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ABSTRACT: A simple and robust alternative for fabricating stimuli-responsive 2D
self-folding films was introduced. The approach combines metal-sputtering, layer-by-
layer assembly of polyelectrolytes, and transfer-printing of the bilayer film onto a
substrate coated with a sacrificial layer. With this technique, self-folding bilayer films
can be fabricated without using harsh chemical etchants, complicated chemical
synthesis, or complex lithographic techniques. Upon release, the microsized 2D film is
shown to reconfigure into a 3D structure caused by a mismatch in the properties of
the individual layers. The actuation of the bilayer film can be triggered by partial
swelling due to absorption of water or by partial expansion of one of the layers due to

an increase in temperature.
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B INTRODUCTION

Self-folding films are bilayer systems that spontaneously convert
from being 2D to 3D structures upon the application of a
stimulus. Stimuli such as temperature, solvent, light, electrical
field, capillary forces, and stress-release have been used to
actuate the bilayer system.'™® Such systems have potential
applications as sensors, actuators, and other micromechanical
devices.”® It was also demonstrated that self-folding films can
be used to encapsulate cells, provide a drug delivery platform,
act as a smart wound plaster, and, just recently, act as an
untethered tool for microbiopsy."?~"*

Self-folding films are normally composed of at least two
parts—an active and a passive layer. The active layer responds
to stimulus by either swelling or contracting. Conversely, the
passive layer remains unaffected by the applied stimulus and
provides the structural rigidity for the whole system. The
successful design of self-folding systems requires consideration
of the Young’s modulus of both the active and the passive
layers, the relative and the absolute thicknesses of each layer,
and the actuation strain as correlated by the Timoshenko
equation.” Several self-folding systems have been studied
ranging from pure polymeric systems to pure inorganic systems
to polymer—inorganic hybrid systems. Ionov et al., for example,
fabricated a self-folding pure polymeric system comprising
poly(caprolactone) and poly(N-isopropylacrylamide) bilayers.
They utilized the temperature responsiveness of the poly(N-
isopropylacrylamide) to encapsulate and release the yeast cells
as the 2D film reconfigures into a 3D structure.! Gracias et al.
used the purely metallic bilayer film composed of differentially
stressed chromium and copper layers to reversibly actuate as
the copper was oxidized or reduced."* Additionally, Huck et al.
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fabricated a polymer—inorganic self-folding film by combining
microcontact printing of the initiator on a gold-coated
substrate, surface-initiated polymerization, and etching of the
exposed gold substrate. The fabricated gold-cross-linked
polymer brush system was shown to respond to solvent by
the selective swelling of the polymer layer.”

Fabrication of the aforementioned self-folding systems
involves either the use of harsh chemical etchants, complicated
chemical synthesis, or complex lithographic techniques. Here, a
simple and efficient alternative involving the use of the transfer
(or microcontact) printing technique was reported. The
transfer printing technique has been employed to pattern
materials by first depositing them on an elastomeric stamp
(usually PDMS). The stamp with the materials is then made in
contact on a substrate where the material will stick and be
transferred when the elastomeric stamp is removed. There are
several microcontact printing techniques, such as multilayer
transfer printing and metal transfer printing, but they all share a
similar basis. The major difference between techniques is the
“ink” they utilize. Multilayer transfer printing uses layer-by-layer
assembled polyelectrolytes and metal transfer printing uses thin
metal films.'>'® Multilayer transfer printing involves the
alternating adsorption of oppositely charged materials onto
the surface of the PDMS stamp. The receiving substrate has a
charge opposite to the charge of the top surface of the
multilayer film to ensure that it transfers upon contact. It has
been used to fabricate (1) sensors from multiwalled carbon
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Scheme 1. Fabrication of the Self-Folding Polymer—Metal Bilayer
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nanotubes, (2) multilayered microparticles, and (3) composite
mold for selective immobilization of biomolecules.'”™"* Metal
transfer printing, on the other hand, involves the evaporation or
sputtering of thin metal film on the PDMS stamp. The
patterned metal is transferred by placing the stamp on a
polymer-coated substrate (PMMA or PS on silicon wafer) and
heating it up above the glass transition temperature of the
polymer. This technique has been used to fabricate organic
field-effect transistors and other plastic electronics.*

In this article, the multilayer transfer technique and the metal
transfer technique were combined to fabricate the self-folding
bilayer film. The passive layer is a thin aluminum film sputtered
directly on the PDMS stamp. The active layer is a multilayered
film fabricated by alternating deposition of positively and
negatively charged polyelectrolytes, which were then cross-
linked. Actuation of the polymer—metal bilayer system is
triggered by adding solvent, which swells the polymer layer, or
by increasing the temperature, which selectively expands the
aluminum layer. This technique shares several advantages with
the other microcontact printing techniques: (1) the procedure
is simple and easy, (2) it requires minimal use of a cleanroom,
(3) multiple stamps can be created from a single master, and
(4) individual stamps can be used more than once with
minimal degradation of performance.’"

B RESULTS AND DISCUSSION

Fabrication of the self-folding polymer—metal bilayer film is
shown in Scheme 1. Thick SU-8 photoresist (10 um thick),
which was patterned using the traditional photolithography
procedure, served as the master template for the fabrication of
the elastomeric stamp. The mixture of the poly-
(dimethylsiloxane) (PDMS) base and curing agent (10:1
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ratio) was cast on the patterned SU-8 photoresist and cured
at 60 °C for 2 h. The cured PDMS (or the PDMS stamp) was
carefully peeled off from the master template. Aluminum (100
nm thick) was then sputtered on the PDMS stamp. Silane-
based adhesion promoter was self-assembled on the aluminum
surface by immersing the aluminum-coated PDMS stamp in 0.5
wt % (3-aminopropyl)trimethoxysilane (APS) solution for 1 h.
Positively and negatively charged polyelectrolytes were
deposited via spin-assisted layer-by-layer assembly. This
enabled fast, efficient, and thickness-controlled fabrication of
the polymer swelling layer. One milligram/milliter of poly-
(allylamine hydrochloride) (PAH) and 1 mg/mL of poly-
(styrenesulfonate) (PSS) in 0.1 M NaCl were used. The pH of
the PAH solution was adjusted to pH = 6.5 to make sure that
the PAH was more than 50% ionized (pK, of PAH = 8-9).
Each was deposited in succession with each pair forming a
bilayer; several thicknesses with 5, 10, and 1S bilayers of
polyelectrolytes were tested, but only the 15 bilayers were
observed to respond visibly to solvent and temperature. Thus,
the following discussion is more focused on the fabrication and
behavior of the polymer—metal system with 15 bilayers of
polyelectrolytes. To ensure that the polyelectrolyte remains
robust upon the application of the stimuli, the PAH layers were
cross-linked by glutaraldehyde. Glutaraldehyde is known to
react with the amine-functional group of PAH to form an
amide.”” The PDMS stamp with the film was immersed in 10
wt % glutaraldehyde in water for 2 h. The film was then washed
with ample amount of water to remove the unreacted
glutaraldehyde. The self-folding film was then transfer-printed
to the poly(vinyl alcohol) (PVOH)-coated silicon wafer. The
transfer printing was done by first exposing the PDMS stamp
with the self-folding film and the PVOH-coated silicon wafer to
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70 °C water vapor for about 30 s. Exposure to hot water vapor
ensures strong interaction between the multilayered film and
the receiving substrate upon contact."> The stamp was then
carefully placed on top of the PVOH-coated silicon wafer.
Slight pressure was exerted to ensure optimal contact between
the stamp and the PVOH. After the PVOH sacrificial film was
dried, the stamp was slowly peeled off leaving behind the
polymer—metal self-folding film. The polymer—metal self-
folding film was released from the substrate by dissolving the
PVOH by water.

PVOH was chosen as the sacrificial layer because it interacts
strongly with the piranha-cleaned silicon wafer (terminated by
Si—OH) and the active layer because of hydrogen bonding.*® If
the interaction between the sacrificial layer and the substrate is
too weak, then the sacrificial layer will be peeled off the
substrate during the transfer-printing. In addition, the self-
folding film will not be transferred if the interaction between
the sacrificial layer and the active layer is weaker than the
interaction between the aluminum and the PDMS stamp.

Figure la shows the scanning electron microscope (SEM)
image of the PDMS stamp after sputtering the 100 nm thick
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Figure 1. (a, b) Low- and high-magnification SEM images of the
PDMS stamp coated with 100 nm aluminum film. (c) AFM
topography image of the transfer-printed self-folding film. (d)
Thickness of the self-folding film vs the number of bilayers of the
polyelectrolytes as measured by AFM.

aluminum film. A close-up look at the edge of the elevated part
of the stamp shows that the top and the base were covered with
aluminum, but the side was barely coated (see Figure 1b). The
discontinuity between the raised regions and the base, and the
fact that the adhesion between the aluminum and the PDMS
stamp is relatively weak, enabled the efficient transfer-printing
of the self-folding film.** Figure lc shows the atomic force
microscopy (AFM) topography image of the transfer-printed
self-folding film. Measurement of the thickness of the film
versus the number of polymer bilayers is shown in Figure 1d.
The thickness of the aluminum film was precisely controlled
and was kept at 100 nm. The thickness of the polymer layer,
however, depends heavily on the number of bilayers deposited
on the aluminum. The thickness of the polymer layer with five
bilayers of PAH/PSS is 49 + 3 nm. Increasing the number of
bilayers to 10 causes the thickness to increase to 88 + 2 nm.
The polymer film composed of 15 bilayers of polyelectrolytes
has a thickness of 153 + 3 nm. After cross-linking with

glutaraldehyde (1SCL), the thickness decreased to 123 + 4 nm.
The change in thickness was also accompanied by a change in
roughness (see Supporting Information Figure S1). The
roughness (rms) was measured to be 12.16 nm for S bilayers,
12.70 nm for 10 bilayers, and 12.80 nm for 15 bilayers. As
stated earlier, the self-folding film with 15 bilayers of
polyelectrolytes is the thinnest film that showed visible
response to solvent and temperature, and thus from here on
discussions are focused on its characterization and response. It
is expected as well that increasing the thickness of the polymer
layer will cause a slower response of the bilayer film to solvent
due to longer diffusion time, which is generally proportional to
the square of the film thickness.”®

Figure 2a shows the optical image of the PDMS stamp with
the polymer—metal self-folding system. The success of the
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Figure 2. Optical images of the PDMS stamp before (a) and after (b)
transfer-printing; black area is PDMS without self-folding film on top.
(c) ATR-IR spectrum of the cross-linked polymer layer, and (d) FT-IR
image (absorbance) of the transfer-printed polymer.

transfer-printing step can be seen in Figure 2b. Only the films
on top of the crosses were transferred, and those at the base
remained on the PDMS stamp. The success of the transfer-
printing step is brought about by the stronger adhesion
between the receiving substrate and the self-folding film as
compared to the adhesion between the PDMS stamp and the
aluminum film. Also contributing to this success is the fact that
PDMS is elastic and that it can make conformal contact on any
substrate over relatively large areas. Figure 2c shows the
infrared spectrum of the cross-linked multilayered polymer.
The peaks for the PSS are assigned as 1190 cm™' for
antisymmetric vibrational absorption of S=O, 1024 cm™' for
symmetric vibrational absorption of S=0, 1150 cm™" for the
in-plane skeleton vibration of benzene, 1118 cm™" for the in-
plane skeleton vibration of benzene, and 861 cm™ for out-of-
plane aromatic C—H bending.26 On the other hand, the peaks
for the PAH cross-linked by glutaraldehyde are assigned as
1650 cm™ for the amide C=0 stretching, 1570 cm™" for the
N—H (2°amide) II band, and 3400 cm™ for the N—H
stretching.

The FT-IR image of the transfer-printed polymer also
confirms the success of the transfer-printing technique (see
Figure 2d). The FT-IR image can serve as a chemical map that
contrasts regions of high organic content vs regions of low
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organic content. It is therefore an optimal imaging tool to
confirm if only the films on the elevated part of the PDMS
stamp were transferred.”” As can be seen on the infrared image
focused at 1570 cm ™, there is a high concentration of 2°-amide
N-—H on the cross region as evidenced by absorbance of up to
0.7. Conversely, there is no organic material on the surface
outside the cross because there is very low absorbance.

The response to solvent of the transfer-printed self-folding
film was observed after adding deionized water to the system.
Figure 3a shows the transfer-printed self-folding films on the

Film released in water After water has evaporated

Figure 3. (a, b, c) Solvent-response of the transfer-printed self-folding
film. (d) Transfer-printed 15 bilayers of PAH/PSS on PVOH, (e)
released 15 bilayers of PAH/PSS film, and (f) finite-element
simulation of the folding of the transfer-printed self-folding film.

PVOH sacrificial layer. After water has been added, it slowly
dissolved the high molecular weight PVOH and simultaneously
swelled the polymer layer. The cross-linked polymer layer is
very hydrophilic due to the polar functional groups along the
chain; thus it absorbs the water and, in the process, swells. The
expansion of the polymer layer, however, is limited to one
dimension because the aluminum film, which is covalently
attached to the polymer, prevents it from expanding along the
plane of the substrate. A large interfacial stress develops in-
between the expanding polymer and the aluminum film because
of their mismatched degrees of expansion. As the bilayer film
was released from the substrate, it minimized the interfacial
stress by bending or folding out of the substrate (see Figure
3b). Folding is a consequence of energy minimization and
interfacial stress relaxation brought about by the stimulus. This
is a common phenomenon for free-standing systems with
structural heterogeneity in the direction normal to the film
surface.”® Removal of the water reverts the self-folding film
back to its original 2D state (see Figure 3c). It is note-worthy
that folding is only possible if there is a strong interaction
between the active and the passive layer; otherwise, the
expanding active layer will just be peeled off from the passive
layer. This was ensured by covalently linking the aluminum film
to the cross-linked polymer film by APS. The amine group of
the APS is also expected to react with the glutaraldehyde cross-
linker. Furthermore, the passive layer should be mechanically
robust but flexible enough to facilitate the release of the
interfacial stress. If the passive layer is too rigid, then the
expanding active layer will just form wrinkles on the surface of
the passive layer.

To confirm that the bending was because of the mismatched
degrees of expansion and not because of the stress in the
polymer layer developed during fabrication, the polymer
(without the metal layer) was transfer-printed and released in
water. Figure 3d shows the transfer-printed polymer film on the
PVOH sacrificial layer. Upon the dissolution of the sacrificial
layer, the polymer film was released and swelled in all
directions. No internal stress was developed, and thus the
polymer film remained flat (see Figure 3e). To better
understand the folding process due to swelling, finite-element
analysis was used to model the structural changes of the bilayer
system as one layer expands. As exhibited in Figure 3f, the
simultaneous dissolution of the sacrificial layer and swelling of
the polymer layer cause a strain on the edge of the cross.
Bending starts from the edge and continues toward the center
as more PVOH is dissolved.

A rectangular self-folding film (150 gm X S0 pm) was also
released and was observed to curl along its length (see Figure
4a and b). This is consistent with what was observed by Li et al.

Film released in water

Transfer printed films
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Figure 4. (3, b) Solvent-response of the rectangular self-folding film.
(c) Finite-element simulation of the folding of the rectangular self-
folding film.

and Schmidt et al., who experimentally showed that rectangular
strips fold along the long side when the film is released from the
substrate progressively.>*' The whole folding process is
kinetically limited because of slow diffusion of water through
the active layer coupled with the slow dissolution of the high
molecular weight sacrificial layer. It has also been proven
experimentally and with computer simulations that long-side
folding is preferred for strained high aspect ratio rectangular
strips (ratio of length to the width).*” Figure 4c shows the
finite-element simulation of the rectangular strip structure
transformation. Consistent with what has been reported in
literature, sections of the film that are closer to the edge swell
first while the sections near the center do not swell. As the
rectangular strip folds along the principal axis, its stiffness
becomes anisotropic—it is more rigid along the length than
along the width. Folding along the width is therefore not
expected for this system.

The effect of the length of the rectangular strips on the radius
of curvature of the resulting bent bilayer film was studied as
well. Instead of using rectangular strips, rectangular strips
attached to a square base to prevent it from folding along its
length were used (Figure Sa). Moreover, instead of waiting for
the whole film to be released, a sharp needle (50 ym wide tip)
to force the rectangular strip off the sacrificial layer was utilized
(see Supporting Information Figure S2). This ensures that the
bending happens before the PVOH under the square base starts
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Figure S. (a, b) Solvent-response of the rectangular strips attached to a
square base. (c) Finite-element simulation of the folding of the self-
folding film. (d) Change in radius of curvature of the longest strip vs
temperature.

to dissolve. As can be seen in Figure Sb, the degree of bending
depends on how long the rectangular strip is. The radius of
curvature for the longest rectangle (L = 500 ym) is measured to
be 1260 ym. The second longest barely bent out of the surface.
The shortest (50 ym) and the second shortest (100 pm)
seemed not to respond at all. Finite-element modeling supports
the observed response of the rectangular strips. The strain that
is developed on the shortest and the second shortest fingers is
not sufficient to cause the surface to bend out. It is
hypothesized that changing the thickness of either the metal
or the polymer can alter this behavior.

Increasing the temperature of the liquid also changes the
radius of curvature. This is due to the difference in the thermal
expansion coefficient and the thermal conductivity of the
polymer and the metal. The aluminum layer expands as the
temperature is increased from 25 to S0 °C. However, its
expansion is limited because of the presence of the polymer
layer, which does not expand as much. The difference between
the thermal expansions of the two layers caused the radius of
curvature of the longest finger to increase from 1260 to 1448
um. Further increase in temperature causes the aluminum to
expand more, and, as expected, the radius of curvature increases
even more. At 75 °C, the radius of curvature is increased to
2372 pum. A 50° change in temperature caused 88% increase in
the radius of curvature of the longest finger. This is similar to
what was reported by Ma et al. where an increase in
temperature and humidity was used to actuate a bilayer film
composed of thermally cross-linked PAA/PAH film and
aluminum.*?

Bl CONCLUSION

In this study, it has been demonstrated that self-folding
polymer—metal bilayer films can be effectively fabricated by
using the transfer-printing technique. The transfer-printing
technique proved to be a simple and an effective alternative for
fabricating the bilayer film as evidenced by the optical, infrared,
and AFM topography images. It is expected that the transfer-
printing technique is also applicable in fabricating pure
polymeric and pure inorganic self-folding systems. The
fabricated self-folding film was shown to respond to solvent
and to temperature. The folding was brought about by the
difference in the degree of swelling and the difference in the
thermal expansion coeflicient and thermal conductivity of each
layer.
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B EXPERIMENTAL SECTION

Preparation of the PDMS Stamp. The uncured PDMS solution
(10 part elastomer base and 1 part curing agent, Sylgard 184, Dow
Corning) was poured on the SU-8 master template. After degassing, it
was cured at 60 °C for 2 h. The PDMS stamp was peeled off gently
from the master template and was kept in vacuum until further use.

Fabrication of the Self-Folding Film. Very thin (100 nm thick)
aluminum film was sputtered on the PDMS stamp using a Denton
Vacuum DV-502A at S mTorr Ar, 125 W DC, producing a sputter rate
of 100 A/min. The aluminum-coated PDMS stamp was then
immersed in 0.5 wt % (3-aminopropyl)trimethoxysilane (APS)
(Sigma-Aldrich) for 1 h. Poly(allylamine hydrochloride) (PAH, 1
mg/mL, pH = 6.5, Sigma-Aldrich) and poly(styrenesulfonate) (PSS, 1
mg/mL in 0.1 M NaCl, Sigma-Aldrich) were alternately spin-casted on
the PDMS stamp with washing in between. Cross-linking of the PAH
was done by immersing the stamp in 10 wt % glutaraldehyde (Sigma-
Aldrich) solution for 2 h.

Transfer Printing and Release of the Self-Folding Film.
Silicon wafer substrate was cleaned by sonication in piranha solution
(30% of 30% H,0,/70% concentrated sulfuric acid) for 20 min, Milli
Q water (18.2 MQ-cm resistivity) for 20 min and then in acetone for
20 min, and was finally cleaned by oxygen plasma for 3 min. (Caution:
Piranha solution is an extremely strong oxidant and should be handled
very carefully!) A thin layer of poly(vinyl alcohol) (PVOH, 3 wt %,
Sigma-Aldrich) was spin-casted on the cleaned silicon wafer at 3000
rpm for 30 s. The PDMS stamp and the PVOH-coated substrate were
exposed to 70 °C water vapor for 30 s. The PDMS stamp was then
placed carefully on the substrate, applying slight pressure to ensure
optimal contact. The PVOH was dried for at least S min before the
stamp was slowly peeled off. The self-folding film was released by
dissolving the PVOH sacrificial layer by adding water.

Finite-Element Simulation. Comsol 4.1 was used to model the
self-folding system. The pure polymer rectangle was modeled using
temperature as the input variable. It has been seen that the expansion
of the film due to temperature increase is similar to that of the
expansion due to swelling.®* The base was fixed across the whole
surface of the rectangle and was then reduced to simulate the release of
the rectangle from the substrate. Crosses were simulated with arms of
length 50 ym X SO ym and a base of 50 ym X S50 pm. The base was
fixed and did not allow expansion of base. It was seen that the arms
would expand both laterally and would bend upward at roughly the
same rate.

Instrumentation. SEM analysis was done using JEOL JSM-
6510LV SEM. FT-IR imaging was conducted on Digilab FTS 7000
spectrometer, a UMA 600 microscope, and a 32 X 32 MCT IR
Imaging focal plane array (MCT-FPA) image detector with an average
spatial area of 176 pm X 176 ym in the reflectance mode. All atomic
force microscopy images were recorded using Park AFM system
Tapping Mode (Park Systems) with 45 ym X 45 pm scanner. Leica
DM6000 M optical microscope, Denton Vacuum DV-502A dual-head
DC sputter system nKinsten UV light box.

B ASSOCIATED CONTENT
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Change in the measured roughness (rms) of the polymer film
vs the number of layers; schematic diagram and optical image
of the use of sharp needle to release the rectangular strips. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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