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Enhanced thermal response of 3D-printed bilayer
hydrogels via nanoclay incorporationt

Francis Klincewicz, @2 Subhash Kalidindi, @°° Siyuan Liu, @2
Kritee Sangroula® and LaShanda T. J. Korley @ *3b¢

There exist numerous opportunities to design stimuli-responsive bilayer hydrogels for enhanced actuation
using simple and robust techniques. Specifically, digital light processing (DLP) 3D printing offers a robust
technique for multi-layered hydrogel fabrication. However, nanocomposite hydrogels utilizing this
technique have not yet been widely realized. Nanoclay incorporation has been shown to improve the
actuation of poly(N-isopropyl acrylamide) (pNIPAAm) hydrogels; however, opportunities remain to study
the relationship between clay morphology and thermal response, particularly in a 3D-printed bilayer
system. In this work, we utilized an ethanol-water cosolvent, hydrogel precursor solution to incorporate
montmorillonite (MMT) clay into 3D-printed pNIPAAm hydrogels. By varying the MMT loading, we
demonstrated that a low loading of MMT (0.5 wt% relative to the mass of NIPAAm monomer) induced the
greatest enhancement of the initial rate and final magnitude of actuation in the studied hydrogels. We
utilized poly(2-hydroxyethyl acrylate) (pHEA) as a passive layer to form bilayers by sequentially printing
pHEA before the pNIPAAM/MMT hydrogels, and used those hydrogels to demonstrate the accelerated
actuation of 3D-printed pNIPAAM/MMT-pHEA bilayers compared to clay-free, pNIPAAm-pHEA bilayers.
Through comparison to a mathematical framework and fabrication of an all-pNIPAAm bilayer, we
suggested that the model has limitations for the prediction of bilayer curvature in these systems due to the
inability of certain hydrogels to overcome the inertia of the passive layer. Overall, this work showcases the
utility of MMT as a handle for tunability in 3D-printed pNIPAAmM bilayer hydrogels.

Natural systems, such as the pinecone, utilize a bilayer structure to achieve curvature, in which an active layer responds to stimuli and a passive layer

remains unresponsive. Design of synthetic systems inspired by the pinecone often encompasses tunability of the active component. In this work, we

utilize nanoclay loading in a thermally-responsive hydrogel for optimization of the thermal response of the hydrogel. We targeted the initial rate and

final magnitude of response as metrics and utilized the morphology of the clay and hydrogel porosity to further explore the thermoresponsive

actuation. We revealed that mitigation of hydrophobic skin layer formation on the surface of the hydrogel led to increased exerted force during the

expulsion of water, which enhanced bilayer actuation. This approach contributes to the molecular understanding of the design of soft actuators,

particularly for soft robotics.

1 Introduction

Natural structures, such as the bilayer scale of the pinecone,
inspire the design of synthetic systems capable of changing
their shape in response to external stimuli." A pinecone scale

exhibits curvature upon hydration due to the exterior layer of
the bilayer swelling more than the interior layer.>® Synthetic
bilayer materials mimicking this behavior can be prepared by
interfacing a responsive “active” layer and a non-responsive
“passive” layer.*® The change in bilayer curvature, also
known as actuation, is driven by the longitudinal contraction

P . . 6
“ Materials Science and Engineering, University of Delaware, Newark, DE 19716, and modulus variation in the active Iayer- The quest for
USA. E-mail: lkorley@udel.edu faster, complex, and tunable actuation in stimuli-responsive
b Chemical and Biomolecular Engineering, University of Delaware, Newark, DE hydrogels has prompted numerous innovations in the
19716, USA

¢ Center for Research in Soft matter & Polymers (CRISP), University of Delaware,

Newark, DE 19716, USA

development of soft sensors, drug delivery systems, and soft
robotics.”® Although hydrogels having bilayer structures are a
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due to their intrinsic tunability and opportunity for
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biocompatibility, there remain opportunities to investigate
the effects of design parameters such as nanoparticle
inclusion on hydrogel properties, including actuation speed
and magnitude of responsive hydrogels.

As a model thermally-responsive hydrogel, poly(N-
isopropyl acrylamide) (pNIPAAm) has shown significant
promise for thermally-responsive bilayer hydrogels. The
pendent moieties of pNIPAAm switch from favoring
hydrophilic polymer-solvent interactions to preferring intra-
chain hydrophobic interactions above a lower critical
solution temperature (LCST) of ~32 °C, causing a volume
phase transition (VPT).” Several studies have focused on
modification of the VPT through techniques such as
copolymerization with other monomers, including acrylic
acid'® and hydroxyethyl acrylamide," induction of pore
morphology changes through synthesis solvent, and
inclusion of nanofillers.'>'* Despite the utility of these
techniques, one limiting factor to fast actuation in pNIPAAm
hydrogels is the formation of a “skin” layer, which is due to
the rapid deswelling of the exterior of the hydrogel during
the VPT, blocking further expulsion of water from the
interior.”*™”  Hydrophilic, non-covalently incorporated
nanofillers have been shown to increase the extent to which
pNIPAAmM contracts during the VPT, which is attributed to
either the inhibition of skin layer formation or increased
hydrophilicity within the hydrogel.*>'® In work by Li and
Bae, graphene oxide (GO) nanoparticles were shown to
disrupt the formation of a skin layer, thus increasing
actuation.” Xia et al. showed that the introduction of
hydrophilic montmorillionite (MMT) clay into a pNIPAAm
hydrogel improved the magnitude of the thermal response,
which was attributed to the introduction of hydrophilicity
into the hydrogel; however, above a certain loading,
contraction was hindered, potentially due to electrostatic
repulsion between clay domains.® MMT is a layered silicate
in which oxygen is ionically bonded to multiple metal ions,
yielding highly hydrophilic and overall negatively charged
faces with slightly positively charged edges; unlike GO, the
hydrophilicity in MMT 1is uniform throughout the face
instead of being decorated by oxygenated moieties.'® The
high hydrophilicity of MMT makes it an ideal candidate for
the acceleration of actuation in pNIPAAm hydrogels,
especially bilayer hydrogels in which pNIPAAm forms the
active layer. Despite previous studies highlighting the use of
pNIPAAm/clay nanocomposites for bilayer actuation, the
relationship between clay morphology, single layer actuation,
and bilayer actuation has not been fully studied.>*'
Although clay has previously been reported in hydrogels as a
crosslinker, the focus of this paper is on non-covalently
incorporated clay fillers to study the effects compared to
structurally-similar, clay-free bilayer hydrogels.****

Although pNIPAAm hydrogels have traditionally been
polymerized in molds via thermal- or photo-initiation, the
molding process can be limited in the production of complex
geometric materials and in the development of multi-step,
subtractive manufacturing methods.>*® Bilayer hydrogels
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are not necessarily well-suited for fabrication via molding, as
they require a uniform surface on the first-polymerized layer
and avoidance of overcuring. Both qualities can be difficult
to achieve when the first-polymerized layer may polymerize
out of plane and may be doubly cured when the second layer
is added. Digital light processing (DLP) 3D printing is a
fabrication method for stimuli-responsive polymers with
excellent geometric control without expensive molds or harsh
chemicals.”” In DLP 3D printing, a part is fabricated layer by
layer via sequential polymerization of a photosensitive resin
by projecting UV light onto a build plate.”® By fabricating
individual sublayers sequentially, each part of the hydrogel
receives an even amount of UV light; because the layers are
sealed between the UV source and build plate, every layer is
uniformly flat, so strong adhesion can be maintained for
bilayer hydrogels.>® While an extensive library of polymers
has been developed for DLP, including pNIPAAmM,***° recent
work has focused on varying processing parameters, such as
solvent and temperature.'®*'  Integration of clay
nanoparticles (e.g., MMT) into DLP 3D-printed polymers
remains a technical challenge due to inherent miscibility and
dispersion issues between the polymer, solvent, and clay.**
Clay platelets contain many surface charges which are
typically exchanged with positive cations, such as sodium or
organic ligands, and, for this reason, are often dispersed in
33 Despite the advantages of nanoclays in pNIPAAm
hydrogel systems for accelerating actuation, these nanofillers
have not yet been incorporated into DLP, 3D-printed
PNIPAAm due to issues with the stability of the suspension
during printing. Although MMT has been incorporated into
DLP 3D-printed nanocomposites, it has previously been
incorporated at very low (0.25%) loadings or in viscous
printing solutions, which are rare for hydrogel printing
resins.**?” A recent review®® highlighted only two examples
of clay nanocomposite fabrication via DLP 3D printing,
neither of which addressed hydrogels.***° Therefore, in
addition to accelerating the actuation of DLP 3D-printed
bilayer hydrogels, there is also an opportunity to investigate
the ability of MMT to maintain its dispersion during the DLP
3D printing process. In our previous work, a mixed solvent of
ethanol and water in a pNIPAAm DLP 3D printing resin was
utilized to induce morphological changes in the resulting
hydrogels, which were correlated to the observed monolayer
and bilayer actuation.'® The utilization of a mixed solvent
system, which includes water, may facilitate the inclusion of
clay in the printing resin. The clay may overcome the
previously reported skin layer formation and the associated
challenges with actuation speed and magnitude encountered
in these pNIPAAm hydrogels.

In this work, we studied the addition of MMT to accelerate
the actuation of 3D-printed, thermally-responsive bilayer
hydrogels by improving the water transport within the
bilayers and limiting the formation of a hydrophobic skin
layer. Our methodology encompassed first studying the effect
of MMT addition on single-layer active control hydrogels, and
subsequently, on the bilayer hydrogels. For the active control

water.
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hydrogels, we explored MMT morphology and the thermal
response, focusing on the initial rate and final magnitude of
actuation. To investigate the impact of the MMT on bilayer
curvature, the active controls were interfaced with poly(2-
hydroxyethyl acrylate) (pHEA) as the passive layer. The effect
of clay loading on the curvature of the bilayer hydrogels was
compared to the linear actuation of the single-layer pNIPAAm
hydrogels, using a theoretical model as a guide. This study
serves to elucidate the mechanics of thermally-responsive
bilayer hydrogels and provide design principles for the

incorporation of hydrophilic nanofillers for enhanced
thermal response.

2 Experimental

2.1 Materials

2-Hydroxyethyl acrylate (HEA) and 2,4,6-
trimethylbenzoyldiphenyl phosphine oxide (TPO) were
purchased from Sigma Aldrich. N,N'-

Methylenebis(acrylamide) (MBA) was purchased from Alfa
Aesar. N-Isopropylacrylamide (NIPAAm) was purchased from
Tokyo Chemical Industry Co. 200-proof anhydrous ethanol
was purchased from Decon Laboratories, Inc. 2-isopropanol
was purchased from Fisher Scientific. Sodium-exchanged
montmorillonite (MMT) clay with a cation exchange capacity
(CEC) of 145 mequiv/100 g was purchased from Nanocor
Corporation.”* All chemicals were used as received without
further purification. Deionized (DI) water was purified using
a Milli-Q Academic (Millipore-Sigma).

Resin preparation. To prepare resin formulations, first, the
desired weight of clay was added to a vial (Table S1t). Next,
ethanol and water were added to the vial in a volumetric ratio
of 50:50. For pNIPAAm-based resins, 18.4 g of NIPAAm
monomer was added to 10 mL of an ethanol-water mixture.
Then, MBA crosslinker was added at 1.5 mol% relative to the
monomer (0.039 ¢ mL™" of solvent) to this NIPAAm monomer-
mixed solvent solution. For the HEA-based resin for bilayer
actuation, 19.6 mL of HEA monomer was added to 10 mL of
the 50:50 ethanol-water mixture. Then, MBA crosslinker was
added at 0.1 mol% relative to the monomer (0.003 ¢ mL™" of
solvent) to this HEA monomer-mixed solvent solution. Finally,
for both resins, TPO was added to the monomer solutions at
a concentration of 0.06 ¢ mL™" of solvent.

2.2 Hydrogel fabrication

Digital light processing (DLP) 3D printing of hydrogels.
3D printing was performed using a DLP-based Anycubic™
Photon Printer (Anycubic Technology Co., Shenzhen, China)
as reported previously.'® A digital shape file of either a
cylinder (monolayer experiments) or rectangular prism
(bilayer experiments) was generated using Solidworks™
(Dassault Systemes) software and imported into Photon
Workshop (Anycubic Technology Co.) to print hydrogels of
the desired geometry. To reduce asymmetries in expulsion
from rectangular prisms, cylinders (1 mm height x 7 mm
diameter) were printed for monolayer response tests. To

This journal is © The Royal Society of Chemistry and IChemE 2025
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observe bilayer curvature clearly, bilayers were printed as
rectangular prisms (7 mm x 20 mm x 2 mm).

Immediately before printing, resins were sonicated using
a probe sonicator for 6 on-off cycles of 5 seconds. This
sonication cycling was employed alongside a surrounding ice
bath to minimize heating of the resin during sonication.
Resins were visually homogenous for at least 15 min in
preliminary experiments after sonication. When settling
occurred after this time, manual shaking restored visual
homogeneity. To minimize the effect of inhomogeneity from
settling, all prints in this work were conducted within 5 min
of printing time, except for the immersion dynamic
mechanical analysis (DMA) experiments, which were 20 min.
For these longer prints, the print was paused after 10 min,
the resin stirred vigorously, and the print resumed.

To print the pNIPAAm monolayers independently, a
NIPAAm monomer resin solution (~3 mL) was poured into
the resin vat of the printer and sequentially irradiated with
UV light for 16 s per 0.1 mm printed sublayer. Printed
monolayers for actuation were comprised of 10 printed
sublayers, while the thicker immersion DMA samples were
comprised of 40 printed sublayers. After printing, the
monomers and bilayers were removed from the build plate
using a metal scraper and inserted into a UV chamber for a
15 min, post-cure procedure to complete the reaction.

To manufacture the pNIPAAm-pHEA bilayer hydrogels,
printing was paused upon the formation of ten pHEA printed
sublayers, which was facilitated by the removal of the print
head from the vat during this time. The HEA monomer resin
was then poured out of the vat, followed by rinsing the vat
with isopropanol and washing the print head with ethanol to
remove excess unreacted resin. Then, NIPAAm monomer
resin was poured into the cleaned vat, and upon continuation
of printing, the layers of pNIPAAm were printed onto the
existing pHEA layers to form pNIPAAm-pHEA bilayers. All
prints were exposed in air to a 405 nm UV light (13 mW
em™) in a UV chamber (SainSmart, Inc.) for 15 min to
completely polymerize any unreacted initiator or monomer.

Equilibrium swelling of hydrogels. Upon printing and
post-curing in the UV chamber, the pHEA and pNIPAAm
monolayers, as well as the pNIPAAm-pHEA bilayers, were
stored in DI water for at least 24 h to ensure equilibrium
swelling.

2.3 Characterization

Differential scanning calorimetry (DSC). To confirm the
LCST of the hydrogels, DSC was performed using a Discovery
Differential Scanning Calorimeter (TA Instruments, New
Castle, USA). Samples (~1 mg) were cut from a hydrated
PNIPAAm hydrogel using a razor blade and placed in a TZero
Hermetic Pan. One heating ramp was performed from —-60 °C
to 100 °C under a continuous N, flow (50 mL min™") at a
heating rate of 10 °C min™".

Thermogravimetric analysis (TGA). A Discovery TGA5500
Thermogravimetric Analyzer (TGA) (TA Instruments, New
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Castle, USA) was utilized to investigate the water content and
the thermal stability of the dried networks. Approximately 2
mg of each sample was cut from a printed and dried (50 °C
for 72 h) gel and placed in a 100 pL platinum pan. The gel
was immediately heated at a rate of 10 °C min™" to 600 °C
under a continuous N, flow (50 mL min ™).

Transmission Electron Microscopy (TEM). For images of
single MMT platelets, a droplet of printing resin was cast
onto a copper grid and allowed to dry before imaging on a
Thermo Scientific Talos F200C TEM equipped with a Thermo
Scientific Ceta 16 M camera.

A Thermo Scientific Talos L120C TEM equipped with a
Thermo Scientific Ceta 16 M camera was utilized to observe
the clay microstructure. Dried pNIPAAm gels were embedded
in commercial two-part epoxy and sliced dry using a diamond
knife in a Leica LC7 microtome at a thickness of ~100 nm.
Slices were placed on a copper grid and a gentle force applied
to adhere the sample to the grid. Samples were imaged at a
120 kV accelerating voltage.

Scanning electron microscopy (SEM). The printed
pNIPAAm hydrogels were lyophilized to remove water,
producing a porous xerogel (i.e., the polymer network is dry,
but the porous structure remains intact) prior to SEM
imaging. The xerogels were sliced using a razor blade to
reveal the porous interior and subsequently sputter-coated
with a thin layer of gold—palladium alloy for 60 s. Finally, the
xerogels were imaged using an Auriga 60 CrossBeam SEM at
an accelerating voltage of 5 kV.

Image analysis of monolayer and bilayer hydrogels.
Photographs of the monolayer and bilayer hydrogels were
obtained using a Google© Pixel 7a cellular phone camera.
The dimensions and curvature of the monolayer and bilayer
hydrogels were analyzed using Image] (NIH) software. The
curvature of bilayer hydrogels in response to temperature was
measured using the Curvature] plugin (Image] software).

Dynamic mechanical analysis (DMA)

Thermal DMA. Dynamic mechanical analysis (DMA) was
performed using a TA Instruments RSA-G2 operating in
tension mode. To determine the plateau modulus, rectangle-
shaped and dried (50 °C for 72 h) monolayers (1 mm
thickness x 2 mm width x ~5 mm gauge length) were heated
at a rate of 3 °C min~" from 25 °C to 250 °C at a frequency of
1 Hz and an amplitude of 0.05% strain.

Immersion DMA. To study the evolution of mechanical
properties in water, cylinder-shaped hydrogels (~6 mm height
x 9 mm diameter) were used. During a single test, the cylinders
were first conditioned in room-temperature water with an
amplitude sweep (1 Hz, 0.1% to 1% strain) and frequency
sweep (0.02 to 10 Hz, 0.1% strain). Next, the room-temperature
water was evacuated, and pre-heated DI water was added to the
immersion cup. Immediately, temperature control in the DMA
chamber was enabled and set to 60 °C, and a sinusoidal
compression (1 Hz, 0.1% strain) was applied.

Actuation towards thermal stimuli

Thermal actuation of monolayer hydrogels. To quantify the
thermal contraction of the monolayers, cylindrical hydrogels
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(1 mm height x 7 mm diameter) were printed. Deionized
water was heated in a 250 mL beaker equipped with a
thermocouple-controlled heating loop. The monolayer
pNIPAAm hydrogels were placed into the beaker. The
temperature of the water bath was set to 60 °C as monitored
via a thermocouple with an equilibration period of at least 30
min. Before submersion, and after 5, 10, 15, 20, 25, and 30
min, the hydrogels were removed from the water bath onto a
paper towel, on which the diameters were measured with
calipers, and subsequently the masses were measured on a
balance. All actuation experiments were performed in
triplicate to ensure reproducibility.

Thermal actuation of bilayer hydrogels. To quantify the
thermal contraction of the pNIPAAm-pHEA bilayer hydrogels,
rectangular prisms (7 mm x 20 mm x 2 mm) were printed
and immersed into a glass petri dish filled with DI water and
heated at 60 °C on a hot plate. For the first 5 min, images
were captured using a phone camera with a resolution of
3472 x 4624 pixels every 2 min; for the next 25 min, images
were captured every 5 min.

3 Results and discussion
3.1 Fabrication of nanocomposite hydrogels

Nanocomposite bilayer hydrogels were fabricated using a
commercial DLP 3D printer (Fig. 1). Single layer hydrogels
were printed as sequential sublayers (0.1 mm thickness, 10
sublayers). Bilayer hydrogels were printed by first printing
ten sublayers with one resin, and then exchanging the
solution in the resin vat with a second resin. After
subsequent post-curing, the active layers and bilayers were
swollen with DI water for >24 h. A representative N5SMMT-
PHEA bilayer is shown in Fig. 1 with the pHEA layer dyed red
for improved contrast and visibility of the interface.

Hydrogels prepared with X wt% of MMT relative to the
solute, ie., the combination of NIPAAm monomer,
crosslinker, and photoinitiator, are noted NXMMT. For this
study, 0.5 wt%, 1 wt%, and 5 wt% clay contents were selected
to compare against the clay-free control to survey a wide
range of clay contents. Although previous studies of
nanocomposite hydrogels have investigated loadings of 0.5-1
wt%,'® 5 wt% is the upper bound of MMT loading before a
viscosity increase was observed. Resin compositions are
summarized in Table S1. The clay-free control (NOMMT) is
similar to the mixed water-ethanol solvent sample from our
previous work,'® except for the crosslinker content. We
increased this amount to 1.5 mol% instead of 1 mol% to
control bilayer flatness, ie., to more closely match the
equilibrium swelling ratio of the pHEA hydrogel layer. We
note that the addition of extra crosslinker also accelerated
both mass expulsion and length contraction in the pNIPAAmM
hydrogels, as shown in Fig. S1f The effect of crosslinker
content on pNIPAAm actuation has been investigated
previously,'” and is not a focus of this current work.

To understand the effect of variation in loading of MMT
on the swelling, LCST, and crosslink density of the active

This journal is © The Royal Society of Chemistry and IChemE 2025
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Fig. 1 Overall schematic for fabrication of pNIPAAm-pHEA bilayer hydrogels utilizing DLP 3D printing.

layers of the bilayer hydrogels, single-layer active controls
were fabricated by only printing with pNIPAAm resin. TGA
of dried gels shows that the clay that was incorporated into
the nanocomposites is comparable to the nominally added
weight percentage (Fig. S2t). Upon swelling with water for
at least 24 hours, disc-shaped hydrogels swelled to ~4
times their original mass and ~1.6 times their initial
diameter, as shown in Fig. S3.f Although the diameter
swelling ratios were very similar, the N5MMT hydrogel
swelled to a slightly lower extent, potentially due to the clay
absorbing less water per unit mass than the pNIPAAm
pores. The clay did not have a significant impact on the
LCST of the hydrogels as observed in DSC (Fig. S4f) or on

the storage modulus (Fig. S51), suggesting that the clay
impacts neither the onset of the VPT nor the crosslink
density. Because a percolating clay network would
potentially be expected to have a greater impact on these
two properties, a dispersed, clay-rich domain morphology
was predicted. However, microscopy techniques were
required to directly assess the morphology (Fig. 2).

3.2 Effect of MMT clay on hydrogel morphology

Although MMT can form a variety of microstructures in
polymer nanocomposites,”> the MMT concentrated into
dispersed clay-rich domains, which increased in size as the

Fig. 2 Morphology of clay-containing hydrogels at multiple length scales. Top row: Photographs of printed hydrogels captured with a phone
camera. Second row: Brightfield optical micrographs at 20x magnification, showing evenly dispersed clay-rich domains. Third row: TEM images of
dried, as-printed, pNIPAAmM gels with dark embedded clay particles at ~17500x magnification. Bottom row: SEM images of lyophilized pNIPAAmM
hydrogels at 2000x (NOMMT) or ~1000x (NO.5MMT, NIMMT, and NSMMT) magnification showing varying pore sizes.
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MMT loading increased, in these hydrogels. The top row of
images in Fig. 2 shows the pNIPAAm and pNIPAAM-MMT
hydrogels as captured by a phone camera. The hydrogels
were uniformly opaque, and that opacity and a
characteristic brown color qualitatively increased as MMT
loading increased (left to right). The opacity is likely due
to heterogeneous hydrogel network formation due to rapid
polymerization and the formation of MMT-rich domains
upon clay inclusion. The clay-rich domains are visible as
uniformly dispersed dots in the brightfield optical
microscopy images in the second row of Fig. 2. To
investigate the clay packing within the domains,
unhydrated pNIPAAm nanocomposites were microtomed
and imaged with TEM, as shown in the third row of
Fig. 2. Crevasse artifacts (parallel lines) appear in all
images, and are a product of the microtome procedure,
but do not affect the visualization of the clay. The clay-
rich domains increase in size with MMT loading (left to
right), from ~500 nm in the NO.5MMT gel to ~5 um in
the NIMMT gel to ~10 um in the N5MMT gel, as shown
in the zoomed-out TEM images in Fig. S6Af Within the
domains, the clay forms a mixture of exfoliated and
intercalated structures, as shown in Fig. 2 and Fig. S6B.}
The MMT platelets were expected to be primarily
exfoliated, because the resins were sonicated immediately
before printing, and resin that was deposited on a TEM
grid yielded clay platelets that were predominantly
exfoliated (Fig. S71). Previously, clay-water-alcohol mixtures
have been shown to form different microstructures at
varying clay contents.®> The water is explained to
preferentially solvate around the clay, leaving large
alcohol-rich regions. Above a certain threshold alcohol
content, the water surrounding the clay platelets collapses
the clay platelets into clay-rich domains. We believe that a
similar process occurs in this investigation; the water in
the cosolvent system preferentially solvates the MMT,
condensing the MMT into flocculates, which are
incorporated into the hydrogel during polymerization as
clay-rich domains. At higher MMT clay loadings, more clay
is solvated by similar amounts of water, yielding larger
clay-rich domains that minimize the surface area of the
solvating water.®® A shift in the solvation of the NIPAAm
monomer also can explain the dramatic increase in pore
size observed in the clay-containing hydrogels compared
to the NOMMT hydrogel, as shown in the bottom row of
Fig. 2. Although the NOMMT hydrogel was printed from a
resin in which NIPAAm monomer was solvated by both
water and ethanol in a 50-50% ratio, the clay-containing
hydrogels were printed from resins in which the water

preferentially solvated the clay, leaving the NIPAAm
monomer to be solvated primarily by ethanol.
Consequently, the pore structure may differ between

monomer solutions of different solvent ratios, because the
solubility of the monomer in the solvent may change due
to the cononsolvency effect, as has been explored in
PNIPAAm hydrogels previously.'®***
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3.3 Thermal response of active control hydrogels

The morphology of the clay-rich regions, explored in Fig. 2,
led to the existence of an optimal loading of clay for
enhanced thermal actuation. Generally, for thermally-
responsive hydrogels, a rapid and large magnitude actuation
response is desirable. The rate of actuation can be quantified
utilizing two factors: the mass change of the hydrogel due to
water being expelled, and the diameter contraction during
the VPT. These values can be reported as the ratio of mass or
diameter at a particular time point divided by the initial,
hydrated mass or diameter. The initial rate of actuation after
5 min is the change in mass ratio or diameter ratio divided
by the time (5 min) to yield an average rate (Fig. 3A). By both
metrics (mass and diameter), the NO.5MMT active control
hydrogel actuated the fastest, followed by the NIMMT, then
the N5SMMT, and finally the NOMMT hydrogels. Although clay
has been shown to accelerate actuation in responsive
polymers in a percolated network,*" less is known about the
impact of clay filler clustered into clay-rich domains within
hydrogels. An increase in response rate supports the
hypothesis of clay improving water transport in the hydrogel
above the LCST. We note that this trend correlates to the pore
sizes shown in Fig. 2, and that it is difficult to separate the
effect of clay increasing the water transfer compared to
larger and more open pores enhancing the expulsion of free
water. However, the increased rate of actuation is also
evidence for mitigation of the skin layer effect that is
common for pNIPAAm hydrogels.”>” A skin layer is known
to form when the exterior of a pNIPAAm hydrogel becomes
hydrophobic and prevents further expulsion of water from
the interior, yielding surface bubbling and decreasing the
rate and magnitude of actuation. This skin layer can be
observed in a lyophilized sample of the NOMMT that was
flash-frozen after 5 min of actuation in 60 °C water, but not
in the clay-containing hydrogels (Fig. S81). The presence of
an optimum loading for enhanced rate suggests that the
clay does not itself assist in actuation; if it did, more clay
would cause a faster actuation rate. Rather, the presence of
a hydrophilic filler during the volume phase transition
prevents skin layer formation. Therefore, a minimal amount
of filler is desirable to avoid inter-domain electrostatic
repulsion as suggested in previous studies, which would
provide a counteracting force and slow the contraction of
the hydrogel.'®

The final swelling ratio after actuation is an indicator of
the presence of residual water within the hydrogel and a
measure of the magnitude of actuation. Both the NOMMT
and NO.5MMT active control hydrogels had final swelling
ratios near 1, similar to the dry gel dimensions (Fig. 3B).
Moreover, the NO.5MMT active control hydrogel consistently
exhibited the highest degree of actuation of all pNIPAAm/
MMT hydrogels across time points between 5 and 30 min
(Fig. S97), demonstrating the utility of a low clay loading for
maximally-enhanced actuation. Although the N1MMT and
N5MMT active control hydrogels had final diameter swelling

This journal is © The Royal Society of Chemistry and IChemE 2025
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columns) and diameter (striped columns) of pNIPAAmM hydrogels after 30 min of submersion in 60 °C water, relative to their as-printed mass.

ratios near 1, their final mass swelling ratios were between
1.5 and 2, suggesting residual water remaining in the
hydrogel without expanding the hydrogel volume. We
believe that this water is interstitial between the
interlayers within the clay-rich domains. Similarly to these
results, Xia et al reported the presence of clay-rich
domains leading to an optimal loading of clay for an
enhanced magnitude of actuation.”® In that work, the
greater clay loadings corresponded to decreased length
contraction, which was attributed to electrostatic repulsion
between clay domains. However, in our results, a decrease
in length (diameter) contraction in the NIMMT and
N5MMT hydrogels compared to the NO.5MMT hydrogel
was observed only until ~15 min, after which the
diameter contractions similar. Therefore, the
electrostatic repulsion effect may be transient in these
PNIPAAM/MMT hydrogels.

were

3.4 Thermal actuation of bilayers and modeling

In addition to accelerating the actuation of the single-layer
active control hydrogels, MMT enhanced the rate and
magnitude of the curvature of the bilayer hydrogels. The
decreased skin layer effect and enhanced water transport
induced by the clay led to increased curvature of the
NO.5MMT-pHEA, NIMMT-pHEA, and N5MMT-pHEA bilayers
compared to the NOMMT-pHEA bilayer, visually shown in
Fig. 4. Despite the NO.5MMT active control hydrogel
displaying the fastest response within the clay-control series,
all three clay-containing bilayers had very similar curvatures
over time. Additionally, the difference in bilayer curvature
between the NOMMT-pHEA bilayer and the NO.5MMT-pHEA
bilayer (Fig. 4A) is much greater than the difference between

This journal is © The Royal Society of Chemistry and IChemE 2025

the initial actuation rates of the NOMMT and NO.5MMT active
control hydrogels (Fig. 3A). The bilayer curvature and active
control hydrogel diameter contraction are expected to be
closely related as the contraction of the active layer
effectively pulls the passive layer into the curved shape.
One potential explanation for the mismatch between the
bilayer curvature response and the active control
contraction is the force that can be applied by the active
hydrogel on the passive hydrogel. An increase in clay
content has been previously demonstrated to increase the
contractile force output in the volume phase transition of
PNIPAAM.*° By this explanation, the active layer of the
NOMMT-pHEA bilayer had residual internal stress as the
active layer was thermodynamically driven to contract but
was fixed in a stretched state by the passive layer. However,
the clay-containing bilayers were all able to overcome the
passive layer and achieve their maximum contraction due
to the increased force compared to the NOMMT. To support
this hypothesis, an all-pNIPAAm hydrogel bilayer was
fabricated by interfacing an NOMMT hydrogel layer and an
N1IMMT hydrogel layer. The bilayer curved in favor of the
N1MMT hydrogel (ie., the NIMMT layer was on the
concave side) (Fig. S10f), despite the two hydrogels not
exhibiting dramatically different monolayer contraction
behavior (Fig. S9Bf), suggesting that the contraction of the
N1IMMT hydrogel layer dominated the NOMMT hydrogel
layer. Because the main difference in the thermal response
of the NOMMT and the NIMMT is the formation of the
skin layer, we conclude that the skin layer prevents force
transfer from pNIPAAm hydrogels during the volume phase
transition.

The bilayer curvature and active control curvature can be
related via the Timoshenko model. This kinematic model for
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predicting bilayer curvature can be a wuseful tool for
prediction of bilayer curvature.** The change in curvature Ax
of the hydrogels can be related to the normalized length or

. . L . .
diameter ratios — of the active and passive layers by the
0

following equation:

<ALactive _

Lo active

ALpassi
passwe) ><f(m, n)

LO,passive

A —
* )

(mm™) (1)

In this equation, # is the total thickness of the active (4,) and
passive (h,) layers (h = h, + hp). The function f(m, n) is
defined as
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Fm,n) = 6(1+m) ) )

1
3(1+m)> + (1 + mn) <m2 +—
mn

where m is the ratio of the layer thicknesses (m = h,/h,) and n
is the ratio of the elastic moduli of the passive (E;) and active
(Ea) layer (n = E,/E,).

To assess the impact of the reduced skin layer on the
predictive capability of the Timoshenko model, empirical
parameters were utilized as inputs into the model and
compared to the experimental bilayer curvature. Normalized
ratios of the diameters of the pNIPAAm hydrogels over time
at 60 °C are shown in Fig. S9B.f The normalized ratios of the
diameter of the pHEA hydrogel from our previous work was
used for the passive layer.'® Immersion DMA (Fig. S11%) was
utilized to determine the moduli of the hydrogels over time
upon exposure to water at 60 °C. We note that the signal
shape of these storage moduli may be noisier than
anticipated due to the complex acquisition mode and testing
requirements; however, the smoothness of the thickness
change of the hydrogel in Fig. S11Df indicates that these
values are reasonable for use in the Timoshenko model.

A comparison of the model prediction (dots connected by
dashed lines) and the experimentally-found curvature (dots
connected by solid lines) is shown in Fig. 4B and C.
Interestingly, the model predictions of all of the clay-
containing hydrogels matched the experimental data
substantially better than both the NOMMT control and the
hydrogels shown in our previous work.'® The poor fit
between the predictive model and the bilayer hydrogels was
previously attributed to the skin layer.'® Inclusion of nanoclay
as a method for decreasing the skin layer presents an exciting
opportunity to validate the effect of skin layer on the
predictive capabilities of the predictive model. The NOMMT
hydrogel had the greatest skin layer effect, as well as the
greatest deviation from the model's prediction of the four
bilayers, which provides evidence that the Timoshenko model
is better at curvature prediction when the skin layer is
reduced. Interestingly, the NOMMT bilayer in this system
achieves a lower curvature than predicted (Fig. 4B), rather
than the underprediction of our previous work. The
underperformance of the NOMMT hydrogel bilayer supports
the hypothesis that the NOMMT active layer does not achieve
the necessary force to pull the passive layer. Therefore,
additional consideration of force transfer may be needed to
accurately model the bilayer actuation of engineered hydrogel
systems.

Finally, a butterfly-shaped bilayer was printed with
N1MMT resin in the active layer and utilized to demonstrate
the reversible actuation of the pNIPAAm/MMT-HEA bilayer
system. A butterfly was chosen to highlight the utility of DLP
3D printing for fabrication of unique geometries for soft
robotics applications due to its well-known motion of rapidly
raising and lowering its wings during flight. The engineered
butterfly fully raised its ‘wings’ within 5 min of heating in
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60 °C water, and lowered its ‘wings’ to a position similar to
its initial state after ~60 min in ~25 °C water (Fig. 4D).
During the second and third cycles, shown in Fig. S12,} the
butterfly raised its wings within 1 min after the first cycle,
suggesting that the initial actuation process led to hysteresis
and induced water channels that enhanced transport upon
subsequent heating. Meanwhile, the butterfly wings did not
return to the perfectly flat position, which can indicate the
active hydrogel does not expand back to its original state,
potentially maintaining some internal stress. Future studies
are needed to explore the molecular origins of this
hysteresis.

4 Conclusions

In this work, we demonstrated enhanced actuation in
thermally-responsive, 3D-printed, clay-containing hydrogel
bilayers and investigated the relationship between clay
morphology, active layer actuation, and bilayer actuation. We
fabricated pNIPAAm active control hydrogels to understand the
impact of MMT inclusion on the morphology and actuation of
the active layer of the bilayers before being interfaced with
passive layers. Within the active control hydrogels, the MMT
assembled into clay-rich domains, which increased in size as
clay loading increased. The addition of clay also caused an
increase in pore size, which was attributed to the water
preferentially solvating the clay and increasing the solvation of
the NIPAAm monomer by ethanol. The lowest loading of MMT
within the single layer active control hydrogels corresponded to
both the highest initial rate of actuation and the maximum
final magnitude of actuation. However, as the MMT loading
increased, both the initial rate and final magnitude of
actuation decreased. All MMT-containing single layer hydrogels
actuated faster than the clay-free control, which was attributed
to the disruption of skin layer formation on the hydrogel
during actuation. Residual water after hydrogel actuation at the
two highest MMT loadings was attributed to water remaining
within the clay-rich domains. The addition of clay enhanced
the curvature of bilayer hydrogels fabricated by sequentially
printing the pNIPAAm active hydrogels after pHEA hydrogels.
Although the Timoshenko analytical model predicted the clay-
containing bilayers well, the clay-free bilayer deviated greatly,
potentially due to a hydrophobic skin layer preventing the
active hydrogel from exerting the requisite force to overcome
the passive hydrogel. Finally, a butterfly-shaped bilayer
demonstrated the potential of these materials for soft robotics
applications. Overall, this work highlights both the fabrication
of clay nanocomposite hydrogels via DLP 3D printing as well as
the impact that clay domain structure has on the thermal
response properties of the hydrogels, especially the mechanics
of bilayers fabricated using those hydrogels.
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