. The samples were kept under nitrogen for
at least 2 h for the polymerization reaction to complete.

Removing Composite Material from Substrate to Obtain Free Actuators:
When the actuators are to be removed from the substrate, the pre-
polymer solution is deposited onto the sample thickly (i.e., at or greater
than the CNT height) such that the whole surface is covered in a uniform
film of hydrogel. Once polymerization has been completed, the sample
is left in water overnight to fully hydrate. The thick, uniform layer of
hydrogel expands upon hydration such that the sample peels itself away
from the substrate to relieve the stress of the difference in size between
the hydrogel film and the substrate.

Actuation with Heated Stage: The actuator to be tested is held in a
dedicated chamber of water, which is placed on a Peltier component
on a microscope stage. A thermocouple is placed in the chamber to
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monitor the temperature. The sample is imaged while heating and
cooling the chamber using the Peltier stage.

Light Actuation: The actuator is held in a chamber of water, which
is placed on an optical microscope stage suitable for transmission
imaging. A 532 nm laser is directed into the sample from below the
stage, using a dichroic to reflect the laser upwards while still allowing
the illumination white light to pass through for transmission imaging.
A long-pass filter is placed before the microscope camera to block the
laser beam, improving imaging and preventing damage to the camera.
The incident optical power of the laser is varied from 15 to 185 mW.

Supporting Information

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