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Abstract

Self-folding represents an attractive way to convert two-dimensional (2D) material sheets into
three-dimensional (3D) objects in a hands-free manner. This paper demonstrates a simple
approach to self-fold thin pre-strained polystyrene (PS) sheets using microwaves. While the PS
sheets are transparent to microwaves, patterns of screen-printed ink containing graphene
absorb microwaves and cause the underlying printed sections of the sheet to warm up. When
the local temperature in the inked region exceeds the glass transition temperature of PS
(~103°C), the strain in the inked regions of the film relaxes gradually across the sheet thickness,
which causes the PS sheet to fold. The resulting dihedral angle is proportional to the width of
the hinge printed by graphene ink. The geometry and azimuthal orientation of the sample inside
the microwave reactor affect the quality of the folding due to the non-uniformity of the
microwave energy inside the reactor. While self-folding has previously utilized heat, light,
photo-chemistry, and solvent swelling, this paper reports the use of microwaves, which can

deliver large amounts of energy remotely.

Dihedral
Hinge Width Angle (cD)
- | |
50 s~
B | Microwaves

*Corresponding authors: jan_genzer@ncsu.edu, mddickey@ncsu.edu




RSC Advances

Introduction

This paper describes the self-folding of polymer sheets using microwaves (frequency~2.45
GHz) as a heating source to achieve a wide range of dihedral angles that fold within seconds.
Self-folding strategies convert planar surfaces into three-dimensional (3D) objects in a hands-
free manner. Self-folding is attractive for a number of applications, including remote deployment
of compact structures(1-3), assembly(4), packaging(5), robotics(6,7), mechanical
metamaterials(8), and mechanical actuation(9). In general, sheets that self-fold have two
common features: (1) a ‘hinged’ region that differs chemically, physically, or mechanically from
the rest of the sheet, and (2) a force that arises in response to an external stimulus and causes
the hinged region to fold. Previously, researchers induced self-folding using light(10-29),
heat(9,28,30-37), lasers(38-43), pH(44), swelling(45-50), electricity(4,51-57), magnets(58—
61), and pneumatics(62—-64). This work demonstrates it is also possible to use microwaves to
induce self-folding. Although there are a number of approaches to self-folding(65), the method
described here is most closely related to those that utilize localized heating of shrink films (i.e.,
shape memory polymers) to induce folding (see reference 24 and those therein). In this context,
microwaves are appealing because they can be generated easily to deliver large amounts of
energy from large distances. Microwave ovens are also common household items and, in

principle, could be utilized to convert flat objects shipped to the home into 3D objects.

Microwaves are electromagnetic waves with a frequency between 300 MHz and 300
GHz. Most commercial microwave ovens use a frequency of 2.45 GHz, including the one
utilized in our studies. Microwaves deliver heat via dielectric heating (also known as electronic
heating), which results from molecular dipoles in a material absorbing the microwaves and
orienting themselves with or against the oscillating electric field(66—72). When the dipoles
cannot re-orient as fast as the frequency of the electric field, they remain out of phase with the
electric field created from the microwave(66—72). This lag (i.e., dielectric loss) causes energy to
be dissipated in the form of heat. Thus, the dielectric loss of a material determines how much
microwave energy a given material can absorb. While polymers generally do not absorb
microwaves effectively, a number of materials absorb microwaves in a large extent, including

graphene and graphite(68,71).

In this work, we utilize Vor-ink™ as a microwave absorbing ink. This ink comprises a
heterogeneous mixture that includes graphene, iron oxide, solvent, and polymer stabilizers. We
chose this ink because it absorbs microwaves effectively, it is easy to pattern, and it is

commercially available. We screen printed the ink on the surface of sheets of prestrained
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polystyrene (PS) to create ‘hinges’ with well-defined geometry (i.e., size and position). Whereas
many self-folding approaches utilize multi-step fabrication strategies to define hinges, the simple
screen printing approach utilized here creates hinges in a single step on a commercially
available, homogeneous plastic sheet. Previously, patterns of ink have been utilized to locally
heat the underlying polymer by light absorption(24) and Joule heating(57). Here, the
absorbance of microwaves by the ink causes the polymer underneath the ink to heat. When the
local temperature in the sheet exceeds the glass transition temperature of PS (~103°C)(24), the
strain in that region of the film relaxes in a gradual fashion across the sheet thickness, causing
the PS sheet to fold in the direction towards the inked side of the sheet. Thus, the ink defines a
hinge in the sheet and for the microwave power utilized here, the polymer folds over the course
of 1-3 seconds starting from room temperature. This paper demonstrates self-folding of polymer
sheets using microwaves and shows that the hinge geometry, the sample orientation in the
microwave reactor, and the power of the microwave control the angle, times scales, and quality

of the self-folding.

Results and Discussion

We first sought to demonstrate that it is possible to use microwaves to induce self-folding of
polymer sheets. Figure 1 shows schematically the process of creating and folding the samples.
The substrates consist of prestrained polystyrene films (Shrinky Dink™, 300 pm thick) screen-
printed with lines of graphene ink that also contains ~10 wt% iron oxide. A micrograph of a
screen printed line is shown in Figure S1 in the Supplementary Information. Figure S2 in the
Supplementary Information section depicts a typical height profile (~50 - 100 uym thick) of the ink

that defines the hinge. Graphene and iron oxide both absorb microwaves strongly(68,71).
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Figure 1. Folding process induced by microwaves (not to scale). A pre-strained polystyrene sheet (a) is
screen-printed with graphene ink on the surface of the sheet (b); the printed regions define a ‘hinge’.
Microwaves heat the ink (c); the microwave source is physically positioned on the right side of the
sample, but is designed to create a standing wave inside the vessel of the microwave reactor. The
sample folds to a dihedral angle ap due to the localized heating of the inked region in the sample via
absorption of microwaves (d).

A microwave reactor heats the samples, which rest against the bottom of a cylindrical glass
chamber inside the reactor (85 mm deep and 20 mm diameter). Microwave ovens designed for
food operate at a power of 900 W, but the reactor here was operated at 250 W. We expose the
samples to 250 W of power for up to 3 s, resulting in dihedral angles (ap) ranging from 0° to
180° by varying only the hinge width, as shown in Figure 2. Shorter exposure times result in
less folding. Times longer than 3 s often result in distorted samples and in some cases, ignition,
which shows how effectively the ink absorbs the microwaves. The polymer portion of the
sample is transparent to microwaves and consequently does not heat up. Supporting video S1

shows the folding of a polymer sheet in response to microwaves.
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Figure 2. The maximum dihedral angle (op) increases with increasing hinge width (W). The samples
are 6 mm wide in the dimension parallel to the hinge.
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Figure 3. Dihedral angle (ap) as a function of the hinge width (W). The error bars capture the first
standard deviation with a minimum of 3 repetitions of each hinge width with all other variables held
constant. These samples are all exposed to a microwave power of 250 W, an orientation of 90°, and a
square-shaped hinge composed of graphene ink (see text).

Figure 3 depicts the near linear dependence of dihedral angle (o) on hinge width while keeping
all other parameters constant. The error bars indicate the repeatability of the folding process.

By varying only the hinge width, we can precisely control o to range from 0° to nearly 180°.

During these measurements, we observed that the folding behavior of the samples
depends strongly on both the sample geometry and the in-plane (i.e., azimuthal) orientation of
the hinge inside the microwave reactor. Samples folded most reliably when oriented at 90°; i.e.,
with the long axis of the hinge aligned perpendicular to both the front panel of the instrument
and therefore, perpendicular to the source of microwaves. Figures 2 and 3 report the folding
behavior of samples oriented azimuthally at 90°. We sought to understand why the other
sample orientations folded poorly (azimuthal angle ~45°) or not at all (azimuthal angle ~0°) by
varying systematically the orientation, geometry, and microwave power. We hypothesize that
folding depends on sample orientation due to the non-uniformity of microwaves inside the

reactor, which cause non-uniform heating of the hinge.
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Figure 4. Two sample geometries (‘diagonal hinge’ and ‘square hinge’ groups) are depicted at 3
different sample orientations (columns) relative to the direction of the microwave source. The top row of
each group is a cartoon of the sample, the middle row contains photographs of samples after exposure to
3 s of microwave, and the bottom row is an IR image of the sample slightly before it begins to move in
response to microwaves (with the temperature scale on the right side).

We chose two different geometries in our study, as depicted in Figure 4. The diagonal hinge
geometry spanned the diameter of the microwave vessel to explore the uniformity of the heating
of the hinges. The diagonal hinge geometry consists of a 13 mm x 13 mm polystyrene square
with a hinge spanning opposite corners. This sample had the maximum possible hinge length
(17 mm) that can fit in the microwave without touching the vessel walls. The square hinge
geometry consists of 13 mm x 6 mm PS rectangle with a centered, square-shaped hinge. The
use of a square-shape minimizes the effect of orientation on the average temperature of the

hinge but not its effect on folding.

The self-folding studied here is a thermally-driven process. To test if uneven heating

causes variation in folding behavior with respect to sample orientation, we utilized an IR camera
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to measure the surface temperature of the hinge during exposure to the microwaves. Changing
the orientation of the samples changed the temperature profile of the hinge during the
microwave heating. Figure 5 plots the average temperature of the hottest region of the hinge
versus time for each of the six possible combinations of sample geometry and orientation using
samples with a 3 mm hinge width exposed to 250 W of microwave power. The ‘square hinges’
have temperature profiles that are nearly independent of orientation, whereas the profiles for
‘diagonal hinges’ vary with alignment. To quantify the heating rate of the surface, we fit the
experimental data (cf. Figure 5) to a tanh function and define the maximum heating rate as a
tangent at the inflection point of the tanh function (see Figure S5 in Supporting Information).

Figure 6 plots the maximum heating rates for each sample configuration.
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Figure 5. Time-dependence of temperature in a) ‘diagonal hinge’ samples with varying orientation and
hinge width of 3 mm; b) ‘square hinge’ samples with hinge width of 3 mm. The microwave power is 250
W in both cases. The IR camera cannot measure accurately temperatures above 150°C and therefore
the data truncates at that value.
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Figure 6. Heating rate of the samples at different orientation relative to the direction of the microwave
radiation (azimuthal angle) and hinge widths (W) are shown.

The results in Figure 6 confirm that the orientation affects the maximum heating rate of the
samples with a ‘diagonal hinge’ more than the hinge width. Because the diagonal hinges span
the walls of the reactor, this result suggests that there is a strong variation in microwave power
around the perimeter of the reactor. Samples oriented at 0° and 45° did not heat uniformly
along the long axis of the hinge (see Figure 83 and S4 in Supporting information and the
images in Figure 4). This non-uniformity causes distortion (0° orientation) and off-center folding
(45° orientation). We observed a few sparks during the folding of all three orientations but they
were most pronounced during samples orientated at 0°. The sparks appear to partially ablate
the ink for the 0° samples, but do not seem to affect the folding of 45° or 90° samples;
eliminating sparks may be possible by optimizing the resistivity of the ink. In the square hinge
samples, the orientation does not affect the maximum heating rate since the areal coverage of
the graphene ink remains centered in the reactor regardless of orientation. For these samples,
the hinge width affects the maximum heating rate much more than the sample orientation. The
trends in the data shown in Figure 6 also occur at 30 W microwave power (see Supporting

Information).
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The data in Figure 6 motivated us to study the uniformity of the microwaves in the vessel. We
mapped the heating profile inside the microwave using a paper (MWAC, Atlanta Chemical) that
absorbs microwaves and changes color permanently due to thermal excursions above a
temperature of 65°C. Figure 7 shows pictures of the paper after exposure to different durations
of microwave heating. The color ‘front’ propagates across the paper with time, illustrating the

non-uniformity in the aerial microwave intensity.
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Figure 7. Microwave sensitive paper changes color when heated by microwaves to show the non-
uniformity of microwaves. Depictions of the polymer samples are superimposed over the paper for the
sake of visualization. The microwaves heat non-uniformly, which explains why the hinges at 90°
orientation fold and 0 and 45° deform, as shown in the photographs located in the right-most column.

For the sake of visualization, Figure 7 superimposes the geometry and orientation of the hinges
(which were not present while heating the paper). It also displays the three types of folding
behaviors observed as a result of orientation in otherwise identical samples. The 0° sample
shows the beginnings of ‘cratering’; portions of the polymer in the hinge region flow away from
the hinge, but the sample does not fold due to the physical restraint offered by the portions of
the hinge that remain below the Ty of the sheet. The 45° sample folds unevenly. The 90°
samples fold very well (cf. Figure 2). There results highlight the effects of non-uniform heating

on the folding process.

To gain a better understanding of the response of the samples to microwave induced heating
we modeled the folding process using Abaqus finite element analysis software. The model is
based primarily on a model developed for the self-folding of pre-strained polystyrene sheets that
fold due to IR induced heating(73). Briefly, the model starts by pre-straining the polymer sheet
at an elevated temperature prior to cooling the sheet to preserve the pre-strained state. From
the pre-strained state, we impose representative thermal and mechanical boundary conditions.

The temperature distribution measured experimentally across the surface of the samples serves
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as a thermal boundary condition. The model predicts the resulting deformation based on the
strain relaxation of the polymer in response to this thermal profile. Square and diagonal hinge
geometries are modeled each with 6 mm wide hinges oriented at a 90° azimuthal angle. Figure

8 shows representative results from these simulations.

Square Hinge Diagonal Hinge
90° Orientation 90° Orientation

Top View
At Onset of Folding
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Figure 8. Results from Abaqus model that show the temperature profile on the surface (top view) and
through the thickness of the samples (side view) oriented at 90°. The images truncate the regions
outside the hinge region for better visualization of the thermal profile of the hinge. The side view images
are expanded to the distance ‘A’ and ‘B’ (which are equal). The black portion of the image is the edge of
the unheated polymer.

Side View
At Onset of Folding

Hinge Temperature
Reaches 142°C

At the onset of folding (middle row in Figure 8) the maximum patterned surface temperature for
both hinge geometries is ~117°C while the bottom surface is ~82°C, a difference of 35°C. Later
in the folding process, when the patterned surface temperature reaches ~142°C (bottom row in
Figure 8), the temperature on the bottom surface is ~102°C, a difference of 40°C. This
temperature gradient is double the temperature gradient seen in IR induced folding
samples(24). The folding happens within seconds because the microwaves efficiently deliver
large amounts of heat locally to a patterned hinge. Although the bottom of the sample
approaches T4 during folding, the onset of folding occurs when the bottom of the microwave

sample is significantly below T4. Folding of the sample prior to the bottom surface reaching Ty is
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due to the large temperature gradient in the microwave samples, which is remarkably large

considering the sheets are only ~300 um thick.

Conclusions

This paper demonstrates self-folding of pre-strained polymer films using microwaves as a
heating source. A pattern of graphene ink on the surface of pre-strained polymer films absorbs
the microwaves and causes the polymer to shrink directly below the hinge, which induces the
polymer sheet to fold. The dihedral angle is directly proportional to the hinge width printed on
the polymer sheet and it is possible to self-fold all the way to 180°. The quality of the folding
depends on the geometry and orientation of the sample due to uneven distribution of
microwaves energy in the microwave reactor (commercial microwaves also have non-uniform
heating). The best folding occurs when the hinge receives as uniform heating as possible
across its length, which occurs at an azimuthal sample orientation of 90° within the reactor. A
finite element model suggest that the absorption of microwave energy by the hinge results in a
temperature difference of ~40 °C from top to bottom of the polymer samples. This large
temperature difference explains why the samples are able to fold within seconds despite starting

at room temperature.

Polymer sheets that fold in response to microwaves could have several applications, particularly
since microwaves are common household items. Here, we utilize graphene inks, but it is
possible to use other microwave absorbers including materials that might be optically
transparent. This technique folds polymers quickly and accurately which lends itself to time
sensitive applications. This technique could be used for triggering remote folding or for

activating folding within enclosures or through materials transparent to microwaves.
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Experimental Section

Onto Shrinky-Dink™ sheets (prestrained polystyrene), we screen printed Vor-ink™ (graphene
ink) as straight lines using a 180 mesh screen. The lines define the ‘hinges’ and have widths
from 1 — 6 mm. Next, we laser cut two different sized samples from the inked sheets: 13 mm x
13 mm and 13 mm x 6 mm rectangles. We placed the samples onto a CEM Discover microwave
oven and heated the samples at 250 W. We tested three different physical orientations (0°, 45°,
and 90°) up to 60 seconds (although most trials ended much earlier). We used an IR camera to

record the surface temperature profiles.
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