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Understanding and Controlling the Self-Folding Behavior
of Poly (N-Isopropylacrylamide) Microgel-Based Devices

Xue Li and Michael J. Serpe*

Poly(N-isopropylacrylamide) (pNIPAm) microgel-based materials can be
fabricated that self-fold into three-dimensional structures in response to
changes in the environmental humidity. The materials are composed of a
semi-rigid polymer substrate coated with a thin layer of Au; the Au layer is
subsequently coated with a pNIPAm-based microgel layer and finally covered
with a solution of polydiallyldimethylammonium chloride (P DADMAC). The
pDADMAC layer contracts upon drying causing the material to deform (typi-
cally bending); this deformation is completely reversible over many cycles

as the environmental humidity is systematically varied. Here, by varying the
size and aspect ratio of the polymer substrate, it is possible to develop a set
of empirical rules that can be applied to predict the material’s self-folding
behavior. From these rules, materials that self-fold from two-dimensional, flat
objects into discrete three-dimensional structures, which are fully capable of
unfolding and folding multiple times in response to humidity, are designed.

oxide sheets with protein-based polymers.
These hydrogels showed rapid, revers-
ible bending motion at specific positions
where near-infrared laser was applied.!
Another system composed of a soft poly
(butadiene) phase and a hard metal —
ligand phase was developed, which exhib-
ited shape-memory properties in response
to external stimuli.l’®! In this case, the key
component in fulfilling the shape change
is the metal-ligand phase which can
become soft when exposed to a variety of
stimuli (e.g., light, heat, chemicals).

Of recent, several types of humidity
responsive polymers have also been used
to fabricate actuators. For example, Langer
and co-workers!'®l recently developed a

1. Introduction

Materials that spontaneously undergo a change in structure,
for example, from a two dimensional (2D) to three dimensional
(3D) structure in response to external stimuli have been of great
interest as artificial muscles, and for fabricating novel actuators,
switches, valves and in robotics.'-® Various stimuli responsive
polymers have been identified, which exhibit responses to elec-
tric fields, temperature, light, pH, ionic strength, humidity,
and/or solvent composition.”-!!l Recently, responsive hydrogels
and polymer-based films have been used as materials capable
of converting chemical or physical energy into mechanical
forces, which can lead to macroscopic changes to a material's
conformation.l?l’ Specifically, temperature responsive poly(N-
isopropylacrylamide) (pNIPAm) based hydrogel sheets capable
of transforming from a planar state to a 3D structure have
been developed by tuning the concentration of monomers and
crosslinking density in the hydrogel sheets.’}] Regions with
different polymer content went through differential defor-
mation upon heating allowing the formation of unique 3D
structures. Wang et al. recently fabricated near-infrared light-
driven hydrogel actuators by interfacing reduced-graphene
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polymer composite of rigid polypyrrole

(PPy) embedded with a flexible polyol-

borate network. PPy can absorb water
and change its shape, while the soft polyol-borate network is
also sensitive to water, undergoing hydrolysis and reforma-
tion of the borate ester crosslinker upon water absorption and
desorption, respectively. By breaking and reforming intermo-
lecular hydrogen bonding between PPy and the polyol-borate
network and the borate ester within the polyol-borate network
upon water sorption and desorption, the film shows expansion
and contraction, resulting in the film's rapid and continuous
locomotion. In another example, Sun and co-workers devel-
oped one bilayer film consisting of a polyeletrolyte multilayer
(PEM) film and a layer of UV-cured prepolymer.'’! The PEM
is a film of thermally crosslinked poly (acrylic acid) (PAA)/
poly(allylamine hydrochloride) (PAH). The PAA/PAH is able to
absorb/desorb water with increasing/decreasing environmental
humidity, which resulted in swelling/shrinking of the layer.
They fabricated an energetic walking device driven by the pow-
erful humidity responsive PEM.

In this contribution, we show that poly(N-isopropylacryla-
mide) (pNIPAm) microgel-based materials are capable of
reversible self-folding into unique 3D structures in an atmos-
phere of varying humidity. PNIPAm is one of the most well-
known and well-studied thermoresponsive polymers. PNIPAm-
based macroscopic and colloidal hydrogels (nanogels or micro-
gels, depending on their diameter) are easily synthesized, and
have found numerous applications.!'821 Furthermore, these
materials can be synthesized to respond to additional stimuli
other than temperature via copolymerization of various func-
tional monomers (co-monomers) at the time of their syn-
thesis.?223] One of the most commonly studied co-monomers
is acrylic acid (AAc), which has a pKa of approximately 4.25.
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PNIPAm-co-AAc microgels swell when the a
solution pH > 4.25 due to the deprotonation

of AAc increasing the charge-charge repul-

sion inside the network of microgels. As
such, at high pH, the microgels can be con-
sidered as polyanions.

Recently, layer-by-layer assembled films of
alternating polyanions and polycations have
emerged as an important soft materials which
showed repeated deformation in response
to different stimuli.?224 Polydiallyldimeth-
ylammonium chloride (pDADMAC) is a
homopolymer of diallyldimethylammonium
chloride (DADMAC) and a high charge den-
sity cationic polymer (polycation), which has
been applied to fabricate various advanced
materials by layer-by-layer self-assembly.?’]
In the dry state, PDADMAC is also respon-
sive to humidity, exchanging water with the b
environment and inducing contraction and
expansion of the polymer.®! In this submis-
sion we show that by exploiting the indi-
vidual characteristics of the pNIPAm-co-AAc
microgels and the pDADMAC, and their
electrostatic interactions, a polymer-based
material capable of reversible deformations is
achieved. Furthermore, by investigating the
self-folding behavior of devices with different
dimensions, a mathematical model to predict
the behavior was developed. Finally, by using
this mathematical model, we could pre-
dict the self-folding behavior of the devices,
which could then be used to design materials
that self-fold into desired three-dimensional
structures.
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Figure 1. Device construction and self-folding mechanism. a) Devices were constructed by
depositing a single layer of pNIPAm-co-AAc microgels on a flexible plastic substrate (bottom

2. Results and Discussions

2.1. Mechanism

layer) coated with a Au/Cr layer. A pH 6.5 solution of pPDADMAC was subsequently added onto
the microgel layer and dried. At this pH, there are strong electrostatic interactions between the
negatively charged microgels and the positively charged pDADMAC. b) When the pDADMAC
layer dries it contracts, and since there are strong electrostatic interactions between the micro-

gels and pDADMAC layers, and the microgels are strongly bound to the Au-—plastic layer,

Previously, we designed pNIPAm microgel-
pDADMAC-based devices capable of lifting
many times their own mass in response
to environmental humidity changes.”! The
devices are fabricated by depositing a monolayer of pNIPAm-
co-AAc microgels on a Au-coated plastic substrate (Figure 1a).
The apparent solution diameter of the microgels used here
was 1548 £ 69 nm (measured using differential interference
contrast microscopy). The microgels form a homogenous
layer, with a thickness that is =0.5 of the solution diameter.?!
Subsequently, a specific amount of an aqueous solution of
pDADMAC (pH 6.5) was added onto the microgel layer. At this
pH, the microgels are negatively charged, while pPDADMAC
is positively charged. Due to electrostatics, the pDADMAC
strongly binds to the microgels, which are strongly bound to
the Au substrate. After deposition of the pPDADMAC layer, the
devices were introduced to a humidity-controlled chamber and
allowed to dry at low humidity. Upon drying, the pDADMAC

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the whole device bends as the pDADMAC layer contracts. If the environmental humidity is
increased, the pDADMAC layer resolvates, and the device unbends. This bending/unbending
mechanism is completely reversible over many cycles.

layer contracts due to water evaporation leading to enhanced
pDADMAC hydrophobic interactions. As a result of the strong
electrostatic interactions between microgels and pDADMAC,
together with the strong interactions between gold and micro-
gels, the contraction of the pPDADMAC layer causes the device
as a whole to deform/bend (Figure 1b). We point out here that
the thickness of microgel-pDADMAC composite is on the scale
of mm (measured using calipers).

To explain how the device bends/deforms, the device can be
thought of as two separate layers (Figure 2a). The pPDADMAC-
microgel composite (upper layer) serves as the device’s active
layer, while the Au—plastic substrate (lower layer) is the pas-
sive layer. Two assumptions were made in this investigation:
1) the pDADMAC-microgel composite is homogeneous and

Adv. Funct. Mater. 2014, 24, 4119-4126
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Figure 2. Mechanical model used to describe the devices. a) A detailed view of the device showing the stress generated in the upper layer (F,), which
leads to device bending. The device is considered to be two separate layers, the top layer defined by the pDADMAC-microgel layer and the bottom
layer defined by the Au/Cr-coated plastic substrate. b) A single portion of the device in a). The dashed line represents the initial state of the two
layers, while the solid line represents the final state after bending is complete. F' are the stresses at different points on the Au-plastic substrate,
while F) are the stresses at different points on the microgel-pDADMAC layer. d, is the thickness of Au—plastic substrate, while d, is the thickness of
the microgel-pDADMAC layer. 6 is microscopic bending angle. The blue vectors (force vectors in upper layer) represent the contraction forces in the
microgel-pDADMAC layer, while the red vectors (force vectors in lower layer) represent the restoring forces in the Au-substrate layer after the bending

is complete.

stress along the layer either linearly increases or decreases; 2)
the Au—plastic substrate is not contractible and stress along
the layer either linearly increases or decreases. The interface
between the two layers can be thought of as being made of
an infinite number of points, which do not change location
because of assumption (2). Each point is defined as a fulcrum,
one of which is shown in Figure 2a; the two layers are con-
nected at that/those small region(s). In the active layer, we have
shown that dehydration leads to contraction, presumably due to
enhanced hydrophobic interactions between the pDADMAC.P!
This contraction leads to contracting forces (F.), which are
shown as black vectors in Figure 2a. The strong forces pull
all parts of the Au—plastic lower layer in the direction of force.
Meanwhile the lower layer connected to the upper layer by the
fulcrum will be pulled in the opposite direction by the torque
(7) generated from the contraction of the upper layer.

To further explain the bending/folding process and to iden-
tify the governing parameters, we developed a mathematical
model. To make the model less complex, we concentrated on
only a “microscopic” portion of the assembly. As shown in
Figure 2b, the two layers are represented by two lines connected
by one fulcrum. The dashed line represents the initial state of
the portion of the assembly considered, while the solid line rep-
resents the final state after bending is complete. After bending
is complete, the force at the fulcrum (at the interface between
the pDADMAC and the microgel-Au-plastic layers) is a
maximum, which gradually decreases as the distance from this
point increases through the upper layer. The forces are noted
as F, indicated by the blue vectors in Figure 2b. This is the
case because we assume that the plastic layer is not contractible
(assumption 2), therefore we assume that the interface is like-
wise not contractible. Therefore, the polymer at the interface
has more of a restoring force than the fully contracted polymer
layer far away from the interface—much like a spring. F,/ in the
upper layer depends on three factors: the microscopic bending
angle 6, a material related force parameter k, and the thickness
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d, of the upper layer. The fulcrum point shown is common to
both layers. Based on the fact that the contraction force in the
upper layer is relatively large and that the lower Au—plastic layer
isn't contractible (F,! at the interface is 0), we assume that the
stress at the fulcrum at the interface is only from the contrac-
tion of the upper layer. Then the stress on this point is equal
to the remaining contracting force at the bottom of the upper
layer and we note it as F,°. And the remaining contracting force
on the top of the upper layer can be expressed as (F,° — k,6d,).
Based on assumption (1), the average stress along the upper
layer after bending is complete can be expressed as:

(F —k,0d,)+ F,
2

anverage —

(1)

Likewise, the forces on the plastic-Au layer increase as the
distance from the interface increases. Again, this can be related
to a spring; at the interface where bending is most complete
there is little restoring force, while there is still significant
forces at the bottom where bending is less complete. These
forces are noted as F;' (red vectors), which are in the same
direction of the remaining contraction forces in the upper layer,
which oppose bending due to the fulcrum. The bending angle
0 together with material related force parameter k; and thick-
ness d; of the lower layer determines the restoring forces along
the lower layer. As shown in Figure 2b, the stress at the bottom
of the lower layer was noted as F;°, which can be expressed as
(k16d;). Because the Au-plastic layer is not contractible, the
stress on the fulcrum from the bottom layer is 0. Thus, the
average stress in this layer can be expressed as:

k.6d, +0
2

average __
F =

(2)

Due to stresses on both layers two torques are formed on both
layers separately, which are expressed mathematically below:
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kod+0_ di

T, = Flaverage X 7/1 —
2 2

B —kd, +F dy

T,= anverage XY, = > 5

)

represents the distance from the point where the torque is
measured to the point where the force is applied in the respec-
tive layers, while d is the thickness of the respective layers. In
each Equation, yis equal to half of the thickness of each layer.
At the final state of bending (“equilibrium”), the two torques are
equal to maintain a steady bent state, otherwise, the assembly
will continue to bend until this is the case. As such, after com-
plete bending Equations 3,4 are equal leading to:

kOd+0 d1_F -kod+F d 5
2 2 2 2

Then the microscopic bending angle 6 can be expressed as:

24,F)
g=—"22 6
kd? +k,d? ©)

Again, this is the “microscopic” bending angle, which leads
to macroscopic device bending. Macroscopically the device will
show specific curvature after bending is complete. Theoreti-
cally, we can represent the curvature by the radius (R) of rolls or
incomplete rolls after bending. In this case, microscopically F,°
in Equation 6 can be expressed as one force (between the upper
layer and the lower layer), which is determined by another force
parameter, the interfacial force parameter (k) multiplied by a
length (L), which represents the length of the interfacial layer
exerting forces on the fulcrum on the microscopic level. Fur-
thermore, L can be expressed as the bending angle 6 multiplied
by (R - dy). Therefore, F,° can be represented by:

FE =kO(R-d,) 7)
Subsequently, Equation 6 can be rewritten as:

_ 20:k6(R—dy) @
kyd? + kod2

Finally, the macroscopically observed R can be expressed as:

_had! [kl [k

R
2d,

©)

As k, ky, k, are force parameters (constants) determined by
the materials themselves, from Equation 9 we conclude that
the radius after bending is only related to the thickness of each
layer d; and d,.

To test our mathematical model, we fabricated rectangular
devices of different dimension, but containing the same upper
and lower layer thicknesses. As predicted from Equation 9,
these devices should self-fold to yield similar values for R.
There is a precedent for this result; in a previous study, Li and
co-workers!?% observed that the curvature of rolls after bending

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of rectangular bilayers depended on the thickness of the layers
and strain, but not the bilayer dimensions. While this is the
case, our investigation is the first to develop and test a math-
ematical model that is capable of predicting the self-folding
behavior of such materials. Furthermore, we investigated
how the bending of a single device, with given dimensions,
depended on the upper layer thickness (d;) to determine if
Equation (9) could indeed be used to predict R.

2.2. Results
2.2.1 Self-Folding Behavior of Rectangular Devices

Self-folding is a term used to describe materials that trans-
form autonomously from two-dimensional materials into
three dimensional structures such as spirals, tubes, corrugated
sheets or polyhedron.?”] Self-folding can take place on many
length scales—f{rom meters to nanometers.?$2% Here, we show
that the self-folding behavior of materials with centimeter-scale
dimensions can be predicted using Equation 9. To accomplish
this, we fabricated rectangular devices (see Figures 1, 2) with
four different aspect ratios. Furthermore, for each aspect ratio,
we fabricated devices of different overall dimensions. In each
case, the amount of pDADMAC added to each device was
scaled for their individual dimensions such that the amount of
pPDADMAC on a given device area was the same from device
to device. Therefore, the thickness of the upper layer (d,) was
constant. Furthermore, the devices were constructed from the
same lower layer material, maintaining the same lower layer
thickness (d;) from device to device. Figure 3a is a photograph
of a representative device (3 cm x 9 cm) with pDADMAC
deposited in its unfolded state (high humidity), while Figure 3b
shows the final state of the devices dried under the same condi-
tions. It is interesting to note that the devices tend to self-fold
into unique three-dimensional structures after drying, which
will be the subject of a future investigation. Here, we were
interested in the radius of curvature (R in Equation 9 and how
that depended on the device's aspect ratio and size. To measure
the radius of curvature, we used the approach shown schemati-
cally in Figure 4. The circle in Figure 4 represents a device in its
final state. If two lines are drawn (AB and A’B), perpendicular
to the radii (OA and OA’) they intersect at point B. As a result,
two triangles are formed. In SOAB, the length AB can be meas-
ured using two rulers placed on the tangents to the curvature
of the device—the “length” at the intersection point is AB. Fur-
thermore, the angle between the two rulers at that condition is
also measured. With this information, the radius OA could be
determined using:

tan —=——
2 AB (10)

OA=AB><tan% (11)

For each device, we measured the radius at 5 different
locations at a humidity of 19.7% and temperature of 23 °C and
plotted the average radius as a function of the area (length x

Adv. Funct. Mater. 2014, 24, 4119-4126
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Figure 3. Images of devices before and after bending. a) A photograph of a device with dimensions of 3 cm x 9 cm before bending. b) Devices of
different aspect ratio and dimensions after bending. As can be seen, the devices form different 3D structures after bending dependent on the aspect
ratio and size of the devices. L represents the length of the device, while W is the width.

Figure 4. Protocol used for measuring the radius of the devices after
bending. AB and A’B are two tangents perpendicular to the radius of a
device OA and OA’, respectively. B is the intersection of the two tangents.
ocis the angle between the two tangents. Two rulers were used to measure
AB and A’B, while a protractor was used to measure the angle between
the rulers to determine c.

Adv. Funct. Mater. 2014, 24, 4119-4126
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width) for each aspect ratio. The data is shown in Figure 5. As
can be seen, while the individual devices may self-fold into dif-
ferent structures (tubes/spirals), the radius of curvature for all
the devices, regardless of overall size or aspect ratio, is in the
range of 0.75-0.85 cm. From these results, we conclude that the
final radius of the devices only depends on the thickness of the
two layers. Again, investigations into the self-folding into dif-
ferent structures will be the subject of a future publication.

In addition, using devices with dimensions of 9 cm x 3 cm,
the thickness of the upper layer d, was systematically varied by
depositing different amounts of pDADMAC solution on the
surface of the microgel-Au-plastic substrate. In this case, the
thickness of Au—plastic substrate was kept constant. The vol-
umes of pPDADMAC used were 1-10 mL, which yielded a range
of d, (see Supporting Information), and two devices of each
thickness were prepared for each volume. Following drying of
the pDADMAC layer, its thickness was measured using a dig-
ital caliper and the radius of curvature was measured for each
device using the same protocol as above. The data is plotted in
Figure 6. As can be seen, the radius of curvature depends dra-
matically on the thickness of the upper layer. Subsequently, by
knowing the thicknesses of both layers, we could fit Equation 12
to the data in Figure 6, and the best fit values for A and B deter-
mined. It should be pointed out here that Equation 12 is the
same as Equation 9 with the constants A and B representing
the individual k-containing terms in Equation 9. As a result of
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Figure 5. The measured radius of the devices as a function of their size and aspect ratio. As can be seen, the measured radius of the devices didn’t
depend strongly on their size and aspect ratio. Three devices were made at each size and aspect ratio and the radius determined at 5 different loca-
tions for each device. Each point is therefore the average of 15 radius values measured from 3 devices at 5 different locations. The error bars indicate

the standard deviation.

the fit, the best fit values for A and B in Equation 12 were found
to be 3.6 £ 0.4 and 15.1 + 2.4, respectively.

_A+Bd;

2

+0.1016 (12)

Further, we tested the model by fabricating device with given
d, and comparing the predicted and measured R values. For d,
of 0.45 mm, and 0.72 mm, the model predicts an R of 7.40 mm
and 8.02 mm. This is in comparison to the measured values of
6.63 mm and 8.43 mm, as can be seen the model closely pre-
dicts the experimental R.

2.2.2. Controlling the Self-Folding Process

Using our mechanical and mathematical models above to pre-
dict important design parameters, we created materials that are
capable of self-folding into desired 3D structures. To accom-
plish this, an empirical rule was developed to calculate the

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

amount of pPDADMAC-microgel composite needed to be added
to the Au-plastic substrate to make the whole device self-fold
by a specific angle o. Equation 13 was developed to predict this
behavior:

AR 180 o oa (13)
360

Wherein, is the length of the arc AA" in Figure 4, while OA is
the radius of the self-folded structure at a specific humidity and
temperature. 27 X OA is the circumference of the self-folded
device. For example, at humidity of 19.7% (dry) and tempera-
ture of 23 °C, if we want a structure with a curling angle o
of 90°, we need the length of to be =1.25 cm according to the
Equation 13. That means, if we want the device to bend to yield
a right angle, we need to deposit a layer of pPDADMAC onto the
device with a width of =1.25 cm along the direction of bending.
The volume of pPDADMAC added to the device should yield the
same d, as used above. Following this rule, we designed devices
capable of self-folding into discrete and predetermined 3D

Adv. Funct. Mater. 2014, 24, 4119-4126
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Figure 6. Dependence of device radius on pDADMAC layer thickness.
The data points are real data obtained by measuring the radius of two
separate devices with a given d,. Each point is the average of 10 radii
determined at 5 different locations of the two separate devices. The error
bars are the standard deviations of the measured d, and radius. The solid
line is the best fit of Equation 12 to the data yielding values for A and B
of 3.6 £ 0.4 and 15.1 + 2.4, respectively. The Equation was fit to the data
using MATLAB software.

structures. As can be seen in Figure 7, the width and direction
of the deposited pDADMAC layer depends on how we want the
device to self-fold, and through this, we have great control over
the device's self-folding behavior.

3. Conclusion

In summary, we investigated in detail the self-folding behavior
of rectangular humidity-responsive microgel-based polymer
composites deposited on a substrate of varying dimensions and
aspect ratios. We detailed a mechanical and mathematical model
that is capable of describing the self-folding characteristics of
these bilayer devices. Furthermore, using this information, we
were able to devise an approach for fabricating devices that self-
fold into predetermined 3D structures with varying complexi-
ties. We hypothesize that the material parameters defined in the
presented model is one that can be generalized to essentially
any bilayer material, and similar studies can be completed. This
work paves the way for producing stimuli responsive adaptive
polymer materials, which have potential applications in actua-
tion, sensing, artificial muscles and robotics.

4. Experimental Section

Materials: N-isopropylacrylamide was purchased from TCl (Portland,
Oregon) and purified by recrystallization from hexanes (ACS reagent

Adv. Funct. Mater. 2014, 24, 4119-4126
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1 2

Figure 7. Rationally designed devices capable of self-folding into three-
dimensional structures. Column 1) Specially designed microgel coated
Au-plastic substrates with a given width of pPDADMAC deposited at spe-
cific locations (outlined areas) to yield the desired 3D structure Column
2) after drying. For devices (a—d), the width of the pDADMAC solution
deposited in each frame was around =1.25 cm. For device (e), the width
of the pPDADMAC solution was =2 cm. For devices f and g both sides of

the plastic substrates were coated with Au and microgels, and pPDADMAC
subsequently deposited on specific locations with a width of =1.25 cm.

grade, EMD, Gibbstown, NJ) prior to use. N, N-methylenebisacrylamide
(BIS) (99%), acrylic acid (AAc) (99%), and ammonium persulfate (APS)
(98+%) were obtained from Sigma-Aldrich (Oakville, Ontario) and were
used as received. Poly (diallyldimethylammonium chloride) solution,
pDADMAC of MW <100 000 (20% in water) were purchased from
Sigma-Aldrich (St. Louis, MO). Deionized (DI) water with a resistivity
of 18.2 MQ cm was used. Cr/Au annealing was done in a Thermolyne
muffle furnace from Thermo Fisher Scientific (Ottawa, Ontario).
Anhydrous ethanol was obtained from Commercial Alcohols (Brampton,
Ontario). Fisher's finest glass coverslips were 25 mm X 25 mm and
obtained from Fisher Scientific (Ottawa, Ontario). Cr was 99.999% and
obtained from ESPI (Ashland, OR), while Au was 99.99% and obtained
from MRCS Canada (Edmonton, AB).

Microgel ~ Synthesis:  Microgels composed of poly(N-isopropyl-
acrylamide)-co-acrylic acid (pNIPAm-co-AAc) were synthesized via
radical precipitation polymerization as described previously.?"l The
monomer mixture, with a total concentration of 154 mwm, was comprised
of 85% (mole/mole) NIPAm, 10% AAc, and 5% BIS as the crosslinker.
NIPAm (17.0 mmol), and BIS (1.0 mmol) were dissolved in deionized
water (100 mL) with stirring in a beaker. The mixture was filtered
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through a 0.2 pm filter affixed to a 20 mL syringe into a 200 mL 3-neck
round-bottom flask. The beaker was rinsed with 25 mL of deionized
water and then filtered into the NIPAm/BIS solution. The flask was then
equipped with a temperature probe, a condenser and a N, gas inlet. The
solution was bubbled with N, gas for =1.5 h, while stirring at a rate of
450 rpm, allowing the temperature to reach 45 °C. AAc (2.0 mmol) was
then added to the heated mixture with a micropipette in one aliquot. A
0.078 m aqueous solution of APS (5 mL) was delivered to the reaction
flask with a transfer pipet to initiate the reaction. Immediately following
initiation, a temperature ramp of 45 to 65 °C was applied to the solution
at a rate of 30 °C h™'. The reaction was allowed to proceed overnight
at 65 °C. After polymerization, the reaction mixture was allowed to cool
down to room temperature and filtered through glass wool to remove
any large aggregates. The coagulum was rinsed with deionized water
and filtered. Aliquots of these microgels (12 mL) were centrifuged at a
speed of =8500 relative centrifugal force (rcf) at 23 °C for =40 min to
produce a pellet at the bottom of the centrifuge tube. The supernatant
was removed from the pellet of microgels, which was then re-suspended
to the original volume (12 mL) using deionized water. This process was
repeated until the microgels were cleaned.

Fabrication of Plastic Substrates: Transparent flexible plastic sheets
(transparency films for high temperature laser copiers from 3M
company, Canada) were rinsed with DI water and ethanol and dried
with N, gas, and 2 nm of Cr followed by 50 nm of Au were thermally
evaporated onto them at a rate of =0.2 A s™ and =0.1 A s, respectively,
using a Torr International Inc. model THEUPG thermal evaporation
system (New Windsor, NY). The Cr acts as adhesion layer to hold the
Au layer on the plastic. An aliquot of about 12 mL of previously purified
microgel solution was centrifuged for 30 min at 23 °C at = 8500 relative
centrifugal force (rcf) to pack the microgels into a pellet at the bottom
of the tube. After removal of the supernatant solution, the microgel
pellet was vortexed and placed onto a hot plate at 30 °C. A previously
coated Cr/Au substrate was rinsed with ethanol, dried with Ny, and then
placed onto hot plate (Corning, NY) set to 30 °C. Aliquots (40 pL for
each 25 mm x 25 mm area) of the concentrated microgels were put onto
the substrate and then spread toward each edges using the side of a
micropipette tip, as previously described.?% The microgel solution was
allowed to dry completely on the substrate for 2 h with the hot plate
temperature set to 35 °C. After 2 h, the dry film was rinsed copiously
to remove any unreacted monomer and/or linear polymer from the
microgel solution. Then the substrates were washed copiously with DI
water to remove any excess microgels not bound directly to the Au.
Microgel painted substrate was then placed into a DI water bath and
allowed to incubate overnight on a hot plate set to =30 °C. Following this
step, the substrate was again rinsed with DI water to further remove any
microgels not bound directly to the Au substrate surface. The microgel
painted Au coated substrate was dried with N, gas and used for the
experiment.

Self-Folding Devices: A specific amount of pDADMAC solution (pH 6.5,
20 wt% in water) was spread onto the microgel layer. The whole set up
was undisturbed and dried at ambient temperature/humidity. After the
complete drying of the film, the devices were moved into the chamber,
which can control the environmental humidity. Air-O-Swiss AOS 7145
Cool Mist Ultrasonic humidifier (manufactured by Swiss Pure Air) was
used to control the humidity in the chamber with an electronic feedback
mechanism to maintain a steady humidity.

Supporting Information

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