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a b s t r a c t

Stimuli responsive hydrogels may be promising materials for shape transforming structures due to their
ability to deform significantly in response to an environmental stimulus without the need for external
power. It is well-known that by laminating swelling hydrogels and non-swelling flexible materials,
such as inert elastomers, bending actuation can be achieved. In this work, we report an improved
hydrogel-elastomer bonding process and demonstrate the utility of the processwith a stimuli-induced bi-
directional hydrogel unimorph actuator. The actuator is comprised of polyacrylamide (PAAm) hydrogel,
a humidity-sensitive gel that can swell to 17 times its original volume, bonded to polydimethylsiloxane
(PDMS) elastomer, which is humidity insensitive. The unimorph actuator bends in one direction during
swelling in an aqueous environment and in the opposite direction when drying in air, without any
observed delamination between layers. We achieve the strong bonding between PAAm hydrogel and
PDMS elastomer through both chemical and mechanical means, and quantify an order-of-magnitude
improvement in interfacial bond strength relative to bonding through chemical means alone.We observe
the bi-directional bending behavior of hydrogel unimorph actuators as a function of environmental
humidity and prove that the structure’s motion can be tuned by manipulating the thickness of the PDMS
elastomer layer, as well as predicted using a simplified analytical approach. Lastly, we expand upon a
simple rectangular unimorph structure to demonstrate more complex bending, wrinkling, and surface
texture behaviors.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Soft, intricate multifunctional structures seen in nature [1–4]
have inspired the design of shape transforming materials capable
of reconfiguration in response to environmental stimuli [5]. Var-
ious kinds of materials have been shown to exhibit shape chang-
ing behaviors, including shape memory alloys [6,7], electroactive
polymers [8–10], shape memory polymers [11,12] and polymer
gels [13,14]. Such materials have applications in microfluidics
[15–17], biomedical devices [18–20], soft robotics [21–23], optical
devices [24,25], microfabrication [26–28] and stimuli-responsive
surfaces [29–31]. As a class of stimuli-responsive materials, hy-
drogels are able to change volume with reversible swelling and
deswelling in response to environmental stimuli such as tem-
perature [32–39], pH [32,40–43], light [44–46], enzymes [47],
ion strength and solvent composition [48,49], electric and mag-
netic fields [14,21,50,51], elastic instabilities and surface oscilla-
tion [52,53]. The earliest published results on hydrogel actuation
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used the material for liquid flow control in microfluidic devices
[17,38,39,54,55]. In these systems, hydrogels served as valves and
underwent homogeneous expansion and shrinkage to control fluid
flow. However, homogeneous swelling and deswelling only re-
sult in volumetric material changes. Shape change induced by
inhomogeneous deformations, such as bending [11,21,34,49,56],
twisting [11,49,56] and buckling [57,58] require more complex
designs of hydrogel composites. A number of approaches have
been developed to make reversible and controllable 3D shape-
changing systems by integrating multiple active layers with dif-
ferent soft material networks that respond differently to the same
stimulus. For instance, electro-actuated hydrogel walkers have
been achieved by incorporating two opposite charge hydrogels:
acrylamide (AAm)/sodium acrylate (NaAc) copolymer and acry-
lamide/quaternized dimethylaminoethyl methacrylate (DMAEM
A-Q) copolymer that deform in opposite directions in response
to electric fields in aqueous solutions [21]. Also, 3D printed re-
versible shape changing components have been demonstrated by
integrating hydrogelswith shapememory polymers (SMPs), which
are regulated by both the swelling properties of hydrogels and the
temperature sensitivities of SMPs [11].
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Several studies have focused on aqueous-induced bi-directional
reversible 3D shape changing structures by integrating hydrogels
with other soft materials [11,21,42,56,59–61]. In these previous
works, the interfacial bond strength between active and inactive
materials has often not been evaluated, with only a few observ-
able cycles reported [36,42]. Soft material systems that can attain
many cycles of bidirectional bending triggered by swelling and
deswelling with controllable interfacial strength and structures
have yet to be achieved. Such systems could be embedded into
soft mechanical assemblies and enable functionality in an ordinary
aqueous environment with only a single stimulus.

In this work, we describe a humidity-sensitive bi-directional
hydrogel unimorph actuator enabled by coupled chemical and
mechanical interfacial bond processes. The bending actuator is
comprised of an active hydrogel layer (polyacrylamide (PAAm))
and an inactive elastomer layer (Sylgard 184 polydimethylsiloxane
(PDMS)), where the interfacial bond strength between the two
materials is controllable by the adjusting contact area via surface
texture of the elastomer.

Leveraging the high swelling ratio of polyacrylamide hydrogel,
we achieve large shape changes using differential swelling in the
unimorph structure without any delamination between layers.We
further analytically predict the curvature of rectangular bi-layered
unimorph structures as a function of elastomer layer thicknesses.
Finally, we extend the robust bonding technique to more com-
plex structures to demonstrate a blooming and un-blooming soft
flower, as well as changes in surface wrinkling and surface texture
induced by humidity.

2. Results and discussion

2.1. Hydrogel unimorph actuator fabrication

Tough bonding between a hydrogel and an elastomer is re-
quired to achieve remarkable bending behavior using hydrogels
with high swelling ratios. We selected acrylamide as themonomer
to form polyacrylamide hydrogel with a swelling ratio of ∼17
when fully swollen. The swelling ratio of polyacrylamide hydrogel
as a function of time is shown in Figure S1 (Supporting Informa-
tion). A schematic of the hydrogel unimorph actuator fabrication
process is shown in Fig. 1. First, the surface of an acrylic mold
was textured using a laser engraving system (Universal Laser Sys-
tems VLS 2.30, fitted with a 30 W CO2 laser). The laser engraved
lines in perpendicular directions on the surface, which resulted
in micro-scale texture (Fig. 1(a)–(b)). We note here that surface
texture can be easily tuned using this approach by adjusting
power and speed of the laser, as detailed in the Experimental
Section. Next, a micro-textured PDMS elastomer sheet was made
by pouring liquid elastomer after mixing and defoaming into the
laser-textured acrylic mold, followed by a degassing step in air
for an hour to remove extra air bubbles and a cure step at 60
oC for 1.5 h (Fig. 1(c)). Once cured, the elastomer was removed
from the mold and flipped (Fig. 1(d)). Then, the micro-textured
PDMS elastomer surface was modified by exposure to oxygen
plasma to produce hydroxyl groups on the surface. Exposed surface
hydroxyl groups enabled grafting of 3-(Trimethoxysilyl)propyl
methacrylate (TMSPMA), which generated methacrylate groups
on the surface and served as a chemical adhesive in the subse-
quent step (Fig. 1(e)). Next, PAAm pre-gel solution was poured
into a smooth acrylicmold and the TMSPMA-functionalizedmicro-
textured PDMS elastomer was placed over the solution (Fig. 1(f)).
The exposed methacrylate groups on the PDMS elastomer sur-
face formed linkage with acrylate groups in acrylamide under
UV photo-polymerization (Fig. 1(g)), generating PAAm hydrogel
chemically bonded onto PDMS elastomer. Finally, after fabrication
of the bilayer sheet, hydrogel unimorph actuators (30mm× 4mm)

were cut using the laser engraving system (Fig. 1(h)). We note
here that a variety of tools and methods may be used to define
the cut shape of the unimorph, and that more intricate 2D shapes
would result in more complex 3D structures upon swelling and
deswelling.

2.2. Hydrogel-elastomer interfacial bond strength

The primary novelty of the enhanced hydrogel-elastomer bond-
ing process is the introduction of continuous texture to the bonded
surfaces, which increases the area of interaction between those
surfaces (Fig. 2(a)). Our approach was inspired by Zhang et al. [62],
who employed micro-pillar surface structures fabricated using
photolithography to enhance bonding. Here, we employ a contin-
uous surface texture produced by laser rastering to further reduce
the hydrophobicity of the surface (relative to a non-continuous
texture) whilemaintaining increased contact area. Texture created
by laser rastering is also a highly scalable, fast and easy process.

We evaluated the strength of the interfacial bond between the
elastomer and the hydrogel in the flat state (right after UV curing).
To measure the interfacial bond strength of hydrogel-elastomer
bonding, 90o peel strength tests were performed using an Instron
materials testing system. As illustrated in Fig. 2(b), a stiff polyethy-
lene terephthalate (PET) filmwas attached to the top surface of the
hydrogel with cyanoacrylate to avoid hydrogel stretching during
peeling. The bottom surface of the elastomer was adhered to a
3D printed adapter fixed to the Instron using elastomer as the
adhesive. The adhesive elastomer was poured into trapezoidal
channels in the adapter plate and the cured hydrogel-elastomer
bilayer was placed on top. When cured, this provides a strong
mechanical bond to the adapter plate below, and a strong chemical
bond to the elastomer layer above. The samples were sealed in
a pan filled with water until taken out for peel tests to prevent
drying. We determined that dehydration over the duration of the
tests was negligible since the tests only required a few minutes.
The dehydration ratio is plotted as a function of dehydration time
as shown in Figure S2 (Supporting Information). All the peel tests
were performed with a constant peeling rate of 20 mm/min. The
interfacial bond strength is calculated as the peeling force in the
steady state per unit width and measured in units of N/m [63–65].

To measure the effect of surface texturing, we evaluated hydro
gel-elastomer interfacial bond strength as a function of surface
roughness. Different surface roughnesseswere achieved by adjust-
ing the laser power and speed settings. We analyzed the laser-
textured surface using an optical profiler (Zeta Instruments) and
measured the rootmean square roughness (Srms; rootmean square
average of the roughness data points) and surface area ratio (Sdr;
the actual interfacial surface area relative to the geometric pro-
jected surface area). As shown in Fig. 2(c), the interfacial bond
strength initially improves with increasing surface roughness due
to increasing contact area at the material interface. At a surface
roughness of Srms = 28.85 µm Sdr = 2.30, the bond strength
peaks (∼500 N/m) and monotonically decreases with increasing
surface roughness thereafter.We attribute this towettingmechan-
ics between the liquid hydrogel solution and the rough elastomer
surface. As surface roughness initially increases, wetting is charac-
terized as aWenzel state, where homogeneouswettingmeans that
increasing the elastomer surface roughness increases the contact
area between the liquid hydrogel and elastomer. However, above
a critical surface roughness threshold, wetting is characterized as a
Cassie state, where the liquid cannot fully penetrate the roughness
and contact area at the liquid–solid interface decreases. In our
experiments, this decreasing contact area manifests as decreasing
interfacial bond strength, and the peak indicated in Fig. 2(c) marks
the Wenzel–Cassie transition where interfacial bond strength is
optimized.
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Fig. 1. Schematic of hydrogel unimorph actuators fabrication process. (a) Laser engraving on acrylic sheet along y direction. (b) Rotating the acrylic sheet by 90o to engrave
along x direction. (c) Pouring uncured PDMS into laser-textured acrylic mold. (d) Peeling the cured PDMS from themold and flipping. The inset shows 3D image of themicro-
textured PDMS surface and a z profile of the line section. (e) Chemically modifying micro-textured PDMS surface (oxygen plasma followed by 3-(Trimethoxysilyl)propyl
methacrylate (TMSPMA) grafting). (f) Pouring the pre-gel solution onto the micro-textured, chemically treated PDMS and then (g) photo-polymerizing under UV. (h) Laser
cutting unimorph actuators from the bilayer. The inset shows the exposed methacrylate groups on the PDMS surface formed linkage with acrylate groups in acrylamide.

Using the optimized surface roughness parameters, we mea-
sured the contact angle between water and the chemically un-
modified laser-textured elastomer surface to be approximately
121.6o, and the same static contact angle using our PAAmhydrogel
solution in place of water was measured as approximately 110.5o.
Furthermore, this contact angle reduces to approximately 25o after
chemical surface modification, which indicates strong wetting of
the hydrogel to the elastomer surface, resulting in increased bond-
ing sites and a stronger interfacial bond. The dramatic reduction in
contact angle in response to chemical surface modification high-
lights the importance of the chemical contribution to the overall
bonding process.

Hydrogel was also bonded to non-textured elastomer using
the same chemical treatment as the micro-textured elastomer
surfaces. Without surface texturing, the hydrogel layer was eas-
ily peeled off the PDMS with no surface deformations observed
(Fig. 2(d)). In contrast, as shown in Fig. 2(e), hydrogel peeling
from themicro-textured elastomer surface occurred in twophases.
First, stretching at the interface was observed as the stress on
the hydrogel layer was increased. Second, once the critical tear
force was reached, mechanical failure initiated at the edge of the
hydrogel and propagated down the length of the film. We further
note that after the peel tests, hydrogel remnants remained on
the PDMS surfaces for all the samples, which indicates that the
hydrogel-elastomer bond strength exceeds the tensile strength of
the hydrogel.

Representative data from the peel tests are shown in Fig. 2(f).
The interfacial bond strength between chemically modified (non-
textured) elastomer surfaces and hydrogel is found to be∼14 N/m.
As a comparison, Yuk et al. assembled polyacrylamide common
hydrogels and elastomers into hybrids by modifying elastomer

surfaces with benzophenone [63]. The measured interfacial bond
strength between the non-textured elastomer (chemically treated)
and the polyacrylamide hydrogel layer achieved here is compara-
ble to their results (∼25 N/m), which indicates that the surface
treatment we use is on-par with state-of-the-art techniques. By
creating surface microtextures, the value is increased by an order-
of-magnitude (∼500 N/m).

Since the bilayer structures are to be actuated in an aqueous
environment, cyclic testing was conducted to determine if the
bonding between the twomaterials is sufficient to resist the defor-
mation of the hydrogel layer caused by water intake. As illustrated
in Fig. 2(g), one end of the unimorph was fixed onto a 3D printed
stage. The unimorph thenwent through cycles of hydration andde-
hydration with different color-coded water representing different
cycles. As of this writing, samples have undergone more than 50
swelling–deswelling cycles without any delamination observed.
When unwanted external forces were applied during operation,
the textured actuators remained operative, as observed from the
unimorph samples of other shapes shown in Figure S3 (Supporting
Information). No delamination occurred during bending, squeez-
ing, twisting or stretching as shown in Video S1 (Supporting Infor-
mation).

2.3. Quantifying curvature of hydrogel unimorph actuator

We sought to show that unimorph actuation may be manipu-
lated by tuning the thickness of the elastomer layer. The hydrogel-
elastomer bilayer strips (30 mm × 4 mm) were cut by laser from
a large bilayer sheet and fully dehydrated in an incubator at 60 oC.
Next, with one end fixed, the unimorph strips were immersed in a
water bath and observed as a function of time. Hydrogel hydration
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Fig. 2. Experimental results of peel strength tests, surface roughness optimization and cyclic tests. (a) SEM images of non-textured and micro-textured PDMS surfaces. The
scale bars represent 100 µm. (b) Experimental setup for peel strength tests. (c) Plot of interfacial bond strength versus surface roughness of elastomer surfaces. (d) Peeling
process of PAAm hydrogel bonded on non-textured, chemical treated PDMS in the flat state. (e) Peeling process of PAAm hydrogel bonded on micro-textured, chemical
treated PDMS in the flat state (right after UV curing). (f) Plot of measured interfacial bond strength versus displacement for PAAm hydrogel bonded on chemically treated
non-textured and micro-textured PDMS, and a referenced result from published work [63]. The y axis is in logarithmic scale. (g) Hydrogel unimorph actuators in fully dried,
half-way dried and fully swollen states. The scale bars represent 7.5 mm.

during the experiment setup was assumed to be negligible since
the air exposure time was minimized (a few minutes). We tested
two groups of samples, both with a hydrogel layer thickness of
∼200 µm in the flat state (right after UV curing), but differing
in PDMS layer thickness. We denote a ‘‘thick actuator’’ group
with a PDMS layer thickness of ∼1000 µm and a ‘‘thin actuator’’
group with a PDMS thickness of ∼600 µm Fig. 3(a)–(b) shows
representative thin and thick unimorph actuators swelling in an
aqueous environment over 30min and 7 h, respectively. The PDMS
layers are in pink color, and the PAAm layers are transparent. The
curvature changes over timeof the two samples are shown inVideo
S2 (Supporting Information). The thin actuator (Fig. 3(a)) and the
thick actuator (Fig. 3(b)) have similar initial bending curvature
and comparable shape configurations, and they reach the same
positionwhen they are fully actuated. However, the actuation time
for the thin actuator is 13 times less than the thick actuator.

The bending behavior of the hydrogel unimorph actuators sh
own in Fig. 3(a)–(b) is attributed to inhomogeneous 1D constrained
swelling of the hydrogel layer in water. There are two primary
effects which cause this behavior. First, the stress state within the
hydrogel is different along the thickness direction. When stressed,
the hydrogel cannot absorb additional water, hence swelling is
constrained near the interface between the hydrogel and elas-
tomer layers. Second, water absorption is limited by diffusion

through the hydrogel. Thus, water must be absorbed first by the
exposed hydrogel surface, then diffuse through the hydrogel layer
to the inner material. After swelling is complete, the hydrogel
layer has compressive stress at the interface, and tensile stress
at the surface. When in the dehydrated state, the reverse is true.
Physically, this manifests as the bilayer strip bending towards the
inextensible elastomer layer in the swollen state and the opposite
direction in the dehydrated state. The bilayermaterial with thicker
elastomer is stiffer, thus requiring more stress and swelling time
to achieve the same curvature. Additionally, the stress generated
by the swelling of the hydrogel is biaxial. In order to constrain the
bending to a single direction, the aspect ratio of laser-cut parts is
set to 7.5 (30 mm × 4 mm), which causes the bending in the long
axis to dominate bending in the short axis.

To further analyze the bending behavior of the unimorph ac-
tuators, the bending curvature of the hydrogel-elastomer bilay-
ers corresponding to the samples in Fig. 3(a)–(b) is plotted as a
function of time as shown in Fig. 3(c)–(d). Both the thick and
thin actuator exhibit a three-phase hydration sequence: (1) an
increase in curvature in the direction of the dehydrated state, (2)
an abrupt transition and reversal of the curvature, and (3) increas-
ing curvature in the direction of the hydrated state. We initially
hypothesized two reasons for the initial curvature change in the
direction of dehydrated state:water diffusion into PDMSelastomer
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Fig. 3. Bending behavior of unimorph actuators in aqueous environment. (a) Overlaid photo sequence of the thin actuator curvature change over a duration of 30 min. (b)
Overlaid photo sequence of the thick actuator curvature change over a duration of 7 h. The scale bars represent 5 mm. (c) Experimentally measured bending curvature of
the thin actuator corresponding to (a). (d) Experimentally measured bending curvature of the thick actuator corresponding to (b).

and thermal effects. According to Lee et al. [66] and as well as our
own simple experiments (detailed in the Experimental Section),
PDMS elastomer is not able to absorb enough water to increase
the bending curvature at first. A more reasonable explanation is
thermal contraction of the hydrogel. During the curvature tests,
the unimorph was immersed in 20 oC water only minutes after
removal from an incubator at 60 oC, which caused immediate
thermal contraction. By increasing the water bath temperature to
60 oC to match the temperature of the incubator, we found that
the initial curvature increase was reduced from ∼15% to ∼5%. In
addition, it took only 2 s to reverse the curvature direction in the
60 oC water bath, while this reversal took 5 s in the 20 oC bath.

2.4. Hydrogel actuator bending behavior prediction

With the aim to facilitate the design of hydrogel actuators capa-
ble of achieving targeted responses, we adopted a simple strategy
that allows to predict the evolution of their curvature as a function
of the swelling time. Although it has been recently shown that the
transient response of gels can be captured by treating the material
as hyperelastic and adopting the nonlinear field theory of coupled
diffusion and deformation [67–69], such simulation procedures
are complex and normally require a high number of parameters
and a relatively high computational effort. Therefore, we took a
simplified approach that builds on the Timoshenko formula [70].
This formula was originally developed to capture the bending
deformation of a uniformly heated bilayer strip with different
expansion coefficients for each layer, but it has been shown that
is also appropriate to describe the behavior of bilayers including a
swollen soft material [71,72].

Our simplified analytical approach is based on the following as-
sumptions: (1) negligible curvature along the width of the sample,
(2) uniform, isotropic and linear elastic material properties, and
(3) negligible solvent diffusion and uniform swelling throughout
the hydrogel layer at each time instant. Importantly, our approach

does not require a priori knowledge of material parameters other
than the Young’s moduli of the two layers and can predict with
a satisfactory degree of accuracy the motion of unimorphs with
identical PAAm thickness, but different PDMS thicknesses, by using
the data extracted from a single experiment.

We started by using one experimental test to determine the
evolution of the swelling strain of the hydrogel layer as shown in
Fig. 4(a). The swelling strain was easily inferred from the experi-
mentally obtained curvature-time relationship, by using for each
time instant the Timoshenko formula,

εPAAm (t) = −
κ(t) · h(3(1 + m)2 + (1 + m · n)(m2

+
1

m·n ))
6(1 + m)2

(1)

where is εPAAm(t) is the swelling strain for the hydrogel layer
at time t , which is assumed to be constant in the material [73],
κ(t) is the experimentally measured curvature at time t,m =

hPDMS/hPAAm is the ratio of the thickness of the two layers in the flat
state, n = EPDMS/EPAAm is the ratio of the Young’smoduli of the two
materials that are shown in Figure S4 (Supporting Information) and
h = hPDMS +hPAAm is the total thickness of the unimorph. In Eq. (1),
we assumed that εPDMS = 0, since PDMS elastomer does not swell
in water. In Fig. 4(a) we report the evolution of the swelling strain
obtained for a sample characterized by and hPDMS = 1000 µm and
hPAAm = 200 µm. In this analysis, we considered only the swelling
process that starts when the experimentally measured curvature
begins to decrease and we assumed that at ∆t = 0 the sample is
fully dried.

Next, we used the obtained swelling strain curve and Eq. (1)
to predict the curvature evolution for other samples characterized
by hPAAm, but different values of hPDMS. In Fig. 4(b) we report the
analytically predicted evolutions of the curvature during swelling
for a range of hPDMS, while holding hPAAm = 200 µm constant.
Despite the simplicity of the approach, for hPDMS = 600 µm
agreement is found between analytical and numerical results as
seen from the unimorph configurations in Fig. 4(c), suggesting
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that the approach can be used to design unimorphs with desired
responses. However, it should be noted that in the initial minutes
when dynamic swelling is faster, the curvature is more difficult to
capture and predict, thus the experimental and analytical results
do not perfectly overlap. Finally, since the thickness of the hydrogel
layer affects its swelling rate, we note that our approach requires
recalculation of a new swelling evolution curve from experimen-
tal data for each different thickness value of the hydrogel layer.
Additional experimental and analytical results for the unimorph
samples are included in Figure S5–6 (Supporting Information).

2.5. 3D shape changing objects

To prove that hydrogel deformations induced by swelling con-
strained on an elastomer surface can lead to significant shape
change in two directions, and that the bond strength on the inter-
face is strong enough to resist the large deformations, we sought
to demonstrate various 3D shape changing structures including
a blooming and un-blooming soft flower, as well as changes in
surface wrinkling and surface texture induced by humidity.

As observed previously, the bilayer structures of different thick-
ness have different rates of curvature change. To illustrate this
point, we fabricated a single flower structure composed of a thin-
ner unimorph forming the top inner petals and a thicker unimorph
forming the bottom outer petals, as shown in Fig. 5(a). This results
in fast reactions of the top petals while swelling/deswelling, as
well as larger curvature change when compared to the bottom
petals. The flower structure was designed in a 2D graphic tool
and cut directly from the bilayer sheets by a laser cutter. The
top petals were attached to the bottom petals when both were
fully dried and curved towards the hydrogel side, as illustrated in
Fig. 5(a). To highlight the two layers, the elastomer layer of the top
petals were dyed green and the bottom petals were dyed orange.
When immersed in blue coded water for ∼10 min, both hydrogel
layers swell, forming a blooming flower in the opposite direction
of the dried state. After removing the flower from the water bath,
the structure starts to dry, and the bending curvature is reduced.
Eventually, it recovers to the fully dried state.

We further sought to show that the strong hydrogel-elastomer
bond could also be applied to stimuli-responsive surfaces in soft
systems. If the elastomer layer of the unimorph structure is thick
enough relative to the hydrogel layer, the stress generated during
hydrogel swelling is not large enough to cause any curvature
change. This is demonstrated in Fig. 5(c) where shapes such as
the hydrogel letters ‘‘FAB’’ and pillars are bonded onto elastomer
substrates. After immersion in water, the hydrogel layer swells,
with the elastomer as a stiff supporting substrate. In Fig. 5(b),
swelling of the high aspect ratio letters that are bonded to the
elastomer induces wrinkling, and the shape recovers when fully
dried. In Fig. 5(c), swelling of the pillars changes the surface tex-
ture. The swollen hydrogel pillars are inverse-trapezoidal due to
constrained swelling at the bottom, while the top swells freely in
all directions allowing neighboring pillars to connect. When fully
dried, the pillars are separated again. Optical images of a hydrogel
pillar in dried and swollen states and thickness profiles of the line
sections are shown in Figure S7 (Supporting Information). In both
Fig. 5(b) and (c), dye molecules are left within the hydrogel matrix
after immersion in color-codedwater. Upon re-swelling, these dye
molecules dissipate and take on the color of the new aqueous
medium.

3. Conclusion

In this work, we have demonstrated a stimuli-induced bi-
directional hydrogel unimorph actuator that can swell and deform
in aqueous environments without the need for any additional

Fig. 4. Comparison between experimental and analytical results for hydrogel
unimorph actuator. (a) Curvature evolution for the reference sample (hPDMS =

1000 µm and hPAAm = 200 µm) and corresponding swelling strain evolution
of the PAAm hydrogel layer εPAAm obtained using Eq. (1). (b) Predicted curvature
evolutions for different PDMS elastomer thicknesses (assuming hPAAm = 200 µm);
experimental data for the case hPDMS = 600 µm are reported as markers. (c)
Comparison between experimentally observed and analytically predicted config-
urations for a bistrip with hPDMS = 600 µm and hPAAm = 200 µm at different time
instants.

stimulus and deform in the opposite direction when fully dried.
To achieve this, we have bonded a large swelling ratio PAAm
hydrogel onto a PDMS elastomer using both chemical modification
and continuous micro-textures. We have quantified an order-of-
magnitude improvement in interfacial bond strength relative to
bonding through chemical means alone. Furthermore, we have
demonstrated that the bending behavior of the actuator can be
tuned by the relative thickness of the two layers and successfully
predicted by a simplified analytical approach. We also have shown
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Fig. 5. Illustration of bilayer 3D shape changing objects. (a) Blooming flower 2D pattern and 3D object when fully dried, fully swollen and half-way dried. (b)–(c) PAAm
hydrogel letters and pillars bonded on PDMS substrates, and the surface texturing and wrinkling induced by humidity. The scale bars represent 4 mm.

that this fabrication process can produce more complex 3D re-
versible shape transforming structures operated in aqueous envi-
ronments. The proposed fabrication techniques may be extended
to other types of polymers and used to achieve 3D shapes towards
developing more complex bidirectional structures and stimuli
responsive surfaces. Further optimization of the analytical ap-
proach will enable the prediction of more complex shape trans-
forming behaviors.

4. Experimental

4.1. Materials

Acrylamide (AAm; Sigma–Aldrich A8887; ≥ 99%), 2-Hydroxy-
2-methylpropioph-enone (Irgacure 1173; Sigma–Aldrich 405655;
97%), N,N ′-Methylenebisacrylamide (MBAM; Sigma–Aldrich M7
279;≥ 99.5%), Polydimethylsiloxane (PDMS Elastomer; DowCorn-
ing Sylgard 184 Silicone Elastomer Kit). PDMS elastomers were
colored by mixing with silicone color pigments (Silc Pig; Smooth-
On). Hydrogel solutions were dyed with food color (Electric Color
Soft Gel Paste Food Color 12 Pack Kit; Americolor). PET films
(thickness 0.025 mm; McMaster–Carr; 8567K12) were used as
a stiff backing on the top surface of the hydrogel layer during
the 90o peel strength tests, together with cyanoacrylate (Loc-
tite Instant-Bonding Adhesive 414; McMaster–Carr; 7625A16)
as the adhesive. Both PDMS elastomers and PAAm hydrogels
were molded from optically clear acrylic sheets (thickness 2 mm,
3.175 mm, McMaster–Carr), and 3D printed PLA frames (thickness
1 mm, 0.6 mm, McMaster–Carr) were used as the spacers for the
acrylic molds.

4.2. Hydrogel and elastomer polymerization

PAAm Hydrogels were prepared by photo-polymerizing acry-
lamide monomers using MBAM as a crosslinker and Irgacure 1173
as a photoinitiator. The aqueous pre-gel solutions (65.4 wt% deion-
izedwater, 33.4 wt% acrylamide, 0.05wt%MBAM, 1.2 wt% Irgacure
1173) were mixed, degassed and then irradiated under the 10
mW/cm2 ultraviolet light (OAI Model 30 UV Light Source) for 80
s. PDMS elastomers were prepared by mixing the elastomer base
and the curing agent in a 10:1 ratio using a ThinkyMixer (Planetary
Centrifugal Solder PasteMixer SR-500) for oneminute, thenmixed
elastomer sat in air for an hour to degas and cured in an incubator
at 60 oC for 1.5 h.

4.3. Hydrogel unimorph actuator fabrication

The elastomer layer of the unimorph structure was molded
from a laser rastered acrylic mold. A piece of 3.175 mm thickness
acrylic sheet was scanned by laser to ablate material from the
surface using a raster-scan mode. In this mode, the laser beam
scans back and forth across the surface and pulses on and off
in rapid succession (35% power, 5% speed, total laser power is
30 W) as shown in Fig. 1(a). Then, the workpiece was rotated
90o and rastered again with the same laser power and speed as
shown in Fig. 1(b)). The engraved lines crossing in perpendicular
directions produced a micro-scale textured acrylic surface. Liquid
PDMS elastomer was poured into the rastered mold, degassed,
and cured in an incubator at 60 oC for 1.5 h. The elastomer
layer thickness was controlled by 3D printed spacers (600 µm,
1000 µm) clamped on the acrylic molds. Next, cured elastomers
were taken out of the mold, flipped, cleaned thoroughly with iso-
propanol, ethanol and deionized water, and completely dried with
nitrogen.

An image of the micro-textured elastomer surface (2333 µm ×

1750µm)was taken from an optical profiler (Zeta Instruments) by
scanning the sample over a specified z range (446 µm) as shown
in Fig. 1(d) inset). A z profile of a line section taken from the
image is also included in Fig. 1(d). Root mean square roughness
Srms and surface area ratio Sdr were averaged over three boxes
(500 µm × 500 µm) randomly picked from the image.

Next, a 200µm film (100mm× 65mm× 3.175mm)wasmade
by spin coating liquid PDMS elastomer on an acrylic plate at 200
rpm for 60 s. Then, trimming off a rectangular piece (80 mm × 50
mm × 200 µm) from center of the film created a 200 µm basin to
be filled by PAAm hydrogel solution. Once filled, the basin and the
PDMS elastomer film around it were covered by a micro-textured
PDMS elastomer layer. Next, irradiating the whole assembly under
ultraviolet light for 80 s produced the desired hydrogel unimorph.
Afterwards, a laser cutter (Universal Laser Systems VLS2.3) was
used in the vector engraving mode to cut the rectangular shapes
(30 mm × 4 mm), flower petals or other shapes from the hydrogel
unimorph (50% power, 20% speed).

4.4. Laser settings for surface roughness optimization

Elastomer surfaces with textures of varying roughnesses were
created. The laser settings and corresponding average surface
roughness parameters in Fig. 2(c) are: 1.18% power, 90% speed,
Srms = 4.48 µm; 2. 25% power, 70% speed, Srms = 12.21 µm; 3.
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35% power, 70% speed, Srms = 20.74 µm; 4. 35% power, 5% speed,
Srms = 28.85 µm; 5. 25% power, 5% speed, Srms = 34.75 µm; 6.
40% power, 5% speed, Srms = 44.62 µm.

4.5. Hydrogel-elastomer interfacial bond tests

The interfacial bond strength of hydrogel-elastomer interfaces
were measured using 90o peel strength tests with the Instron
testing system. Hydrogel solution was filled in an acrylic mold
(100 mm × 20 mm × 3.175 mm) and covered by a chemically
treated PDMS elastomer with different surface roughnesses (100
mm × 65 mm × 2 mm). After UV polymerization, the elastomer
layer with the hydrogel layer bonded on top was adhered to a
PLA custom pull test adapter manufactured by a PrinterBot 3D
printer using liquid PDMS elastomer as the adhesive. The pull test
adapter was designed to be fixed on the Instron test machine.
The values reported in this paper were calculated from triplicate
measurements.

4.6. Hydrogel unimorph actuator curvature tests

The hydrogel unimorph strips (30 mm × 4 mm) cut from the
bilayer sheets were put into the incubator at 60 oC until fully
dehydrated, then removed from the incubator and clamped with
one end fixed on the fixture plate. Next, the fixture plate with
the hydrogel unimorph strips were immersed in 20 oC deionized
water. A Nikon D5200 camera was used to shoot one image every
minute. From all the collections of images, 30 representative con-
figurations of one individual test were picked and stacked into one
image using ImageJ as shown in Fig. 3(a)–(b).

To confirm that PDMS layer is insensitive to humidity hence
has no effect on the initial curvature change of hydrogel uni-
morphs, we took several PDMS samples (3 mm × 3 mm × 3 mm,
5 mm × 5mm × 5mm) and immersed them into a water bath. No
dimension changes were observed over a duration of a few days.
To indicate the impact of thermal effects on the initial curvature
increment in the unimorph curvature tests, water in the acrylic
box was heated up to 60 oC in the incubator and then the box was
placed on a 60 oC hotplate during the tests. Imageswere taken only
for the first few minutes until curvature started to increase in the
direction of the hydrated state.

4.7. Material properties tests

Young’s moduli of PAAm hydrogel and PDMS elastomer are
input parameters for the Timoshenko [70] formula. Tensile tests
for bothmaterials were completed using an Instron testing system
equipped with a 10 N load cell and grips cut from polystyrene
sheets. The testing samples for both materials were formed via
acrylicmolds into dogbone shapes (gagewidth 11mm, gage length
50 mm, total width 17 mm, total length 100 mm). The crosshead
speed was set at 10 mm/min for all the tests.
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