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Pine cone scale-inspired motile origami

Kahye Song! and Sang Joon Lee!

Stimuli-sensitive hydrogels have received attention because of their potential applications in various fields. Stimuli-directed motion
offers many practical applications, such as in drug delivery systems and actuators. Directed motion of asymmetric hydrogels has
long been designed; however, few studies have investigated the motion control of symmetric hydrogels. We designed a pine cone
scale-inspired movable temperature-sensitive symmetric hydrogel that contains Fe304. Alignment of Fe304 along the magnetic force
is key in motion control in which Fe304 acts like fibers in a pine cone scale. Although a homogeneous temperature-sensitive
hydrogel cannot respond to a temperature gradient, the Fe304-containing hydrogel demonstrates considerable bending motion.
Varying degrees and directions of motion are easily facilitated by controlling the amount and alignment angle of the Fe304. The
shape of the hydrogel layer also influences the morphological structure. This study introduced facile and low-cost methods to
control various bending motions. These results can be applied to many fields of engineering, including industrial engineering.
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INTRODUCTION

Stimuli-responsive hydrogels have received considerable attention in
recent decades because of their potential application in the development
of multifunctional devices. Various types of stimuli-responsive hydrogels
with applications in engineering have been introduced!~. Stimuli-
responsive hydrogels can change their shape, surface characteristics,
solubility and form. These hydrogels have been used in various practical
applications such as in drug delivery systems, cell culture, sensors,
pumps and actuators’~'!. They have been elaborately developed using
various fabrication methods to broaden their applications'>'>.

One of the most important advancements in this field is the
application of stimuli-responsive hydrogels in motion control in smart
functional materials. Stimuli-responsive hydrogels have typically been
utilized for motion control, especially in actuators'*2?. Motion
control is also important in many microscale engineering applications
such as flow control in micro-fluidic devices and design of micro
actuators'#2122, The shape transformation of soft materials also has
potential applications in tissue engineering®?: differential swelling or
shrinkage creates internal stresses in the composite hydrogel sheet and
transforms its shape in a specific manner. Biocompatible bilayer
structures are used to fabricate tunable micro-capsules applied as
robust micro-carriers*%. Controlled motion of functional materials has
various technical applications. Most developed movable hydrogels
have anisotropic structures. A typical method of inducing motion is
the combination of two different materials into a bilayer structure?>=2°,
Owing to the varying volume changes of the two materials, the bilayer
exhibits bending/unbending motion.

Designing a symmetric structure that can easily control various
motions at a low cost will enable diverse new applications.

The bending mechanism in pine cone scales can provide a potential
solution to this problem (Figure la). Pine cones open their scales in
sunny dry weather and close them in humid conditions*’. Pine cone
scales consist of dead cells, and thus, their motion is caused by
morphological changes. Different orientations of sclereids and fibers
in pine cone scales affect the movement of the scale (Figure 1b)*.
The angle between the long axis of the cells and the winding direction of
cellulose in the sclereids is higher than that between the long axis of cells
and the winding direction of cellulose in the fibers. When scales absorb
water, their tissues expand anisotropically in a direction perpendicular
to the direction of the fibrils®"*2. The asymmetric orientation of
cellulose fibrils at the organ level converts local swelling into a global
bending movement>*3, Macroscopic structural changes are caused by
these humidity-induced microscopic strains exerted on the cells.

In addition, pine cone scales fully protect the pine seeds on rainy
days. On rainy days, stiff and flat pine cone scales are folded and
turned into a curved shape. Given that scales fit perfectly together like
a jigsaw puzzle, there is no gap between them. The petals of a flower
bud also have a curved shape, but the curvature decreases after
blooming. How does this occur?

In this study, the anisotropic motion of poly(N-isopropylacryla-
mide) (PNIPAAm) layers containing ~ 100 nm Fe;O, powder inspired
by the fibers of pine cone scales is fabricated. At the beginning, the
temperature-sensitive PNIPAAm hydrogel containing Fe;O, powder
was randomly scattered (Figure 1c). However, when a magnetic force
was applied to the layers, the Fe;O4 powder was aligned along
the direction of magnetic force (Figure 1d). The Fe;O, powder
was then aggregated with PNIPAAm and stiffened (Supplementary
Figures Sla and b). The aligned Fe;O4 powder acts like pine cone
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Figure 1 Asymmetric movable hydrogel layer inspired by pine cone scales. (a) Photograph of a seed-bearing pine cone. Pine seeds are housed in the scales.
The blue square indicates the pine cone scales. (b) Cross-sectional image of a pine cone scale acquired using X-ray microscopy. The red circle indicates the
fibers. (c) FesO4 powder dispersed on a PNIPAAm layer. The figures were created using SolidWorks software (Dassault Systémes SolidWorks Corp., Waltham,
MA, USA). (d) The Fe304 powder is aligned with the PNIPAAm layer using a magnetic field. The system schematics were created using SolidWorks software.

PNIPAAm, poly(N-isopropylacrylamide).

fibers and facilitates the asymmetric motion of the PNIPAAm layers:
the triple layer can bend repetitively in the fixed direction.

Even after polymerization, because the PNIPAAm does not have
magnetic properties, the magnetism of the PNIPAAm and Fe;O4
mixture is similar to that of pure Fe;0, powder: the top moment of
1 g of Fe;0, powder is ~76.8 em.u. g~ !, and that of PNIPAAm with
1 g of Fe;0, powder is ~73.6 e.m.u. g~ ! (Supplementary Figure Slc).
These slight differences occurred due to the nonuniform powder
distribution. The PNIPAAm does not have magnetic properties that
affect the magnetic hysteresis of Fe;0, powder. Thus, only the powder
is affected by the magnetic force.

This proposed motion-control system provides new insights into
the design of new actuators and novel devices.

MATERIALS AND METHODS
X-ray tomography
The three-dimensional morphological structure of pine cone scales was
determined using X-ray micro computed tomography at the 6C beamline of
the Pohang Accelerator Laboratory (Pohang, Korea). A 23 mm filter and a
1.5 mm-thick silicon wafer were positioned along the pathway of X-ray beam
propagation to minimize the photothermal damage to the test samples. The
field of view was 4 mm X 3.5 mm, and the distance between the test sample and
the camera was 20 cm. X-ray images were acquired using a SCMOS camera
with a resolution of 2560 x 2160 pixels (Andor Zyla, Belfast, Northern Ireland,
UK). The spatial resolution, which was evaluated based on the pixel size of the
camera equipped with a x4 objective lens, was ~ 1.6 pm per pixel. The test
sample was fixed to a sample holder attached to a rotating stage, which was
rotated from 0° to 180° at 0.5° intervals.

Erroneous spots that appeared in the captured X-ray images were removed.
A tomogram of each image was converted into a sinogram using the modified
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Bronnikov algorithm filter in Octopus software (inCT, Gent, Flemish, Belgium)
to achieve a reconstruction with enhanced spatial resolution.

PNIPAAm synthesis

Photocrosslinkable PNIPAAm was synthesized using the free-radical polymer-
ization method. N-isopropylacrylamide monomer (100 mg; Sigma-Aldrich,
St Louise, MO, USA) was dissolved in deionized water (0.6 ml) to prepare a
pre-gel solution. 2-Hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-propa-
none (1 mg Sigma-Aldrich) was added to the monomer solution as
a photoinitiator. N,N’-Methylenebisacrylamide (1 mg; Sigma-Aldrich) was
dissolved in deionized water (0.1 ml).

The pre-gel solution (700 pl) was poured into a polydimethylsiloxane mold
(Dow Corning Corp., Midland, MI, USA). Supporting beams (1 mm height)
were placed along the wall of the polydimethylsiloxane mold for height
equalization. The solution was covered with a thin film and irradiated with
ultraviolet light at 365 nm (VIRVER Lourmat-4.L, Marne-la-Vallée, France) for
8 min. Free radicals in the illuminated regions lead to polymerization.

Fabrication of symmetric PNIPAAm layers containing Fe;0,

The pre-gel solution (700 pl) was poured over the fabricated single layer of
PNIPAAm. Fe;04 powder (0.02 g) (LabCloud, Gwangju, Korea) was mixed
into the pre-gel solution to prepare the layers. The Fe;04 powder in the pre-gel
solution was aligned vertically, horizontally or diagonally using a permanent
magnet (0.2kg; Needz, Seoul, Korea). Supporting beams (1 mm height)
were installed along the wall of the polydimethylsiloxane mold. Ultraviolet
light (365 nm) was irradiated over the film-covered pre-gel solution for 8 min.
After hardening, another 700 pl of pre-gel solution was poured on the hardened
double layer and the process was repeated. The fabricated symmetric PNIPAAm
layers with embedded Fe;O, were carefully separated from the polydimethylsi-
loxane mold and cut into 15 mm X 7.5 mm rectangular pieces.
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Figure 2 The bending motion of the PNIPAAm layer depends on the Fe304 content. (a) Shape of the PNIPAAm layer before heating. (b) Morphological changes
in the PNIPAAm structure after heating. The PNIPAAm structure shrinks in every direction, and no bending motion was observed. (c-e) Top view of the morpholo-
gical changes in PNIPAAm embedded with 0.01 (A1), 0.02 (A2) and 0.03 g (A3) of Fe304 after heating. Morphological changes can be clearly observed in A3.
(f-h) Side view of the morphological changes in Al, A2 and A3. A3 is considerably lifted compared with A1 and A2. (i, j) Changes in strain in A1, A2 and A3
perpendicular and parallel to the aligned Fez04. A3 exhibits the largest change. (k) Variation in lifting height measured from a time-lapse image. The lifting
height of Fe304 in A3 is approximately six times greater than that of Al. (g) The variation in the bending curvature of Al, A2 and A3 was calculated every 5 min.
Given that A3 shows the largest lifting height, A3 shows the largest change in bending curvature. Error bars indicate the s.d. (n=5). PNIPAAm, poly(N-

isopropylacrylamide).

Heating and data acquisition

The fabricated PNIPAAm layers were dipped into deionized water for full swell-
ing. Given that the PNIPAAm layer was transformed at the critical temperature of
32 °C, the fully hydrated PNIPAAm layers were heated to 40 °C using a hot plate.
The transformation of the PNIPAAm layer was photographed using a digital
camera (Nikon D700, Tokyo, Japan) at 10 s intervals for 30 min. The acquired
data were quantitatively analyzed using Image ] software (National Institutes of
Health, Bethesda, MD, USA) to calculate the changes in strain and surface area.

Scanning electron microscope experiment

The detailed morphological structures of Fe;0, powder and PNIPAAm
with Fe;O; were observed using a field-emission scanning electron
microscope (JEOL JSM-7401F, JEOL, Tokyo, Japan). For observation,
PNIPAAm with Fe;O, was freeze-dried at —84°C using a freeze drying
system (LABCONCO, Kansas City, MO, USA) for 24 h. The freeze-dried
samples were attached to the sample holder and observed at various
magnifications.
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Figure 3 Bending direction according to the alignment angle ¢ of Fe30,4. (a—d) Morphological changes in PNIPAAm layers at #=0°. The PNIPAAm layers shrink
vertically in an accordion-like manner. (e-h) Morphological changes in PNIPAAm layers at #=30°. The edges roll up in the diagonal direction. (i-I) Morphological
changes in PNIPAAmM layers at =45°. The hydrogel layers are twisted in the diagonal direction. (m—p) Morphological changes in PNIPAAm layers at 6=90°. As
shown in Figure 2, the layers are lifted. (q-t) Variations in strain measured every 5 min in the parallel, perpendicular and diagonal directions. Changes in strain
in the layers differ from each other greatly because the PNIPAAm layers bend in different directions. (u, v) Temporal variations in the surface area of the layers.
The layers with aligned Fe30,4 at 6=45° exhibit the largest change, and thus, their corresponding surface areas are greatly changed. The layers with =0° and
90° show smaller changes in surface area than the other layers. Error bars indicate the s.d. (n=5). PNIPAAm, poly(/N-isopropylacrylamide).

Magnetic hysteresis curve measurement

The magnetic field-dependent d.c. magnetization of pure Fe;O, powder and
fully dried PNIPAAm with Fe;O, was measured using the vibrating sample
magnetometer of the Quantum Design Physical Property Measurement System
(PPMS DynaCool 9T, San Diego, CA, USA) at room temperature. Pure Fe;O,
powder was packed in a vibrating sample magnetometer capsule for measure-
ment, and the diamagnetic background of the capsule (-1.4x 1078 em.
u. Oe™ 1) was subtracted from the measured moment. The dried PNIPAAm
with Fe;04 powder was attached to the sample holder for measurement. For
comparing the moment per unit mass, the measured moment data were
divided by the mass.

Evaluation of Young’s modulus

The variation in Young’s modulus as a function of the amount and alignment
angle of Fe;04 in the PNIPAAm layer was evaluated using a universal testing
machine (Instron 3344, Norwood, MA, USA). The dimensions of the test
samples were measured before and after performing a tensile experiment to
calculate the Young’s modulus of the samples. The lower portion of the sample
was fixed with clamps and pulled upward at a speed of 5mm min~ !,

The Young’s modulus was calculated using the following formula:

¢ F/A

e ALJL

where E, ¢ and ¢ denote the Young’s modulus of the test sample and the stress
and strain exerted on the sample, respectively. F is the force measured by a load
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cell and A is the tension acting on the surface area. L denotes the initial length
of the sample and AL is the extended length.

RESULTS
Lifting height based on Fe;0, content
A bending gradient is controlled mainly by controlling the amount of
Fe;0,4. Pure PNIPAAm shrinks in every direction in response to heat
(Figures 2a and b). However, the shrinking direction of the PNTPAAm
layer with aligned Fe;O, follows a bending motion: as different
expansion directions of tissues and fibrils in pine cone scales lead to
motion, the aligned Fe;O, disturbs the shrinkage in the parallel
direction and facilitates motion of the hydrogel. The bending gradient
varies depending on the amount of Fe;04 (0.01 (A1), 0.02 (A2) and
0.03g (A3)) embedded into the PNIPAAm layer. The higher the
amount of Fe;O, the larger is the bending motion. A3 shows the
highest lifting motion and thus displays the largest change in strain
(Figures 2i and j). As the Fe;0,4 content is increased by 2- or 3-fold,
the lifting height increases 1.5- or 2.5-fold, respectively. Similar to the
results for strain factors, A3 exhibits the biggest bending curve. When
the amount of Fe;O4 is increased 2- or 3-fold, the corresponding
curves increase 1.4- or 2.1-fold, respectively.

These differences in bending motion are apparently induced by
different tensile strengths caused by varying amounts of Fe;O,.



Young’s modulus of the pure PNIPAAm layer without Fe;Oy is
57.2+4.6kPa. The PNIPAAm layer containing Fe;O, displays a
higher Young's modulus. The Young’s modulus of the Al and the
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A3 layers is 62.0 + 4.9 and 64.7 + 4.5 kPa, respectively. Before heating,
the Young’s modulus of A3 is slightly higher than that of Al. After
heating, because the Fe;0, powder maintains the shape, the Young’s
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Figure 4 Morphological deformation based on the shape of the layer. (a—d) When the layer is cut into a pentagonal structure, the diagonal edges roll up and
meet, and the parallel side rolls up and is lifted upward. (e-h) When the layer is cut into a hexagonal structure, the diagonal edges roll up and meet.
(i-1) When the layer is cut into an octagonal structure, the diagonal edges roll up and meet, similar to the pentagon and hexagon cases. Given that the
number of edges in an octagon is higher than in a hexagon, a bowl-shaped structure is formed when the edges of the former meet. The shapes of the
octagonal structure before/after heating are similar to those of a pine cone scale before/after bending, respectively. (m—p) Variations in strain measured every
5 min in the parallel, perpendicular and diagonal directions. Given that increasing the number of sides increases the structural deformation, the octagon
demonstrates the largest changes in strain in every direction. The error bars indicate the s.d. (n=5).

modulus of A3 rapidly increases (141.6 +12.9 kPa). Similar to A3, the
Young’s modulus of Al also increases, but it is less than that of
A3 (112.8+11.7 kPa). Because the Young's modulus of A3 is larger
than that of Al, A3 exerts a larger impact than Al and A3 exhibits a
greater transformation than Al. The lifting height and bending curve
can be easily controlled by adjusting the Fe;O4 content.

Bending direction based on alignment angle

The folding direction of the PNIPAAm layer can be changed simply by
varying the alignment direction of 0.02 g of Fe;0, (A2). We changed the
alignment angle € to 0°, 30° 45° and 90°, and observed the correspon-
ding bending motions. When 8=0° the PNIPAAm shrinks vertically,
similar to an accordion (Figures 3a—d). A minimum contraction along
the x direction was observed because addition of Fe;O, disrupts the
shrinkage of the layer in this direction (Figure 3q). PNIPAAm primarily
shrinks in the y direction rather than the x direction (Figure 3r).
Moreover, Fe;0, addition changes the diagonal strain greatly. When
6=30° the corner of the PNIPAAm forms a large fold and the side edge
rolls diagonally (Figures 3e-h). Similar to the case of 8=230°, the overall
motion for §=45° is largely circular and twisted (Figures 3i-1). The
bending motion is largest at #=45° and thus, the surface area of the
PNIPAAm layer exhibits the largest change (Figures 3u and v). When
0=90°, the layer shows a lifting motion (Figures 3m—p).

Interestingly, the direction of bending motion is mainly affected by
the alignment angle of Fe;0,4. The bending direction is perpendicular
to the alignment angle of the Fe;O,4 because the aligned Fe;O, serves as
a frame. It is also closely related to tensile strength. The tensile strength
in the direction parallel to the aligned Fe;O, powder is 64.7 + 4.5 kPa,
and that in the direction perpendicular to the aligned Fe;O, is
25.4+ 4.7 kPa; the Young’s modulus in the perpendicular direction
is much smaller than that in the parallel direction. This result implies
that the layer can be easily transformed (shrunk in this experiment) in
the perpendicular direction. This phenomenon explains why the layer
bends in different directions depending on the alignment angle:
alignment angles of 0° 30° 45° and 90° are 90°, 120° 135° and
180° respectively. In addition, the lower layers (pure PNIPAAm)
shrink in every direction, but the layer containing Fe;0, powder does
not shrink in the direction parallel to the aligned Fe;0, powder; thus,
the layer is lifted in the direction parallel to the aligned Fe;O,.

Thus, when 0=0°, the shrinkage in the y direction (the direction
perpendicular to the aligned Fe;O,) is greater than that in x direction:
the strain change in the y direction is ~ 1.5 times larger than that in
the x direction (Figures 3q and r). When 6=90°, the shrinkage in the
x direction (the direction perpendicular to the aligned Fe;O,) is
slightly greater than that in the y direction, and the strain change in
the x direction is greater than that in the y direction. The
perpendicular direction of §=0° is the y direction that has twice
the length. This signifies that the layers have space for shrinkage in
the y direction. Because the length change measurements were
performed with a top-down view, the bending also affects the length
change: when bending occurs, the length in the y direction shortens.
Thus, the strain change difference between the x and y directions of a
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90° angle (1.2 times) is smaller than that of a 0° angle (1.5 times).
Because #=45° results in largely circular PNIPAAm that is twisted
along the diagonal axis, the 45° angle strain changes are greater in
every direction than those of the 30° angle (Figures 3q-t).

Bending shape based on the shape of the structure

When the structure is not rectangular, the shape of the layer is slightly
deformed even if the alignment angle and the composition of Fe;O4
are the same (6=0° 0.02 g Fe;04 (A2)).

When there is a layer edge of a certain length, the edge folds slightly
and forms a low wall. In a pentagonal structure, the upper sides roll
along the edge and the lower side is lifted as in the rectangular
structure (Figures 4a—d). The middle portion has a concave
configuration because the edge of the hexagon layer is also rolled up
(Figures 4e-h). An octagonal structure is similar to a pine cone scale,
and its eight edges roll up and meet (Figures 4i-1).

The center of the layers primarily shrinks and the largest surface
area differences are between the bottom and middle layers, causing a
concave shape. The edges come together without any spaces like a
connected wall structure. This phenomenon is attributed to shrinkage
starting from the periphery toward the center of the layer that causes
the edges to meet and form a bowl-shaped structure.

The transformed octagonal structure is similar to the concave
structure of the scale of a closed pine cone. This octagonal structure is
greatly deformed, and the largest changes in strain in every direction
were observed in this structure (Figures 4m—p). An increase in the side
length leads to higher strain changes. This signifies that the number of
sides affects the transformation rate.

DISCUSSION

Bilayer structures containing two different chemical components have
been widely used for motion control*®71425-29 Recently, a simple
method for inducing bending motion of a symmetric structure was
introduced. However, it was difficult to control the direction of
motion®. Differing from previous research, Fe;0, is inserted into
homogenous layers of the pine cone scale-inspired proposed structure
to induce various motions: a simple method was adopted to control
the motion of symmetric structures. We used PNIPAAm as the
stimuli-responsive hydrogel; however, any chemical component can be
used to induce dynamic motion.

The amount and alignment angle of Fe;O, and the shape of the
hydrogel layers are key elements in controlling the bending gradient,
folding direction and transformation, respectively. Given that the aligned
Fe;0, powder acts as a bone structure of the PNIPAAm layer, it
prohibits folding motion in the direction perpendicular to the aligned
Fe;04 and encourages lifting motion in the direction parallel to the
aligned Fe;O,. The amount of embedded Fe;O, is proportional to the
strength of prevention. Thus, increasing the Fe;O, can prevent more
bending motion in the direction perpendicular to the aligned Fe;O,. In
addition, the folding direction of the layer can be easily changed by
varying the Fe;O, alignment angle. The final configuration of the



structure can be determined by changing the shape of the hydrogel
structure.

This transformation is strongly associated with the shape of the
structure and the Fe;O, alignment angle. The octagonal shape and the
parallel alignment of fibers lead to the formation of a concave
structure and to the folding motion of the pine cone scales. The
curvature of the petals also has an important role in folding and
blooming of flowers’®?7. In addition, octagonal or rounded petals
have lines that are similar to the fibers in pine cone scales and may
influence flower blooming.

The curvature of the deformed pine cone scales allows the scales to
fit with adjacent scales on its outer, bottom, left and right sides.
Without the curvature, the folding scales become parallel to each other
with a gap at the tip of a pine cone. This finding demonstrates that pine
cone scales exhibit an appropriate morphological structure to create a
gap-free covering for pine seeds that prevents water penetration.

The folding motion of pine cone scales is an interesting scientific
discovery, and the bio-inspired hydrogel layers used in this study can
be applied in diverse fields that require motion control. In addition,
various types of dynamic motion can be easily controlled at a low cost.
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