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ABSTRACT: A simple approach is described to fabricate
reversible, thermally- and optically responsive actuators utiliz-
ing composites of poly(N-isopropylacrylamide) (pNIPAM)
loaded with single-walled carbon nanotubes. With nanotube
loading at concentrations of 0.75 mg/mL, we demonstrate up to
S times enhancement to the thermal response time of the
nanotube-pNIPAM hydrogel actuators caused by the enhanced
mass transport of water molecules. Additionally, we demon-
strate the ability to obtain ultrafast near-infrared optical re-
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sponse in nanotube-pNIPAM hydrogels under laser excitation enabled by the strong absorption properties of nanotubes. The work
opens the framework to design complex and programmable self-folding materials, such as cubes and flowers, with advanced built-in
features, including tunable response time as determined by the nanotube loading.
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he conversion of external stimuli into mechanical motion
capable of performing work is at the foundation of fields
centered around the fabrication of microrobotics, artificial mus-
cles, and advanced smart actuator systems for diverse applica-
tions. ~° Stimuli-responsive materials, such as shape memory
alloys, dielectric polymers, electro-active polymers, and polymer
hydrogels are examples of material frameworks that appeal to
these emerging applications.’'° Specifically, poly(N-isopropyl-
acrylamide) (pNIPAM) has emerged as one of the most exten-
sively studied hydrogel systems for thermoresponsive polymer
applications."" A key feature of this material system is a lower
critical solution temperature (LCST) that occurs in the range of
32—33 °C, which is comparable to the temperature range which
can be triggered by both physiological and environmental
conditions.”” Upon heating above the LCST, the hydrogel goes
from a hydrophilic to hydrophobic state, resulting in a drastic
change in the hydrogel volume by water expulsion.'’ In some
cases, the hydrogels are loaded with functional nanomaterials
that transform the response of radiation or chemical reactions to
drive the LCST transition."* ' These features have made
pNIPAM hydrogels excellent templates for a variety of biological
and energy applications.'®
Boasting extraordinary thermal, mechanical, and mass trans-
port properties, while being compatible with aqueous solubiliza-
tion techniques, carbon nanotubes'”'® can be incorporated into
pNIPAM hydrogels'”*° with promise to yield significant im-
provements and new functionalities. In this study, we demon-
strate single-walled carbon nanotube (SWNT)-pNIPAM
composite hydrogels that exhibit up to 5 times enhancement in
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the thermal response time compared to pure pNIPAM hydro-
gels. Furthermore, the embedded SWNTs allow for efficient
absorption of near-IR radiation, thereby resulting in ultrafast
near-IR optically responsive hydrogels. Additionally, we demon-
strate the arrangement of tunable SWNT-pNIPAM actuators
into complex macroscale structures for the realization of pro-
grammable materials that reversibly change shape on user com-
mand.*"**

In order to fabricate SWNT-pNIPAM hydrogel strips, con-
finement channels with desired shapes and dimensions were
made using Gel-Film (purchased from Gel-Pak, thickness, 342
um) on a glass substrate (Figure 1a). The Gel-Pak film contains a
polyester film with adhesive coating on one side and a Gel
material on the other side. The adhesive layer firmly attaches the
film onto the glass substrate while NIPAM curing is performed
on the Gel surface. An aqueous solution of NIPAM monomer,
N,N’-methylene-bis-acrylamide (bis-AMD, photo initiator),
2,2'-diethoxyacetophenone (DEAP, cross-linker), and sodium
deoxycholate (DOC, surfactant)-SWNT (concentration, 0—
1.0 mg/mL) was poured into the channels and covered with a
glass slide to insulate the solution from air. Polymerization was
performed by UV light irradiation (365 nm, 18.4W) for two
hours, resulting in SWNT-pNIPAM composite strips loaded
with varying amount of SWNTs (Figure 1b).
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Figure 1. SWNT-pNIPAM hydrogel fabrication and characterization. (a) Polymerization scheme for making SWNT-pNIPAM hydrogels using Gel-
Pak confinement channels and UV curing. (b) Polymer strips with different SWNT concentrations made using the method shown in panel a.
(¢) UV—vis-nIR absorption spectra of aqueous SWNT-DOC solution (blue) and a SWNT-pNIPAM hydrogel strip (SWNT concentration, 0.5 mg/mL) after
polymerization (black). (d) LCST characterization for the polymer strips with different SWNT concentrations.

An important consideration for high quality composites is the
uniform SWNT dispersion in the p-NIPAM hydrogels. Here, we
utilized an aqueous 2 wt % DOC solution as the surfactant to
disperse HIPCO SWNTs (Unidym, average diameter around
1.0 nm) at concentrations of up to 1 mg/mL using an ultrasonic
bath. The SWNT dispersion is performed by intense sonication
for at least one hour. At this stage, we except majority of the
SWNTs to be open ended. Compared to other known surfac-
tants for SWNT dispersion, such as sodium dodecyl sulfate or
sodium dodecylbenzene sulfonate, we found DOC to be more
stable in NIPAM monomer solutions.” The DOC-SWNTs and
NIPAM monomer solutions formed homogeneous mixtures that
exhibited stability to SWNT flocculation for several weeks. The
dispersion quality was characterized by absorption studies.
Figure lc shows the UV—vis-nIR absorption spectra of as-
prepared SWNT-DOC solution and the SWNT-pNIPAM hy-
drogel after UV polymerization. Both samples exhibit near
identical absorption spectra with the absorption bands for the
semiconductor (E;; ~ 870—1300 nm and E,, ~ 500—800 nm)
and metallic SWNTs (E;; ~ 400—600 nm) clearly distinguished,
conﬁginziglg the good dispersion at the concentrations studied
here.™

To measure the LCST of the SWNT-pNIPAM hydrogels,
polymer strips (50 mm X §S mm X 0.34 mm) with four different
nanotube concentrations (0, 0.25, 0.50, and 1.0 mg/mL) were
made using the aforementioned method as shown in Figure 1a.
These strips were then immersed in a temperature-controlled
water bath and the length of the polymer strips was measured as a
function of temperature. To ensure the hydrogel is close to
equilibrium, the temperature was increased in increments of
1 °C, and the measurements were taken 40 min after the water
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had reached the target temperature. As shown in Figure 1d, the
LCST temperature does not appear to be significantly influenced
by the incorporation of SWNTs into the polymer hydrogels.
Upon close inspection, it seems that the polymer strips with 1
mg/mL SWNTs have a slight depression of the LCST 1-2 °C
compared to the pure pNIPAM strips, but this depression is
comparable to the expected fitting error from the measurements.
Nonetheless, the fact that the LCST in the SWNT-pNIPAM
composites remains well-defined suggests that the incorporation
of SWNTs into the polymer hydrogel does not influence the
structure and the thermally induced phase transition of the
polymer strips.

Next, we focus on the fabrication of thermally responsive
actuator devices based on SWNT-pNIPAM composite hydrogels
(Figure 2a) on low density polyethylene (LDPE, 50 um in
thickness, 16 mm X 8 mm) substrates. To accomplish this, we
utilized a SWNT-pNIPAM/LDPE bilayer device scheme. In this
device architecture, water loss in the SWNT-pNIPAM layer
results in a mechanical strain that causes the actuation of the
bilayer at predefined sites. Briefly, a parallel array of 10 hinge lines
(depth, ~25 um; width, ~30 um; pitch, ~80 um) is patterned
on the LDPE substrate using a computer-controlled laser writer
to define the actuation sites. Next, an array of holes (diameter,
200 um; pitch, 400 um) are laser cut near the hinge lines in order
to serve as anchoring sites for the subsequent deposition and
polymerization of SWNT-pNIPAM (Figure 2a). A thin layer of
SWNT-pNIPAM film (~0.4 mm thick) was then directly formed
onto the anchor holes by depositing the composite solution
followed by UV polymerization. This forms a hinge that can fold
up to 180° due to the abrupt strain change in the polymer
hydrogel above the LCST. The folding dynamics of the hinges
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Figure 2. Fabrication scheme for making thermally responsive actuators and response time measurement. (a) Fabrication scheme for making SWNT-
pNIPAM/LDPE bilayer actuators and the corresponding optical images. (b) Response time measurement by measuring the time for the actuator to
reach 90° folding angle. The inset shows an optical image of a pPNIPAM/LDPE actuator before (left) and right (after) folding.

(a) Fabrication scheme for folding cube
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b) Cube folding at 48°C in water

Figure 3. Programmable cubes — a folding cube based on thermal responsive actuators. (a) Fabrication scheme for folding cubes based on SWNT-
pNIPAM/LDPE bilayer actuators. (b) Cube folding by thermal actuation in 48 °C water. (c) Cube reversibly unfolds by cooling down the water bath in

which cube is immersed.

when transferred from a 23 to 55 °C water bath were character-
ized for SWNT concentrations of 0—0.75 mg/mL.

The response time, corresponding to the time required to
reach a folding angle of 90° is shown in Figure 2b. The response
time is found to linearly change with the SWNT content for the
explored concentration range (0—0.75 mg/mL) with a slope of
~—18 s/(mg/mL). Specifically, in the case of a hydrogel with
0.75 mg/mL of SWNTs, it takes ~2.7 s for the hydrogel hinge to
reach a 90° angle, compared to ~14 s for the hydrogel without
SWNTs. This leads to an overall maximum response time
enhancement of ~5 times through the incorporation of SWNT's
into the polymer matrix.

Considering the mechanism by which the SWNTs enhance
the response time, the result could be related to either one of two
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possible mechanisms: (i) enhancement of polymer composite
thermal conductivity yielding faster heat transfer through the
hydrogel, or (ii) enhancement of the mass (water) transport
through the hydrogel due to the integration of SWNT fluidic
channels in the hydrogel structure.”®*” If we assume the thermal
conductivity of pNIPAM hydrogel is equal to the thermal
conductivity of water, simple heat transport modeling® reveals
that the inner temperature of the hydrogel reaches the tempera-
ture of the hot water (55 °C) from an initial state of 25 °C in less
than a second for the specific device dimensions explored here.
Thereby, the response time is not limited by the heat transport
since the time scale on which variations in thermal conductivity
will influence the SWNT-pNIPAM response is significantly less
than the actuator response time. Therefore, we propose the
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Figure 4. Programmable “flower’ made by heterogeneous integration of pPNIPAM and SWNT-pNIPAM bilayer actuators. (a) Fabrication scheme for
making a programmable flower, consisting of two layers of actuators. (b) Flower folding (i.e., closes) when heated in a water bath to 50 °C. (c) Flower

blooming by cooling down the water bath.
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Figure S. Near-IR optical response measurement for SWNT-pNIPAM hydrogels. (a) SWNT-pNIPAM/LDPE bilayer actuator (note: the background
features are the hinge lines). (b—d) SWNT-pNIPAM hydrogel turns opaque (i.e., black) after illuminated by the near-IR laser beam from the top due to
the shrinking of the SWNT-pNIPAM layer. (e—h) SWNT-pNIPAM hydrogel turns transparent after the laser beam is turned off which indicates the
transition of the hydrogel back to a swelled state.

nanotubes can act as efficient channels for water flow driven by
the osmotic pressure. Molecular dynamics simulation has shown

response time is instead limited by the mass transport of water
and by the polymer chain reorganization (from hydrophilic to

hydrophobic).”” The addition of SWNTs into the pNIPAM
hydrogel provides more porous (nano or microscale pores
between pNIPAM and SWNTs) structures for enhanced water
diffusion. In addition, previous reports have shown that carbon

that the flow rate can be as high as 5.8 molecules per nanosecond
per nanotube and almost friction-less.>” The diffusion coefficient
of a hydrogel has been shown to be inversely proportional to the
diffusion friction coefficient between the fluid and the network
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whic}310can be effectively reduced by adding of SWNT as shown
here.

We now demonstrate the ability to make “smart” or program-
mable devices based on the integration of SWNT-pNIPAM
(0.5 mg/mL) hydrogel hinges arranged in complex assemblies.
Shown in Figure 3a is the schematic of a cube fabricated using
the concept of bilayer hinges (Figure 2a) made of SWNT-
pNIPAM hydrogels. The cube template was fabricated on a laser
patterned S0 um LDPE film followed by the UV polymerization
of SWNT-pNIPAM hydrogel patches on the hinges. When
placed in warm water (48 °C), the strain induced by the shrinking
hydrogel patches causes the cooperative folding of each hinge
until the equilibrium shape of a cube is obtained. Figure 3a
illustrates this process with a scheme, and Figure 3b,c shows that
optical images of the cube folding and unfolding in a water bath
after being heated to 48 °C, and subsequently cooled to 20 °C,
respectively. In this case, the entire process of cube folding takes
~35 s, which is significantly faster than a similar device with only
pNIPAM hydrogel hinges that would take up to ~150 s to
perform the same function. The process is reversible and the
closed cube can unfold completely when cooled down in water.

In addition to complex SWNT-pNIPAM hydrogel assemblies
composed of only one type of hydrogel, we also demonstrate the
ability to exploit the response time enhancement in the SWNT-
pNIPAM hydrogels in the framework of a multilayer actuator
architecture. Shown in Figure 4a is a design scheme for a
multilayered patterned hinge resembling a flower, where the
first layer of hinges are designed with a pNIPAM hydrogel
(i.e., without SWNTs), whereas the second layer of hinges are
composed of a SWNT-pNIPAM hydrogel that exhibits signifi-
cantly enhanced response time. This allows the actuator device to
exhibit an additional level of complexity that resembles the
closing or blossoming of a real flower that has some leaves
closing (blooming) earlier than others. Figure 4b shows a frame
shot of this complex flower that is taken after the flower is placed
in warm water (48 °C). In this case, even after 10 s of being
immersed in the warm water, the hinges with the SWNT-
pNIPAM have already reached a folding angle of over 90°,
whereas the hinges with only pNIPAM hydrogels remain only
slightly bent (<30°). Figure 4c shows the reverse process of the
flower closing, depicting the process of a flower blooming with
the inner “leaves” of the flower blooming faster than the outer
leaves due to the enhanced response time of the SWNT-
pNIPAM hydrogels compared to pNIPAM hydrogels used on
the hinges. It should be noted that in all cases, the folding and
unfolding processes were always found to be highly reversible
with no noticeable degradation occurring in the thermally driven
response for more than 20 cycles.

In addition, the use of SWNTs in the pNIPAM hydrogel
templates yields an excellent route toward near-IR optically
responsive hydrogel materials. pNIPAM is transparent in this
wavelength range, and therefore unresponsive to near-IR irradia-
tion. SWNTSs have a well-defined near-IR optical absorption,
specifically ideal for biocompatible devices such as drug delivery
mediums or biological connector devices, since tissue and blood
have a minimal near-IR absorptivity.”*** In order to demonstrate
the optical response of SWNT —pNIPAM/LDPE bilayer actua-
tors, we utilized a 785 nm laser (spot size ~20 #m) excitation
with a power of ~30 mW. Transmission-mode optical images of
a SWNT-pNIPAM hydrogel before, during, and after laser
irradiation are captured using a CCD camera. As shown in

Figure Sa, the hydrogel begins to develop a black (i.e.,, opaque)

spot where the laser beam is positioned within 2 s of exposure
due to the shrinking of the hydrogel by the local heat generated
from near-IR absorption of SWNTs. This spot then spreads and
reaches an equilibrium size after only ~8 s of exposure corre-
sponding to the heat transport of the surroundings. Furthermore,
after the laser is turned off, the pNIPAM hydrogel exhibits an
ultrafast recovery to its original (transmissive) state within only
0.3 s. In contrast, control pNIPAM samples without SWNT's did
not exhibit near-IR response (data not shown). The switching
behavior of pNIPAM-SWNT composites was highly reversible
after many cycles of switching; emphasizing that damage is not
being incurred by the laser beam. This presents a new hydrogel
medium with tremendous potential for ultrafast near-IR optical
actuation relevant for numerous emerging biologically inspired
applications.>"**

In summary, we have demonstrated a route to fabricating
highly tunable, thermally and optically responsive actuator
systems using SWNT-pNIPAM hydrogels. Utilizing an LDPE
platform for making actuator hinges from the SWNT-pNIPAM
hydrogels, we demonstrate that SWNTs enhance the response
time of hydrogel actuation with the exact enhancement factor
governed by the SWNT concentration. Utilizing this concept, we
demonstrate complex assemblies of SWNT-pNIPAM hinge
actuators, and specifically exploit the enhanced response time
to add advanced function to these complex designs, such as a
more accurate representation of a blooming flower. Finally, we
demonstrate a well-defined, ultrafast response of the SWNT-
pNIPAM hydrogel actuators to near-IR laser excitation, making
this design viable for many optically triggered applications. We
expect that the route to making SWNT-pNIPAM programmable
actuators demonstrated here to be viable toward enabling a
number of novel applications such as smart solar device tracking
systems or tissue connectors for biological media.
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