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Fabrication of polymer polyhedral structures is achieved by first
producing origami sheets with dissimilar stiffness levels at their
folds and faces via multi-step photolithography. Subsequent
capillary folding of the sheets towards permanently folded target
shapes is realized by thermally controlling, simultaneously, the
compliance of the sheets and the volume of the deposited droplets.
This fabrication method allows us to create millimeter and sub-
millimeter polyhedral structures with arbitrary levels of folding, to
manufacture permanently folded polymer polyhedra using single-
material monolayer sheets, and to produce carbon shapes from
these carbon-rich polymer polyhedra through pyrolysis.

Origami is a technique used to create three-dimensional
structures from initially planar sheets by folding. It is employed
in the design of reconfigurable systems (1-4) and, as reported
in this journal, in the fabrication of complex polymer-based
structures (5-8). If applied at the the millimeter and
submillimeter scales, origami holds promise as a novel
fabrication method to produce intricate three-dimensional
shapes with unique properties and functionalities (9). To
generate folding in origami structures at the submillimeter
scale, forces that scale favorably at such length domains must
be considered. Different physical forces become more or less
dominant depending on their nature as length scales become
smaller. Surface tension effects become much more dominant
at small length-scales. Forces due to surface tension are
proportional to the characteristic length of the structure L,
while gravity and inertial forces scale with the characteristic
volume L3. For this reason, folding of two-dimensional
structures driven by surface tension phenomena has been
touted as a potential microfabrication technique (10,11).

Surface tension finds applications in technical areas such as
micro- and nano-assembly (12), and fabrication of microlens
(13) and nanofilms (14). Investigations on the interactions
between liquid and solid substrates reveal that surface tension
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can induce deformation of soft polymer structures through a
fluid-structure interaction known as elastocapillarity (15-17).
Soft elastomer sheets have been morphed into three-
dimensional shapes through elastocapillarity in a process
reminiscent of origami folding (10,18—-20). However, previous
works on elastocapillary-based origami using elastomers
succeeded only in producing three-dimensional folded
structures that return to their initial flat form when the driving
force that folded them (the surface tension of the liquid) is
removed (19). While capillary origami and other reversible
folding techniques such as those based on swelling (21,22),
thermal expansion (6,8,23) or shape memory (24) may lead to a
wide variety of applications (25-30), a folding method that
allows manufacturing of permanently folded origami shapes in
a batch mode would make for a powerful new fabrication
method for submillimeter structures. Various strategies have
been developed to make permanently folded three-
dimensional shapes. Melting and re-solidifying of solder or
polymers at the fold regions were used to fabricate
permanently folded origami (31-36). In other approaches, the
relaxation of pre-stressed films at elevated temperature was
used to achieve three-dimensional shapes (12,37). However,
these methods demand multi-layer lithography involving more
than one material. In contrast, the introduction of differential
material properties within a single-layer sheet can reduce the
complexity involved in the fabrication process. Different
material properties can be introduced across the planform of a
photopolymer sheet through selective UV exposure. In a related
study, high degree of porosity that was generated by
extensively developing a less crosslinked region was used for
reversible folding of differentially exposed photopolymer
sheets through solvent exchange (38).

Current elastocapillary-based millimeter and submillimeter

origami fabrication methods have limitations such as:

1) The requirement for multi-layer lithography
multiple materials,

involving
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2) Inability to control the level of elastocapillary folding (e. g.,
fold angles) and to lock the structures at desired
configurations, and

3) Inability to extend the fabrication methods to materials

beyond polymers, such as mechanically, electrically, and
electrochemically important materials like carbon.
In this work, we develop and demonstrate an origami-based
fabrication method for
millimeter and submillimeter characteristic lengths obtained by

three-dimensional structures of
combining lithography, softening and hardening controlled via
heat treatment, and elastocapillarity. The present study
provides the following contributions to existing capillary
origami methods:

1) Asingle-layer fabrication route for a patterned sheet having
localized control over the material properties of the faces
and folds by using photolithography,

2) Permanent folding of the precursor polymer sheets to the
desired target level of folding (fold angles) by thermally
controlling the degree of cross-linking and adjusting the
volume of the driving liquid droplet, and

3) A strategy for fabricating three-dimensional carbon shapes
by ensuring the retention of the polymer shapes during a
pyrolysis process.
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SU8, a commonly used photopolymer, is used as the base
material to fabricate three-dimensional polyhedra. Using a
multi-step UV exposure photolithography process, a batch
fabrication of sheets with a desired fold pattern and localized
compliance at the folds and faces is obtained as illustrated in
Fig. 1(a) (details of the experimental methods are given in the
Supplementary Document A, ESIt). When the sheets are
exposed to UV light, photoacid is generated in the SU8 matrix
proportionally to the energy density of the irradiation. The post-
exposure bake (PEB) causes cross-linking of the polymer at a
rate proportional to the concentration of the photoacid
generated in the sheet. By using lithographic photomasks with
different uncovered regions, the first UV exposure is applied
simultaneously to the fold and face regions while the second UV
exposure is applied only at the face regions. These two steps
allow us to produce less cross-linked compliant folds (where
deformation is to be maximized) and more cross-linked stiff
faces (where deformation is to be minimized) while the non-
exposed SU8 surplus gets completely removed. These
characteristics are required to have good agreement with
theoretical models of origami. If the two exposure energy
densities are less than what is required for complete cross-
linking, the patterned sheets can be released from the
supporting structure.
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Fig. 1. (a) Photolithography-based patterning of planar thin sheets used to fabricate free-standing polyhedra. (b) Capillary folding and thermally-
controlled softening/hardening. The sheets are placed inside a silicone oil bath, and actuating droplets are deposited on top of them. The bath is heated
to generate thermally-induced softening at the folds and allow folding deformations. The bath is then cooled to acquire permanently folded shapes.
(c) Schematic of the process at a microstructural level. (i) The degree of cross-linking in the SU8 polymer matrix is directly proportional to the exposure
energy. (ii) The less cross-linked regions (the folds) are subjected to significant deformation when external forces are applied, due to the higher mobility
of the partially cross-linked monomers. Deformation is made permanent by cooling and subsequently completing the cross-linking of the structures.
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After fabrication of the free-standing sheets with different
properties at the folds and faces, we proceed to their folding
process using a combination of elastocapillary bending of the
folds induced by a deposited liquid droplet and thermally
controlled softening and hardening. Elastocapillary bending
occurs if the characteristic planform length of the sheet L is in
the order of, or larger than, the elastocapillary length Lg (i.e.,
if L= Lgc = (Et3/24(1 —v?)y)Y/2, where E, v, and t are the
Poisson’s ratio, and thickness of the sheet,
respectively, and y is the interfacial tension of the liquid
droplet) (39). Using dimensions L =1 mm and t = 50 um
(representative of the current study), v = 0.5, and y = 0.072
N/m (surface tension of water), the previous inequality
demands a modulus E < 14.4 MPa. At room temperature,
highly cross-linked SU8 sheets have a modulus in the order of

modulus,
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Fig. 2. (a) Effect of temperature on the storage modulus of SU8 films
made with different UV exposure durations. (b) Dimensions of the
of the folded
configurations. (c) Effect of exposure times on the ratio of curvature of
faces Ky to curvature of folds xs. A2 mW/cm? UV light source is used in

single-fold sheets and geometric parameters

all cases. (d) Effect of exposure times on the folding parameter that
combines fold angle and curvature ratio.
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~2 GPa, significantly above the upper limit requirement (40).
Therefore, unstiffening of the patterned sheets is required to
allow for their capillary folding into three-dimensional shapes
(Figs. 1(b) and (c)). This unstiffening is induced by introducing
low density of crosslinking at the folds and by heating the
sheets. By doing so, the patterned sheets become more pliable.
Dynamic mechanical analysis (DMA) of SU8 strips (2.5 mm x 25
mm x 0.055 mm) was used to characterize the effect of UV
exposure time and temperature on their stiffness. DMA
analyses were carried out on specimens that were exposed to
40 sec, 60 sec, 80 sec, 100 sec and 180 sec of collimated UV light
(2mW/cm?2). In the DMA experiments, temperature was varied
from 40°C to 90°C at a ramp rate of 3°C/min. The sample with
180 sec exposure was further subjected to a 2-hour hard bake
at 200°C to get complete crosslinking. The results show that the
storage modulus (the dynamic modulus that represents the
elastic behavior of the material) correlates directly with the
exposure energy (Fig. 2(a) and Supplementary Document B).
This correlation indicates a direct relationship between the
exposure energy and the cross-linking density (41). Also, as
temperature increases, the modulus shows a significant decline
as shown in Fig. 2(a) for all different exposure times. The less
UV exposed sheets exhibit lower modulus values at any given
temperature. This difference in stiffness is attributed to the
difference in their molecular mobility due to their dissimilar
level of cross-linking density (42,43). For the experiments
reported here, softening at the folds is induced at 110°C. DMA
instrument limitations did not allow us to perform modulus
measurements at temperatures above 90°C because of the high
softening of the sheets at these temperatures. In view of this
limitation, we performed curve-fitting of the obtained data
from Fig. 2(a) to extrapolate the value of the storage modulus
at 110°C. Details limitations at
temperatures above 90°C and on the extrapolation procedure
are provided in Supplementary Document A. The extrapolated
values of storage modulus at 110°C are 0.38 MPa, 0.74 MPa,

on the measurement
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Fig. 3. (a) Effect of droplet volume on the fold angle. Single-fold sheets
with L =2 mm are studied (refer Fig. 2(b)). (b) Effect of droplet volume
on the closing of a cube.
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2.83 MPa, 2.87 MPa and 33.58 MPa for samples with 40's, 60 s,
80 s, 100 s, and 180 s (completely crosslinked sample) UV
exposure durations, respectively. Note that for all the samples,
except the completely crosslinked one, the extrapolated
modulus at 110°C is below the estimated threshold value of
14.4 MPa calculated before. The sheets regain their stiffness
when they are brought back to their glassy state by cooling
them to room temperature.

Folding of the thermally unstiffened sheets (with their
temperature elevated to 110°C) is triggered by placing a liquid
droplet on top of them as shown in Fig. 1(b) and Movie S1 (ESIT).
To minimize the energy of the sheet-droplet system, i.e., the
addition of the sheet strain energy and the droplet surface
energy, the sheet is deformed towards a shape that aims to
enclose the droplet. The obtained folded sheet accurately
resembles the targeted three-dimensional origami polyhedron
due to the differential compliance between folds and faces. Two
additional observations were made on this process: i) In the
absence of a droplet, heating the sheets does not induce
discernable folding, suggesting that cross-linking gradients
across the sheet thickness caused during the photolithography
process are negligible; and ii) Heating the patterned sheets for
an hour or more (i.e., an extended PEB that induces a high level
of cross-linking in the sheets) prior to placing a droplet on top
of them results in negligible folding deformation
(Supplementary Fig. SA1 and Movie S2, ESIT). The latter
observation suggests that a high level of cross-linking in the

(a) , W \

Fig. 4. (a) Platonic polyhedra obtained using the present fabrication

method. The scale bars are 1.5 mm long. (c) Cube with a star-shaped
hole on one of its faces. (b) Carbon origami cube and dodecahedron
produced from corresponding polymer shapes.
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sheets hinders the capillary deformation because of the
resulting high stiffness.

To select favorable exposure times for the two-step UV
exposure photolithography process considering a specified
sheet thickness (55+3 pm here), a quantitative study on the
influence of the exposure times on the resulting folded
geometry was performed (Supplementary Fig. SA2 and Table
SA1 provide raw data of this study, ESIT). Rectangular sheets
with a centered single fold were experimentally analyzed. The
geometry of the sheets and parameters of interest (fold angle
(8), curvatures of the faces (k) and folds (ky)) are illustrated in
Fig. 2(b). Figure 2(c) shows that the ratio of the curvature of the
faces (k) to the curvature of the fold (kf) decreases as the
exposure time of the faces is increased with respect to that of
the folds. A low value for this ratio allows for better agreement
with theoretical models for origami (where faces are rigid and
folds are highly flexible).

The quality of the folding deformation of the sheets was also
quantified by a folding parameter defined as (kp/1K;)(1 —
6/m). A smaller folding parameter indicates more favorable
folding deformation (with large fold angle and low face-to-fold
curvature ratio). As shown in Fig. 2(d), fold-face exposure times
of 40-80 sec and 40-100 sec exhibited better folding quality as
quantified by the folding parameter. Based on these results, it
was opted to use exposure times of 40-80 sec for all subsequent
experiments. Such exposure times were selected because it was
observed that 40-100 sec exposure times often led to sheet
breakage at the folds during the SU8 development step. The
sheets made by exposing the folds for 40 sec and the faces for
80 sec showed no detachment of the faces from the folds.
However, cracks could appear at some folds if the development
is performed with stirring. Although we abstained from using a
stirrer for the development, unintentional disturbances
introduced while handling the sheet-laden liquid caused some
defects. More fine tuning of the process is required to avoid this
issue completely.

The volume of the actuating droplet also affects the capillary
folding deformation. To quantify this, we performed
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Fig. 5. (a) Size comparison of sheets before and after pyrolysis. (b)

Raman spectroscopy of the carbonized SU8 origami polyhedra showing

the D-peak, the G-peak and the 2D-peak.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 9



Page 5 of 9

experiments on single-fold sheets and cube sheets using
different droplet volumes. Figure 3(a) shows fold angle vs.
droplet volume for the single fold sheets. From the considered
droplet volumes Virop, 0.75L3 exhibited the largest folding angle.
Droplet volumes below 0.75L3 produced smaller folding angles
due to their lower surface energy and smaller contact area with
the sheet. Droplet volumes above 0.75L3 also produced smaller
folding angles. Although these larger droplets possess higher
surface energy, the size of the droplets themselves constrain
the folding deformation of the sheet.

The effect of droplet volume on the folding response is also
studied by folding cube sheets (Fig. 3(b)). The results show that
droplet volumes larger than the target polyhedral volume do
not allow the sheets to completely fold into their target closed
polyhedron (Fig. 3(b)). To overcome the aforementioned issues,
a droplet with volume larger than the target polyhedral volume
(1.5 times larger in the examples shown here) was initially
deposited to ensure that the droplet comes in contact with all
the faces of the sheet as it folds. Afterward, the surplus liquid is
gradually removed by boiling the water droplet. This process
allowed to produce fully closed origami polyhedra. The
obtained polymer polyhedra showed good agreement with the
anticipated polyhedral shapes with smooth folds from
theoretical simulations (20) as shown in Fig. 4(a). Furthermore,
folded sheets with any intermediate fold angle configurations
between the flat and the fully closed polyhedron configurations
can be fabricated by stopping the heat application and cooling
the sheet when it has reached the targeted intermediate shape.

A variation that allows for the formation of hole cut-outs inside
the faces of the sheets was also explored. Hole cut-outs inside
the faces are introduced by using lithographic photomasks that
do not expose the cut-out regions to UV irradiation at any step.
When folded, the sheets having faces with hole cut-outs can
form three-dimensional structures with patterned walls (Fig.
4(b)). Additionally, the precursor sheets can be kept anchored
to the supporting structure instead of being free-standing by
introducing a third exposure to the anchor region (see
Supplementary Fig. SA3, ESIT).

Structures formed by completely cross-linked SU8, a polymer
with high carbon content, can be converted into corresponding
isometrically shrunken carbon shapes through pyrolysis (44). To
demonstrate this, folded polyhedra are first subjected to flood
UV exposure to complete the cross-linking at the folds and the
faces. This complete cross-linking ensures that the folded
shapes obtained using capillary origami retain their form during
pyrolysis. Results of carbonized shapes obtained from
corresponding polymer shapes are shown in Fig. 4(c). The
original polymer polyhedral shapes were preserved in the
corresponding carbon shapes. Comparison of the sizes of the
polymer shapes before and after pyrolysis show that the
polymer origami structures were shrunk isometrically by about
57% of their original size when converted into carbon (Fig. 5(a)).
The microstructural characterization of the carbon polyhedra
obtained from the polymer polyhedra was performed using
Raman spectroscopy (Fig. 5(b)). The ratio of the intensities of

This journal is © The Royal Society of Chemistry 20xx
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the D-peak (at 1350 cm™) to that of the G-peak (at 1550 cm)
obtained here is 1.03, and the ratio of the 2D-peak (2690 cm-1)
to the G-peak intensity is 0.12. These ratios indicate the
formation of carbon structures that are glassy in nature (45).
These carbon shapes can be metalized using techniques such as
electroless deposition and electroplating to create origami
structures formed by different materials (46).

Conclusions

We have presented an origami-based method for fabricating
polymer three-dimensional polyhedra. By using a single-layer
photopolymer and by modulating the energy applied in
different UV exposure steps, folds and faces with different
localized stiffness can be created. The employed actuation
mechanism is based on a combination capillary forces and
controlled thermal softening/stiffening. The process allows for
the creation of origami structures that are permanently locked
in their target polyhedral shapes. Since the procedure is based
on photolithography, it is a batch process that is scalable in
terms of size and number of the simultaneously fabricated
structures. Arbitrarily-shaped hole cut-outs at the faces can also
be introduced in the photolithography process. Furthermore,
the polymer polyhedra can be converted to carbon through
pyrolysis. These carbon polyhedra open a plethora of routes to
make submillimeter structures with different material and
surface properties. The potential applications of the fabricated
structures include drug encapsulation and delivery capsules,
packages for sensors and systems, plasmonic devices, among
others.
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Polymer and carbon polyhedra are fabricated using a novel method that combines photolithography and
controlled capillary folding
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