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ABSTRACT: We demonstrate the formation of shape-programmed, glassy origami structures using a single-layer photopolymer
with two mechanically distinct phases. The latent origami pattern consisting of rigid, high cross-link density panels and flexible,
low cross-link density creases is fabricated using a series of photomask exposures. Strong optical absorption of the polymer
formulation creates depth-wise gradients in the cross-link density of the creases, enforcing directed folding which enables
programming of both mountain and valley folds within the same sheet. These multiple photomask patterns can be sequentially
applied because the sheet remains flat until immersed into a photopolymerizable monomer solution that differentially swells the
polymer to fold and form the origami structure. After folding, a uniform photoexposure polymerizes the absorbed solution,
permanently fixing the shape of the folded structure while simultaneously increasing the modulus of the folds. This approach
creates sharp folds by mimicking the stiff panels and flexible creases of paper origami while overcoming the traditional trade-off of
self-actuated materials that require low modulus for folding and high modulus for mechanical robustness. Using this process, we
demonstrate a waterbomb base capable of supporting 1500 times its own weight.
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■ INTRODUCTION

Shape-programmed materials (SPMs) have recently gained
popularity as a means for assembling complex 3D structures
from 2D sheets.1−4 The ability to autonomously morph from a
2D sheet into a 3D structure has been used in a myriad of fields
including photovoltaics and energy storage,5,6 microfluidic
devices,7 cell encapsulants and scaffolds,8−13 surgery,14

sensing,15 porous structures and membranes,16,17 mechanical
metamaterials,18 robotics,19 and nanooptics.20,21 At its core,
shape-programming involves an initial processing step in which
select regions of a sheet are modified to controllably deform
upon exposure to an external stimulus at a later time.1 Polymers
are a promising materials system for shape programming due to

their wide range of chemical and mechanical properties, large
actuation strains in comparison to other active materials,22 and
sensitivity to a variety of external stimuli.1,23 A common
approach toward the patterning of polymer SPMs is to create a
sheet out of multiple discrete polymer segments, allowing for
regions with dramatically different properties and responses to
stimuli. Examples include bilayer,13,24 trilayer,25−27 and hinged
structures28,29 whose constituent elements respond differently
to heat, solvent, and pH stimuli. Recent work has also
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demonstrated the ability to spatially modify and program the
mechanical and chemical properties of single-layer, homoge-
neous polymer films. For example, light absorption within an
SU-8 film was used to create a differential cross-link density
throughout the thickness, leading to shrinkage-induced bending
upon removal of the unreacted material.30 Other optically
patterned properties in single-layer films include differential
porosity,31 alignment of liquid crystal networks,32,33 shape
memory internal stresses,34 and network relaxation.26,35

Because these SPMs are fabricated as homogeneous films
whose properties are modified by a subsequent optical
exposure, they can avoid the complex fabrication steps
associated with multilayer material deposition, thereby
presenting an attractive means for fabricating complex self-
folding 3D structures via simple processing steps.
A popular means for coordinating the stimulus-induced

deformations in SPMs utilizes basic origami principles such as
creasing and folding, and have been successfully applied to
construct 3D devices such as self-folding robots.36 Creasing
occurs during the programming stage of SPMs, and is used to
create a pattern of folding hinges and rigid panels. The hinges
are characterized by a localized change in the material’s
mechanical and/or chemical properties such that, upon
application of an external stimulus, they selectively undergo
directed folding to form the desired 3D structure. Crease panels
are those regions that do not respond to the applied stimulus
and instead serve to constrain the folding provided by the
hinges. Current examples of programmed crease patterns in
single-layer SPMs include patterned relaxation of the polymer
network using addition−fragmentation chain-transfer (AFT),35

differential cross-linking to control swelling,7 mechanical fixing
of shape memory polymers,37,38 and patterned deposition of an
infrared-absorptive dye onto a shape memory polymer.39

Although the above methods all successfully demonstrate the
ability to make folded structures from initially homogeneous
sheets, some of these techniques require precise control over
the applied stimulus in order to produce controlled bending.
For example, during thermal triggering of shape memory
polymer crease patterns, the glass transition temperature must
be exceeded only inside the creased hinges, otherwise the entire
structure deforms. Other techniques such as those that rely on
AFT processes have not demonstrated the formation of rigid
panels, and are therefore limited in the types of structures that
they can produce. For example, the Miura-ori pattern and
tessellated waterbomb base, which exhibit negative Poisson’s
ratio and reduced degrees of freedom, are two of the most
common origami structures used in engineering applications.40

However, without the constraints imposed on the folds by rigid
panels, the structures lose these unique mechanical properties.
Finally, the inability of some of the aforementioned
programming techniques to harden the flexible hinges after
folding limits the ultimate rigidity and stability of the end
product, thereby restricting its use as a load-bearing structure.
Using a two-stage photopolymer system, we characterize and

demonstrate an easily processed, single-layer, 2D SPM capable
of folding into permanent, 3D, load-bearing structures. Latent
crease pattern hinges and panels are independently pro-
grammed into the initial loosely cross-linked and rubbery
stage 1 material via a series of optical exposures controlled by
photomasks. The first exposure step creates the rigid, stage 2
panels by applying a large optical exposure dose to both sides of
the material, while the unexposed hinges remain flexible and
rubbery. A second photomask exposure applied to the bottom

and top side of the photoabsorptive sheet programs mountain
and valley folds respectively by creating a depth-wise gradient in
the cross-link density of the hinges. Upon immersion of the flat
sheet into a polymerizable solvent, these patterned hinges
undergo nonuniform swelling, causing the mountain and valley
folds to actuate, and the sheet to transform into the
programmed 3D structure. After swelling, a final, uniform
exposure step permanently fixes the shape via photopolyme-
rization of both the monomeric solvent and unreacted stage 1
material. This last exposure increases the final modulus and
glass transition temperature of the hinges by more than an
order of magnitude compared to the stage 1 material, thereby
forming a rigid, permanent structure capable of supporting
external loads up to 1500 times its own weight.

■ EXPERIMENTAL SECTION
Two-Stage Polymer. The two-stage polymer was adopted from

the procedure developed by Nair et al.41,42 The thiol monomer,
trimethylolpropane tri(3-mercaptopropionate) (Thiocure TMPMP)
was donated by Bruno Bock. The acrylate monomers used were
hexafunctional aliphatic urethane acrylate oligomers (Ebecryl 1290)
and difunctional tricyclodecane dimethanol diacrylate (TCDDA),
donated by Allnex and Sartomer, respectively. The UV photoinitiator
DMPA (2,2-dimethoxy-2-phenylacetophenone) was donated by Ciba
Specialty Chemicals, and the UV absorber, Tinuvin 328 was purchased
from CIBA. The base used to catalyze the thiol-Michael reaction,
triethyl amine (TEA), was purchased from Sigma-Aldrich. To provide
a large difference in mechanical properties between stage 1 and 2, we
fabricated samples with a 2:1 ratio of acrylate to thiol functional
groups, and a 1:1 ratio of hexacrylate to diacrylate functionalities. In all
samples, 2.5 wt % of TEA and 1 wt % DMPA were added to initiate
the stage 1 and stage 2 reactions, respectively. To make the polymer,
we initially mixed together the photoinitiator and thiol, and then
added them to the acrylates. Mixing during each step was performed in
a heated (65° C) water bath. TEA was added after all other materials
were evenly mixed in order to catalyze the stage 1 thiol-Michael
polymerization. Sheet thickness was controlled by casting the material
between two silanated (RainX) glass plates with 127 or 254 μm
spacers. A small amount of the material was also cast between salt
plates and monitored via Fourier-Transform Infrared Spectroscopy
(FTIR) to ensure full conversion of the thiol groups. Upon completion
of the thiol-Michael reaction, the polymer sheet was delaminated from
the plates and cut into various geometries for testing. For the creation
of 3D, self-actuating folds and bends, 0.5 wt % of Tinuvin 328 was
added to attenuate light intensity through the 127 μm thick sample. N-
Vinyl-2-pyrrolidone (NVP) (Acros Organics) mixed with 2 wt % of
the photoinitiator 2, 4, 6-trimethylbenzoyldiphenylphosphine oxide
(TPO) was used as the photopolymerizable solvent to swell and fold
the creased materials.

Optical Exposure Conditions. After completion of the thiol-
Michael stage 1 reaction, samples were delaminated from the glass
plates and exposed directly to 365 nm light at 5 mW/cm2 using an
EXFOS Acticure 4000, 100 W high pressure mercury lamp equipped
with a 365 nm bandpass filter. The relative stage 2 conversion was
controlled by varying the exposure time, with longer exposure times
facilitating higher stage 2 acrylate conversions. All irradiated samples
were stored in the dark for at least 3 h to allow any ongoing reactions
to terminate, and to stabilize the network.

To polymerize the NVP/TPO solution and fix the shape of the
swollen, folded structures, we used 11 mW/cm2, 365 nm light to
uniformly expose the material from each side. Exposure times of 90 s
for each side were used in all cases.

Fourier Transform Infrared Spectroscopy. FTIR spectroscopy
was used to monitor the homopolymerization of the remaining
unreacted acrylates during stage 2 curing. A Thermo Scientific Nicolet
6700 FTIR spectrometer was fitted with a specialty mount for
simultaneous UV irradiation, which allowed for monitoring of the
acrylate peak at 814 cm−1 and concurrent irradiation of the sample
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with 5 mW/cm2, 365 nm light. Optically transparent samples were
prepared between two salt (NaCl) plates and allowed to cure at
ambient temperature via the thiol-Michael reaction for 24 h.
Completion of the thiol-Michael stage 1 reaction was determined by
ensuring that no remaining thiol peak around 2550 cm−1 was present.
Then, the final conversion of the remaining unreacted acrylates
(cacrylate) was monitored by integrating the peak over the range 790−
830 cm−1 for varying exposure times and intensities. The area of the
acrylate peak upon completion of the stage 1 reaction was given by
Ainitial, and Afinal was the area under the acrylate peak after completion
of the stage 2 photoinitiated acrylate homopolymerization.

= −
⎛
⎝⎜

⎞
⎠⎟c

A
A

1acryalte
final

initial

Swelling Strain vs Dose. Bulk swelling measurements were
performed by immersing 127 μm thick, 6.35 mm radius discs of the
optically thin two-stage polymer into NVP. Uniform cross-link density
was achieved by preparing the polymer discs without photoabsorber.
Once the samples reached equilibrium swelling strain after 24 h, they
were removed from the solvent and patted dry to remove any excess
liquid on the surface. Pictures of the new, swollen discs were taken,
and their corresponding radii were computed using ImageJ software
and the ThreePointCircularROI plugin developed by Gabriel Land-
ini.43

Tensile Testing. The tensile modulus of the polymer strips vs
optical exposure dose was measured using a TA Instruments Q800
DMA. Strips without photoabsorber were cut into rectangles
measuring 6.35 × 12.7 × 0.127 mm, exposed with 5 mW/cm2, 365
nm light, and then strained at a rate of 800 μm/min at room
temperature (23 °C) in order to obtain the elastic stress−strain curve.
When measuring the swollen modulus, strips prepared without
photoabsorber were first irradiated with 5 mW/cm2, 365 nm light,
and then set aside for at least 3 h to allow for the completion of dark
polymerization. The samples were then immersed in the NVP solvent
for 24 h. Immediately prior to measuring the stress−strain curve, the
samples were removed from the solvent and patted dry.
Cross-Link Density and Glass-Transition Temperature. To

measure the cross-link density and glass-transition temperature (Tg) of
the material as a function of optical exposure dose, we first exposed
unswollen, stage 1 samples prepared without photoabsorber, with
dimensions of 10 × 6 × 0.25 mm with 5 mW/cm2, 365 nm light, and

then stored them in the dark for at least 3 h. Measurements were
obtained using a TA Instruments Q800 DMA. The sample
temperature was ramped at 3 °C/min from −20 to 180 °C with a
frequency of 1 Hz and strain of 0.0125% in tension. The Tg was
assigned as the maximum of the tan δ curve after a single temperature
scan, and the cross-link density (ρcross‑link) for each sample was
calculated using the following equation44

ρ = ′
‐

E
RT3cross link

where R is the gas constant and E′ is the storage modulus at
temperatures T = Tg + 50 °C.

A similar method was used to determine the Tg of strips that were
first swollen with the NVP/TPO solution and then uniformly exposed
with 365 nm light. In this case, the stage 1 material was swollen in the
NVP/TPO solution for 24 h and then exposed on both sides with 11
mW/cm2 light at a dose of 990 mJ/cm2. The Tg was then measured
using the same Q800 DMA and parameters as before.

Bend Radius of Curvature. Two-stage polymer containing 0.5 wt
% Tinuvin 328 was cut into strips measuring 6.35 × 1.6 × 0.127 mm.
Each strip was then exposed for different amounts of time using 365
nm light at 5 mW/cm2. After exposure, the strips were stored in the
dark for 3 h to allow for completion of dark polymerization prior to
immersion in the NVP solvent. Measurements of the bend radius of
curvature were taken after 24 h of swelling. Images of the strips were
captured and the bend radius was analyzed using ImageJ software and
the ThreePointCircularROI plugin.43

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Dual Cure Sheets.

The two-stage polymer uses orthogonal polymerization
reactions to produce a material with two sets of distinct
mechanical properties (Figure 1). The stage 1 network is
designed to have a low modulus and be loosely cross-linked,
whereas the photoinitiated stage 2 reaction is designed to
produce a network with a modulus and cross-link density that
are at least an order of magnitude higher. A thiol-Michael base-
catalyzed polymerization reaction is used for the stage 1
polymerization, while stage 2 is induced via a photoinitiated
chain-growth acrylate homopolymerization. Photoinitiated

Figure 1. Overall scheme depicting the different material states accessible to the two-stage photopolymer, and their application for creating self-
folding SPMs. (a, b) Initial stage 1 material (blue) is composed of a rubbery and loosely cross-linked thiol−acrylate matrix with excess unreacted
acrylate groups. (c, d) After exposure to UV light, the excess unreacted acrylates in the stage 1 material react to form a rigid, high-cross-link stage 2
matrix (red). Addition of a photoabsorber in the material allows for a gradient between stage 1 and 2 to be formed within the thickness of the
material. (e, f) Upon immersion in N-Vinyl-2-pyrrolidone (NVP), the stage 1 material swells (yellow). This swelling can be combined with the
gradient-patterned material to create a self-folding hinge. (g, h) After folding, the swollen material is exposed to UV light, causing the NVP and
unreacted acrylates to polymerize, resulting in a rigid, permanently swollen matrix (green).
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polymerization in the stage 2 reaction allows for selective spatial
patterning of the stage 2 properties throughout the material. In
order to produce a wide range of mechanical properties
between stage 1 and 2, the initial stage 1 network is fabricated
using a 2:1 ratio of acrylate to thiol functional groups, allowing
for the large excess concentration of acrylates needed in the
stage 2 reaction (Figure 1b). The acrylate mixture is a 1:1 ratio
by functional group of di- and hexacrylates to allow for the
formation of both the low and high cross-link density networks.
Furthermore, the lower molecular weight of the diacrylate
facilitates mixing of the initial thiol−acrylate solution by
lowering the viscosity of the mixture of monomers.
Due to the relatively low concentration of thiol functional

groups, the stage 1 material forms a flexible, loosely cross-linked
network (4 × 10−3 mol/cm3) with a Tg well-below room
temperature (−8 °C), and a modulus of around 4 MPa (Figure
2a, c, d). Because of the low cross-link density, the stage 1 sheet
can readily absorb NVP, resulting in swelling strains of up to
26% (Figure 2a, b).
The second stage reaction of the material is accessed via

irradiation with UV light, which triggers a chain-growth
homopolymerization of the residual unreacted acrylate groups
that remain after the stage 1 reaction. Maximum conversion of
the residual acrylate bonds, as measured via FTIR, peaks at
∼70% and is attributed to the decreased mobility of the
acrylates as the network cross-link density increases.41,45 At the
point of maximum conversion, the resulting cross-link density
increases by an order of magnitude compared to the stage 1

network (Figure 2a). As a result, the Tg moves to well-beyond
room temperature, and the tensile modulus increases by
roughly 2 orders of magnitude (Figure 2c, d). The increased
cross-link density reduces the amount of solvent uptake,
restricting the sheet to undergo only 10% swelling strain when
immersed in the NVP solvent (Figure 2b). In photoinitiated
chain-growth polymerizations, the extent of conversion, and
thus increase in tensile modulus, cross-link density, and glass-
transition temperature, monotonically increases with the
number of generated radicals. However, the number of these
generated radicals is often nonlinearly dependent on the
exposure intensity. Thus, for this proof-of-concept study,
intermediate mechanical properties between the two stages
are achieved by carefully controlling the applied exposure
intensity and dose, and preserving the samples in the dark at
ambient conditions in order to stabilize them (Figure 2).
Solvent evaporation imposes a significant limitation on self-

folding structures that utilize swelling-induced actuation.
Because of evaporation, the resulting swollen structures are
vulnerable to a wide range of environmental conditions such as
heat and vacuum. However, the solvent used in the proposed
material system is chosen to be a polymerizable monomer/
photoinitiator solution consisting of NVP and TPO, such that a
uniform light exposure applied immediately after folding
polymerizes the monomer. This polymerization step perma-
nently locks the now polymerized solvent into the structure
while concurrently mechanically reinforcing the swollen hinges.
To quantify this stiffening effect in the hinge regions, initially

Figure 2. All exposures were performed using an intensity of 5 mW/cm2 at 365 nm. By controlling the applied irradiation dose at a single intensity,
mechanical properties of the polymer may be set anywhere between those of the stage 1 (low dose) and 2 (high dose) networks. (a) Cross-link
density of the stage 2 network is roughly an order of magnitude larger than at stage 1. (b) Upon immersion in a solvent, the maximum difference in
swelling strain between the stage 1 and 2 networks is about 16%. (c) Glass transition temperature of the stage 1 network is well-below room
temperature, whereas the stage 2 network possesses a glass transition well above room temperature. (d) Tensile modulus of both the unswollen and
swollen network (in NVP) is at least an order of magnitude larger in stage 2 as compared to stage 1.
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unexposed polymer strips were swollen in the NVP/TPO
solution and then exposed with 11 mW/cm2, 365 nm light
using doses of 990 mJ/cm2 on each side. Photopolymerization
of the solvent increases the tensile modulus of the swollen strip
to ∼790 MPa, and the Tg of the material to 130 °C, which is
well above the maximum Tg of either the stage 1 or stage 2
networks (Figure 2c). Through this stiffening process, rigid,
folded 3D structures may be formed.
Bending the Two-Stage Material. Bending of a two-stage

polymer strip is achieved by inducing a depth-wise gradient in
the mechanical properties via a single-sided optical exposure
(Figure 3a−c). Immersion of the sheet in a favorable solvent
then causes the material to undergo differential swelling and
bending (Figure 3d−f).
A qualitative understanding of the factors that control this

bending is given by the composite beam theory.46 Because the
length to thickness ratio of the samples is 50, the strips are
considered slender, and a simple Euler−Bernoulli model is
applicable. Using these assumptions, the bend radius at the
center of a thin composite beam subject to differential axial
expansion across its thickness is given by

∫

∫ρ
=

ϵ −

−

E z z z

E z z z

1 ( )d

( ) d

h

h
0 N

0 N
2

where ρ is the radius of curvature (ROC), z is the coordinate
along the thickness direction, h is the total thickness of the
strip, E is swollen tensile modulus, ϵ is the swelling strain, and
zN is the location of the neutral axis computed as follows: zN =
∫ 0
h Ezdz/∫ 0

h Edz. The numerator in the equation above
represents the bending moment created by the differential
swelling, while the denominator characterizes the bending
stiffness. The tensile modulus and the swelling strain depend on
the exposure dose, as shown in Figure 2. Because of the Beer−
Lambert law, the incident light intensity undergoes a smooth,
exponential decay as it passes through the material, resulting in
a depth-dependent dose. Additionally, processes such as
saturation of the material response, and a polymerization rate
that is sublinear with intensity further alter the resulting
distribution of mechanical properties throughout the strip.
Thus, a direct mapping between the mechanical properties and
the applied dose without accounting for the light intensity
should not be used. To obtain a more accurate estimate of the
distribution of material properties across the thickness of the
strip, and to improve the bend ROC prediction, the data shown
in Figure 2 is mapped to an “effective dose” (Deff_cal) that
accounts for the sublinear dependence of the polymerization
rate on intensity. This sublinear dependence with intensity
arises from the dominance of bimolecular termination during
the polymerization reaction, whereby the polymerization rate
scales with the square root of the light intensity (see the

Figure 3. Scheme used to induce bending in the two-stage polymer. (a, b) Strip fabricated with absorber is irradiated by 365 nm light,(c) creating a
gradient in the cross-link density and modulus through the thickness of the material. (d, e) Upon immersion in a solvent (N-Vinyl-2-pyrrolidone),
the gradient in cross-link density causes the strip to differentially swell, inducing bending. (f) Side-view of the bent strips after removal from the
solvent.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b08981
ACS Appl. Mater. Interfaces 2016, 8, 29658−29667

29662

http://dx.doi.org/10.1021/acsami.6b08981


Supporting Information). Thus, Deff_cal = t√I is the product of

the exposure time (t) and square root of the light intensity (I).

The effective dose as a function of depth within the strip,

Deff_strip(z), is then calculated by first using the Beer−Lambert
law to determine the depth-wise intensity profile (I(z)) and

then multiplying by the exposure time. Interpolation of the

mapped data from Figure 2 using Deff_strip(z) then yields the

resulting material properties as a function of depth within the
strip

= ϵ = ϵ_ _E z E D z z D z( ) ( ( )) and ( ) ( ( ))eff strip eff strip

with

= = = ϵ_
−D z t I z I z I A z cz( ) ( ) ; ( ) e ; ( )A z

eff strip 0
log(10) ( )

Figure 4. (a) Radius of curvature (ROC) for 6.4 × 1.6 × 0.13 mm strips as a function of exposure dose at 5 mW/cm2, 365 nm light. The error in
ROC measurements becomes large as ROC ≫ strip length. (Inset) Estimated ROC using the Euler−Bernoulli composite beam model. (b−d)
Simulated bending moment, bending stiffness, and neutral axis vs front exposure dose using the Euler−Bernoulli composite beam model. (e) Radius
of curvature increases by up to 33% after the final uniform exposure to polymerize the NVP.
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where I0 is the incident light intensity at the illuminated surface
of the strip, A(z) is the depth-dependent material absorbance, ϵ
is the molar absorptivity of the material, and c is the
concentration of absorber. For the z = 127 μm thick strip,
A(z = 127 μm) = 2.3 at 365 nm. Note that the z-coordinate is
zero at the illuminated surface.
Experimental results for the bend ROC vs applied dose at the

front surface of an isolated 6.35 × 12.7 × 0.127 mm strip are
shown in Figure 4a. The incident light intensity was 5 mW/cm2

for all samples. ROC results predicted by the simple beam
theory outlined above are also shown in the inset of Figure 4a.
The beam theory qualitatively matches the experimental
measurements, and, aside from differences in ROC values,
provides insight into the interplay between bending stiffness
and bending moment, and their effect on the resulting ROC.
The computed bending stiffness, bending moment, and
location of the neutral axis as a function of applied exposure
dose are shown in Figure 4b−d, whereas the associated depth
profiles of the tensile modulus and swelling strain at select
doses are shown in the Supporting Information. Although the
tensile modulus, and therefore bending stiffness, increase
monotonically with the exposure dose, the bending moment
and the location of the neutral axis exhibit a more complex
relationship with the exposure dose. However, regardless of the
applied dose, the location of the neutral axis experiences only
small shifts and remains below z < h/2 = 63.5 μm. At small
doses below 100 mJ/cm2, the top surface receives an
insufficient exposure dose to induce significant conversion to
stage 2. For these conditions, the difference in swelling strain
and tensile modulus about the neutral axis of the strip is small.

Thus, the ensuing bending moment is too weak relative to the
bending stiffness to deform the beam, resulting in a large ROC.
As the exposure dose increases to 100 mJ/cm2, the front surface
is converted to stage 2, whereas the back surface, receiving little
light because of the absorber, remains at stage 1. Initially, this
difference in both the swelling strain and tensile modulus about
the neutral axis causes the bending moment to grow faster than
the bending stiffness, thereby decreasing the ROC. Beyond
doses of 100 mJ/cm2, the neutral axis is slightly shifted toward
the illuminated surface, indicating an increased difference in
tensile modulus between the front and back sides, and even
greater conversion of the front surface toward stage 2. This
difference in the mechanical properties of the strip about the
neutral axis leads to a peak in the bending moment around a
dose of 200 mJ/cm2. However, because of continued
conversion, the difference in the product of the tensile modulus
and swelling strain about the neutral axis then decreases,
causing the bending moment to experience a small drop, which
when combined with the increase in bending stiffness results in
an increase of the ROC. Because of the significant attenuation
of light intensity at the back surface of the strip, conversion of
the back surface toward stage 2 is slow and the difference in
swelling strain and tensile modulus about the neutral axis
remains relatively unchanged over the dose range of interest,
causing the bending moment to plateau. For an infinite dose,
the material would eventually convert to stage 2 and the
uniformity in material properties throughout the depth would
cause both the neutral axis to shift to the middle of the strip,
and the bending moment to fall back to 0.

Figure 5. (a) Masks used to create the waterbomb base structure. Creasing and folding the waterbomb base involves 3 main processing steps:
creating the stiff panels, programming the mountain and valley folds, and folding the final structure. (b) Hardening of the panels is performed using
large exposure doses applied to each side of the sheet through the panel mask. (c) Mountain and valley folds are created by applying either the
“cross” or “X” mask to a single side and using a small exposure dose. Both types of folds may be programmed into the same sheet by applying the
two masks to different sides. (d 1−2) Folding of the creased structure occurs upon immersion into a solvent. (d 3−4) Fnal uniform cure applied to
each side of the structure is used to polymerize the solvent and make the final structure permanent.
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Overall, the minimum ROC predicted using the simplified
beam model and the given experimental parameters is 1.4 mm,
or ∼11 times the strip thickness, which equates to a factor of
1.4 smaller than the minimum measured ROC (2.0 mm) for
the chosen material and strip dimensions. Using a more
sophisticated nonlinear finite element model with a Neo-
Hookean constitutive material model yields a slightly better
prediction of ROC vs applied dose than the simple Euler−
Bernoulli model, however, the same qualitative trend in the
ROC is observed (see the Supporting Information).
After bending the strip, a final, uniform exposure polymerizes

the monomeric solvent and fixes the shape of the bent
structure. As shown in Figure 4e, shrinkage resulting from
polymerization of the NVP solvent and remaining unreacted
stage 1 acrylates causes the resulting bend radius to increase by
up to 33%.
Folding 3D Structures. Unlike bending, where the entire

sheet is subject to the swelling response, folding occurs via
localized bending of flexible hinges surrounded by stiff panels.
In origami, a crease pattern is imposed into an otherwise rigid
sheet, creating the flexibility required for the folding hinges
while maintaining stiff panels for mechanical strength of the
final folded object. To demonstrate the capability to pattern
folds into the two-stage polymer, we programmed a waterbomb
base crease pattern utilizing both mountain and valley origami
folds into a 25.4 × 25.4 × 0.127 mm sheet of the material using
the process outlined in Figure 5.
The folded structure is created using 3 sequential exposure

steps that (1) define the stiff panels, (2) define the mountain
and valley folds, and (after swelling and folding) (3) lock-in the
permanent shape of the folded structure. Stiff panels with a high
modulus and cross-link density throughout their thickness are
programmed via high-dose, photomask exposures applied from
both sides of the material (Figure 5b 1−4). The resulting sheet
possesses two mechanically distinct regions featuring the
stiffened, rigid panels (stage 2 material) and flexible hinges

(stage 1 material) (Figure 5c 1). Mountain or valley folds are
then created via small-dose, single-sided mask-exposures
applied to select hinges (Figure 5c 2−4). The small exposure
dose establishes a gradient in the mechanical properties that
causes nonuniform swelling of the hinge, leading to directed
bending/folding. Because these folds remain latent until
triggered by solvent, programming of both the mountain and
valley folds may be performed on the same 2D surface through
masked exposures applied to either side of the sheet. Control
over both the width of the hinge and the mechanical gradient is
possible by adjusting the mask and exposure dose, respectively.
After patterning the creases, immersion into a monomeric
solvent (NVP) initiates the latent crease program and causes
the structure to autonomously fold (Figure 5d 1−3). A final
uniform optical exposure applied to the front and back of the
structure polymerizes both the remaining unreacted stage 1
acrylates as well as the NVP solvent, thereby stiffening the
hinges and raising the modulus of the entire structure (Figure
5d 4). Because of the polymerization of the solvent within the
material, evaporation does not occur, and the structure’s shape
becomes permanent.
An example of the preprogrammed, unfolded waterbomb

base is shown in Figure 6a. The panels were exposed using 365
nm light from each side with a dose of 3000 mJ/cm2 at an
intensity of 5 mW/cm2, while the mountain and valley folds
were each exposed to 500 mJ/cm2 on a single side. Optimal
hinge width to achieve the sharpest folds was 1.4 mm. Although
the preprogrammed sheet exhibits weak bending in the hinges
because of polymerization-induced shrinkage from stage 1 to
stage 2, the material remains sufficiently flexible to be pressed
against the exposure mask during all programming steps. The
folded structure, prior to the final uniform exposure step, is
shown in (Figure 6c, d). In contrast to the isolated bend
structures measured in the previous section, the bend radii
exhibited by the hinges in the waterbomb base are as small as
0.5 mm. This difference in bending is found to be primarily

Figure 6. (a) Unswollen two-stage polymer sheet that has been programmed with the waterbomb base crease pattern. (b) If solvent is allowed to
evaporate from the folded structure, it will return to a flat sheet. Because of the bistability of the waterbomb base, folding the creased pattern
produces 2 different structures. (c,d ) Two different bistable states of the waterbomb base are shown along with the experimentally achieved folded
structure. If a uniform light exposure is applied to the folded structure immediately after swelling, the structure’s rigidity increases and is capable of
supporting an external load whose maximum weight depends on the selected bistable structure. The structure in c is capable of supporting a
maximum load up to 1140 times its own weight, whereas the structure in d is capable of supporting up to 1500 times its own weight.
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caused by assistance from swelling-induced buckling in the
unexposed vertex at the center of the sheet (see the Supporting
Information). As the vertex swells, it is constrained by the rigid
panels and is forced to buckle along the hinges. Such buckling
assists the folding process in each hinge and promotes a tighter
bend radius than that which is normally achieved in an isolated
hinge. This assisted folding is made possible by the interaction
between the stiff panels and the flexible material at the vertex.
For entirely flexible materials with no stiff regions, such
buckling does not occur, and the structure will not fold as
tightly.
Evaporation of the NVP solvent causes the folded water-

bomb base to eventually return to a flat sheet (Figure 6b).
However, a uniform flood exposure applied immediately after
the structure is removed from the NVP bath, before
evaporation can occur, causes polymerization of the swollen
NVP and locks in the shape of the structure while concurrently
reinforcing the hinges. Although some polymerization shrink-
age causes the hinges to open and the panel edges to curl, the
final shape remains comparable to the initial folded structure.
Due to the extra polymerization step, the tensile modulus and
TG of the polymer structure’s hinges greatly increase, reaching
values as high as 790 MPa and 130 °C respectively, thereby
allowing the structure to support an external load. This was
demonstrated by applying a series of increasing weights to the
structure, with the maximum loading weights shown in Figure
6c, d. The maximum recoverable loading of the flood-cured,
0.134 g waterbomb base is 203 g, which is ∼1500 times its own
weight. It is important to note that the geometry of the
waterbomb base crease pattern allows for two different stable
structures47 (Figure 6c, d) which arise from the single degree of
freedom allowed by the flexible, unpatterned material at the
vertex of the mountain and valley folds in the center of the
square sheet. Due to their final geometries, the maximum
supportable load of these two bistable structures is different.
The structure in Figure 6c, which is only supported by 4 narrow
points, can bear up to 1140 times its weight, whereas the
alternate structure in Figure 6d, which is instead supported by
the edges of the polymer sheet, can support up to 1500 times
its own weight.

■ CONCLUSION
Origami allows for the formation of complex, mechanically
interesting 3D structures from 2D sheets using preprogrammed
crease patterns consisting of flexible hinges and rigid panels. A
two-stage photopolymer system is presented as an advanta-
geous material for creating such crease patterns due to its ability
to exhibit both flexibility and rigidity in a single sheet at
different times and 3D locations under precise optical control.
With the addition of an optical absorber, the two-stage material
is capable of undergoing three distinct patterning modalities
that are amenable to the creation of permanent, rigid origami
structures: (1) uniform patterning in depth to produce stiff,
rigid panels; (2.) strong gradients in depth to create directed
self-folding hinges; and (3) permanent fixation of the final
structure’s shape via a uniform optical exposure. The latent
nature of the crease pattern allows all processing to be
performed on the 2D sheet using mask lithography, while
actuation occurs at a later time through application of an
external stimulus. Using these steps, we demonstrate the ability
to fabricate a self-folding, permanent, rigid waterbomb base
capable of supporting loads up to 1500 times its own weight.
We also observe that constrained swelling imposed by the rigid

panels on the unpatterned regions can be used to assist the
bending of hinges and enhance the overall folding of the
programmed crease pattern. In the waterbomb base structure,
constrained swelling of the central unpatterned vertex allows
for bend radii that are a factor of 3 smaller than isolated bends
created on individual strips. In summary, the combination of a
two-stage polymer and facile optical programming demon-
strated herein enables stiff panels separated by mountain and
valley creases that undergo folding and final hardening in
response to simple, delayed external stimuli. These features
enable complex patterns of sharp folds in otherwise flat sheets
to create mechanically and environmentally robust final parts,
avoiding the common issues of precise stimulus control, pliable
final state, and impermanent shape.
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