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ABSTRACT: We report a novel method for the fabrication of one-component self-folding polymer films. The approach is based
on films with a vertical gradient of porosity and was demonstrated on an example of porous polyimide films. The inhomogeneous
porosity of the films was achieved through the implementation of capillary forces and gravity during the drying of a dispersion of
colloidal particles in a solution of polymer precursor. As a result, three-layered films were formed. A monolayer of particles
comprises the top layer, the second layer is the pure polymer, and the third layer is formed by a mixture of particles and polymer.
Etching out the particles leaves polyimide film with inhomogeneous distributed pores. These porous polymer films roll and form
tubes in organic solvents as well as their vapors and reversibly unfold in air. The obtained films were used for design of actuators,
which are able to capture and release different objects through the reversible folding.
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■ INTRODUCTION
Self-folding films are a special sort of actuating systems, which
are able to fold and form 3D structures in response to external
stimuli.1−4 Self-folding films typically consist of two kinds of
materials with different volume expansion properties and their
deformation mechanism resembles the bending of metal
bilayers.5 Recently, self-folding films were successfully applied
for transport,6 investigation of cell behavior in confinement,7

nanooptics8,9 energy storage elements,10 scaffolds for tissue
engineering,11−14 and photovoltaic power applications.15

The ever-increasing trend in the field of self-folding films is
on the area of self-folding films based on polymers.16 In fact,
the use of polymers provides many advantages such as various
responsive properties, biocompatibility, biodegradability, and
simplicity of fabrication.17−22 Until now, most of the research in
polymer self-folding films was focused on the development of
self-folding films consisting of two components (polymers) that
allowed, for example, development of self-folding films sensitive
to different stimuli.19,23−26 On the other hand, one material
with different structure or cross-linking density is also expected
to fold.2,27,28 For example, Jamal et al. found that photo-cross-
linked polymer SU-8 films with cross-linking gradient are able
to reversibly bend due to the resolvation and desolvation.
In this paper, we report development of self-folding films

based only on one polymer. For our approach, we have chosen
polyimide (PI). PI has been widely applied in engineering fields
due to its high thermal stability, high strain, and high chemical
resistivity. PI, as a commercial product, has been widely used in

aerospace, fibers, coatings, and electronic products, and could
even be used as gas separation membranes.29 Moreover, PI can
be designed with various properties through chemically modify
from monomer that allows design of a broad library of PI
films.30−35 To the best of our knowledge, there is no report on
the self-folding of the high strain polymers such as polyimide.

■ EXPERIMENTAL SECTION
Materials. Pyromellitic dianhydride (PMDA), 4,4-oxidianiline

(ODA), tetraethyl orthosilicate (TEOS), N,N-dimethylformamide
(DMF), ammonium hydroxide (28%−30%), and hydrofluoric acid
(HF, 30%) were purchased from Sigma-Aldrich and were used without
purification.

Preparation of the Silica Particles. The silica particles (SiO2)
with sizes of 140 and 370 nm were prepared by the Stöber method
(the morphology of the particles and size distribution, respectively, are
shown in the Supporting Information, Table S1).36 In a typical
experiment for the synthesis of 140 nm large SiO2 particles, 5.4 mL of
TEOS was mixed with 120 mL of ethanol. Next, a mixture of 10 mL of
ammonium hydroxide, 6.8 mL of deionized water, and 100 mL of
ethanol was added to the TEOS solution. The mixture was stirred for
20 h at 25 °C to yield a milky solution. The obtained SiO2 particles
were centrifuged and washed by ethanol for several times. The
particles were obtained after dry in vacuum oven at 40 °C for 12 h.
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Figure 1. Synthesis process of the polyamide acid (PAmA) and polyimide (PI).

Figure 2. Scheme of fabrication of inhomogeneous polyimide porous film. (a) SiO2 and PmAA solution in DMF, (b) SiO2@PAmA and remained
PAmA in DMF, (c) PAmA/SiO2 film, and (d) inhomogeneous PI porous film.

Figure 3. Morphology of PI/SiO2 (upper panel) and PI porous (lower panel) films, respectively, prepared using 370 nm large SiO2 particles,
concentration 30%: (a and d) top view (b and e) bottom view, and (c and f) cross-section.
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The size of the particle was controlled by adjusting the ratio between
water, TEOS, and ammonium hydroxide.
Synthesis of Polyamide Acid (PAmA). The polyamide acid

(PAmA) was prepared as described in ref 32 (Figure 1). Briefly, 3.350
g (16.73 mmol) of ODA dissolved in 60 mL of DMF. Then 3.722 g
(17.06 mmol) of PMDA was added to the cold solution. The mixture
was stirred by a mechanical stirrer under argon flow at 0−5 °C. The
obtained solution was used as stock for further experiments. The
typical molecular weight of the obtained polymer is ca. 40 000 g/mol37

Preparation of the Inhomogeneous Polyimide Films. An
appropriate amount (10 wt % to 60 wt % for pure PAmA) of SiO2

particles was mixed with 3 wt % of the PAmA solution in DMF. The
mixture was sonicated in an ultrasonic bath for 2 h and stirred by a
magnetic stirrer for another 24 h. The obtained solution was cast in a
Petri dish and dried under vacuum at 80 °C for 12 h. The following
annealing steps were used for imidazation: 80 °C for 1 h, 120 °C for 1
h, 180 °C for 1 h, and 240 °C for 1 h. Finally, the silica particles were
etched out by 5% HF solution for 12 h to obtain the porous film. The
thicknesses of the porous PI films were around 40 μm (measured by
scanning electron microscopy (SEM)). The fraction of silica particles
was varied to control the porosity of the films (for instance, PI-370
nm-30% means the inhomogeneous PI porous film was prepared using
30 wt % 370 nm large silica particles).
Swelling Degree Measurement. Swelling of solid PI and porous

PI films was investigated by measuring the weight of the dry samples
(md) and the weight of the sample incubated in acetone during
different times (ms). Swelling degree (SD) was calculated as SD = (ms

− md)/md.

■ RESULTS AND DISCUSSION

The folding polymer films were fabricated according to the
approach illustrated in Figure 2. Briefly, silica particles were
dispersed in PAmA solution in DMF to get a stable dispersion
(Figure 2a,b). The solution was dried and inhomogeneous
PAmA/SiO2 film was formed during the drying process (Figure
2c). The inhomogeneous PI porous film (Figure 2d) was
obtained after imidiazation of the polymer and removal of the
particles.
We started with dispersing of SiO2 particles in the solution of

polyamide acid. The SiO2 particles are well dispersible, as we
believe, due to stabilization of particles by adsorbed PAmA
chains. In fact, PAmA chains can readily adsorb on the particles
surface due to formation hydrogen bonds.38−40 The dangling

tails of adsorbed PAmA chains, thus, form a solvated shell
around the particles (SiO2@PAmA) and stabilize them.
Drying of the polymer−particles dispersion at an elevated

temperature starts at the solvent−air interface and slowly
propagates inside the solution as the solvent gradually
evaporates. It was found that some particles tend to accumulate
at the liquid−air interface that resulted in the formation of a
monolayer of the particles (as shown in Figure 3a).
Considering that the density of the particles (d is ca. 2 g/
cm3) is larger than the density of the polymer solution (d =
0.959 g/cm3), we propose that the reason for the aggregation of
particles at the solvent−air interface is solvent convection and
capillary forces between the particles.41,42 On the other hand,
due to their high mass density, most of the particles tend to
sediment and assemble at the bottom, leaving the pure polymer
solution above. Thus, the inhomogeneous film consists of three
layers (i) a top single-layer of ordered particles with polymer,
(ii) a middle layer of almost pure polymer with minor
inclusions of particles, and (iii) a bottom layer of a composite
particle−polymer mixture. Finally, the obtained three-layer
polymer−particle films were annealed at elevated temperatures
in order to convert PAmA into PI. The three layers are clearly
visible in Figure 3a,b. The cross-section morphology shows the
obvious difference between the solid upper layer and the
particles-containing lower layer (Figure 3c).
The inhomogeneous PI porous film was formed after

removal/etching of the particles with HF. SiO2 is dissolved in
HF while the PI remains intact. As shown in Figure 3, the
morphologies of the top (Figure 3d) and the bottom of the film
(Figure 3e) are different. The top is covered by one layer of the
PI ordered pores, which are left after removal of hexagonally
ordered particles. The bottom layer (Figure 3e) is the PI with
pores left by particle aggregates (lower right in Figure 3e). The
middle solid and the bottom porous layers are clearly seen in
the SEM image of the cross-section of the PI film (Figure 3f).
The top monolayer is, however, too thin to be observed from
the cross-sectional surface.
We found that the PI porous films start to roll and form

tubes upon immersion in acetone, as shown in Figure 4b,c.
Rolling proceeds in a way that the porous layer is outward,
forming a tube during rolling, and the solid polymer layer is
inward (Figure 4a). Furthermore, the polymer films exhibit a

Figure 4. Scheme of the self-folding behavior in solvent (a), initial shape of the inhomogeneous PI porous film (b), rolled tube after the immersion
in acetone for 1 min (c), shape recovery during exposure to air (d), and full recovery of the initial shape after 2 min of drying (e).
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similar self-folding behavior when immersed in other solvents
such as ethanol, chloroform, DMF, and their respective vapors.
Reversible unfolding occurs when the film is taken away from
the acetone and dried (as shown in Figure 4d,e). The
developed method can also be applied for fabrication of
inhomogeneous porous polyurethane (PU) films, which exhibit
a self-folding behavior in water after solvated in acetone (as
shown in the Supporting Information, Figure S1).
Next we investigated the mechanism of folding of PI films. It

was found that solid, unstructured PI films swell slowly in
acetone and their swelling degree reaches 14% after 3 days (as
shown in Figure5). Contrary to that, porous PI films swell

much faster and stronger. The swelling degree of the porous
films reaches its saturation value after 10 s and remains nearly
constant afterward. Apparently, porous PI films have a larger
surface area than solid ones due to the abundant pores that
cause fast diffusion of solvent molecules in the polymer and its
faster swelling. Thus, porous and solid PI films swell with
different rates and to different degrees. The pore size has also
an effect on swelling degree. Films with more pores show
higher swelling degrees. For example, the swelling degree of the
PI-370 nm-50% film is ca. 85% whereas the swelling degree of
the PI-370 nm-30% film is only 25%.
The observed swelling behavior explains the folding scenario.

The porous part of the PI film swells faster and stronger than
the solid part and, according to Timoshenko equation, the film
bends in a way that the porous part is oriented outward and the
solid part is oriented inward. Drying of the porous part of the
film also occurs faster than for the solid part, which leads to
unfolding of the film. This behavior of gradient porous PI films
is similar to the behavior of SU-8 with a gradient of cross-
linking densities.28 Very interestingly, we noticed that the
folded PI porous films unfold slightly after being exposed to
acetone for a considerable amount of time (the slight unfolding
process of the folded tube is shown in the Supporting
Information, Figure S2). This effect can also be explained by
the difference in the swelling rates of porous and solid parts.
First, the porous part swells while the solid part does not, which
results in folding. Subsequent swelling of the nonporous part of
the film leads to unfolding of the film.

Next we investigated the effect of the fraction of pores and
their sizes on the diameters of the formed tubes (Figure 6). We

found that the films with the smallest fraction of pores (10%)
slightly curl but do not form the tubes. Apparently, the
thickness of the porous layer, which plays the role of active
component here, is insufficient to completely roll the film. The
films with a larger fraction of pores are able to completely roll
and form the tubes. The diameter of the tubes gradually
decreases with the increasing fraction of the pores. Size of the
pores also plays a very important role. We found that the films
with smaller pores tend to form tubes with smaller diameters
(Figure 6). We propose that smaller pores provide larger
surface area that enabled the films with high bending force from
the swelling.
Finally, we demonstrated that porous PI films can be used for

the design of actuators. The gripper actuator was assembled by
gluing the inhomogeneous porous PI films between two solid
PI films (as shown in Figure 7a). The flat film bended like a
hinge when immersed in acetone and recovered to its initial
shape after it was taken out of the solvent. The folding and
unfolding are easily manipulated by approaching and removing
the actuator from the organic solvent. This actuator could be
repeatedly used for grabbing and releasing objects such as
aluminum foil balls (20−30 mg). For example, an aluminum
foil ball could be picked up in the acetone and then released in
water (Figure 7c (Supporting Information, Movie S1). Because
the polymer (PI) has high strain property, the gripper has
potential application for a robot device (Figure S3 (Supporting
Information) shows an actuator load object of about 10 g). The
sensitivity of the solvent vapors was also used for the design of
a propeller-shaped actuator by combining two pieces of PI
porous film by their porous and solid sides (Figure 7b). The
“propeller” is able to quickly fold when the film approaches the
solvent and unfold when the solvent is removed and thus works
like a mill (As shown in Figure 7d and Movie S2, Supporting
Information). This may provide a new type of actuator to
generate motion energy.

■ CONCLUSIONS
Inhomogeneous polyimide porous films, consisting of solid and
porous parts, were prepared by using silica particles mixed with
a polyimide precursor. Due to gravity and capillary forces, the
mixture forms a three-layer structure where the topmost layer

Figure 5. Swelling properties of the solid and porous PI films with
different fraction of pores in acetone.

Figure 6. Correlation between diameter and the fraction of pores.
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consists of a particle monolayer, the second layer is a solid
polymer, and the bottom layer is a composite particle−polymer
mixture. A porous structure was formed after etching out of the
particles. We demonstrated that the inhomogeneous porous
film is able to fold and unfold reversibly in organic solvents/
their vapors and air, respectively. The driving force of the
folding is the different swelling degrees of the porous and
nonporous parts of the film. The advantage of the
demonstrated approach is the high thermal and mechanical
stability of the used polymer−polyimide. The demonstrated
approach, thus, opens new perspectives for the development of
novel actuators.

■ ASSOCIATED CONTENT
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The size and distribution of silica particles that are used to
prepare the porous films. Figure of showing the inhomoge-
neous PU cross-sectional morphology and the self-folded tubes.
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incubation in acetone. Picture of the actuator 1 loading the
object about 10 g. Movie of the actuator for grab aluminum foil
ball out acetone and release in water, and movie of propeller-
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