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systematic principles, for the design of complex and functional 
3D forms. However, while numerous routes have been devel-
oped to drive self-folding of thin sheets, the complexity of the 
structures achieved is yet to match even that of basic classical 
origami. Indeed, the large majority of work to date has focused 
on simple convex forms such as spheres or polyhedra that are 
formed either by introducing uniform curvature in a patterned 
2D sheet [ 17–23 ]  or by actuating a pattern of several localized folds 
that all bend in the same direction. [ 24–32 ]  Notable exceptions 
include approaches developed by Gracias and co-workers [ 33,34 ]  
and Dickey and co-workers, [ 35 ]  where, the mountain/valley 
assignments and fold angles are controlled. However, 2D 
patterns of creases intersecting in well-defi ned vertices that 
allow for folding of continuous sheets have not been demon-
strated, meaning that these systems do not yet allow for folding 
according to origami design principles. While several examples 
of true self-folding origami have been described in work by the 
Rus, Wood, and Demaine groups, [ 36–43 ]  these approaches have 
so far been limited to macroscopic objects and have yielded 
irreversible folding, except in the case of actuators based on 
shape memory alloys, where the folded structure could be 
manually fl attened by applying force between self-folding 
steps. [ 36–38 ]  In light of these limitations, it is clear that new fab-
rication methods and design principles must be developed to 
fully exploit the power of origami for self-folding structures, 
especially to achieve reversible and reconfi gurable structures on 
small length scales. 

 Here, we demonstrate a simple approach to fabricate revers-
ibly self-folding origami based on trilayer fi lms of photo-
crosslinkable copolymers (see  Figure    1  ). A thermally responsive 
hydrogel layer is sandwiched by patterned thin rigid polymer 
layers, such that the stresses developed during swelling drive 
bending of micrometer-scale hinges. The placement of open 
stripes of defi ned width in either of the rigid layers drives 
bending to an angle that can be controlled with excellent 
fi delity, and with control of mountain and valley assignments. 
We show that this method allows for the preparation of revers-
ibly self-folding origami with substantially greater complexity of 
achievable fold patterns, and a reduction by two orders of mag-
nitude in length scale compared with existing approaches, [ 39–42 ]  
thus providing a powerful platform for the design of small-scale 
actuating and reconfi gurable structures.  

 The fabrication method is summarized in Figure  1 a–d. 
On a substrate precoated with a sacrifi cial polyacrylic acid 
release layer, [ 44 ]  we fi rst coat a bottom thin fi lm (thickness  h  P  = 
0.07–1 µm) of a rigid (Young’s modulus  E  P  = 4 GPa) copolymer 
of poly( p -methylstyrene) (PpMS) containing pendent benzophe-
none photo-crosslinkers. [ 45,46 ]  This fi lm is next irradiated with a 

  Developments in origami mathematics over the past few dec-
ades have enabled the systematic design of folded structures 
with arbitrary complexity, [ 1,2 ]  extending the capabilities of the 
form well beyond the diversity of shapes achieved with tradi-
tional paper art, and highlighting its power as a tool for the 
fabrication of 3D objects from 2D sheets. More recently, an 
area of considerable interest has been the development of self-
folding structures that undergo autonomous transformations 
between programmed shapes in response to external triggers 
or changes in their environment. [ 3–9 ]  The ability to use origami 
design principles to controllably fold, unfold, and refold thin 
sheets prepared by planar fabrication techniques would offer 
great promise for applications in biomimetic systems, [ 7,8,10 ]  soft 
robotics, [ 6,11,12 ]  and mechanical metamaterials, [ 13–16 ]  especially 
for fabrication of structures on small length scales, where tradi-
tional manufacturing processes fail. 

 The essential characteristics of a piece of origami—a con-
tinuous sheet folded without cutting or gluing—are a pat-
tern of creases that intersect in vertices, along with the 
“mountain”/“valley” assignment (i.e., the direction of bending) 
and folding angle for each crease. These properties cannot be 
specifi ed independently for each crease, however, but must sat-
isfy basic geometric constraints locally at each vertex, as well 
as globally, to ensure foldability. [ 1,2 ]  In some applications, the 
folding of a (nearly) continuous sheet following the rules of 
origami may be advantageous or even required, for example, 
to minimize permeability of the structure in the folded state, 
or maximize the fraction of fi lled area in the unfolded state. 
Furthermore, the extensive bodies of prior work in origami 
art and mathematics provide rich sources of inspiration, and 
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pattern of UV light (365 nm) via maskless lithography using a 
digital micromirror array device (DMD), [ 47 ]  and then developed 
by soaking in solvent to dissolve the uncross-linked regions. A 
similar procedure is followed to photo-crosslink a fl uorescent 
and temperature-responsive poly( N -isopropyl acrylamide- co -
sodium acrylate) (PNIPAM) copolymer fi lm with thickness 
 h  N  = 1–6 µm, and subsequently a top fi lm of PpMS with thick-
ness  h  P  matching that of the bottom PpMS fi lm. The dose 
applied to each layer is suffi cient to fully convert all of the 
benzophenone units within the illuminated regions. For the 
PNIPAM layer, this leads to a gel fi lm that, if allowed to swell 
to its equilibrium state in an aqueous buffer at room tempera-
ture (unconstrained by attachment to PpMS or the substrate), 
would expand by a factor of 2.7 in volume relative to its initial 
dry dimensions and would have a modulus of  E  N  = 0.8 MPa. [ 48 ]  
Critically, the use of benzophenone photochemistry allows for 
not only effi cient crosslinking of each individual layer [ 46 ]  but 
also chemical grafting between layers that provides excellent 
interlayer adhesion. [ 45 ]  The locations of mountain and valley 
folds are programmed by patterning gaps in the top and bottom 
PpMS layers, with respective widths  W  m  and  W  v , that are inde-
pendently specifi ed for each crease segment. An optical image 
of a patterned trilayer fi lm in the unswelled state is shown in 
Figure  1 f; in this case, the crease pattern was chosen to generate 
Randlett's fl apping bird. [ 49 ]  The folded structure resulting upon 
releasing the patterned trilayer fi lm from the substrate and 
allowing it to swell at room temperature in an aqueous buffer, 
as visualized by laser scanning confocal fl uorescence micros-
copy (LSCM), is shown in Figure  1 h alongside an image of the 

same crease pattern folded by hand in paper on a 200 times 
larger length scale in Figure  1 g. The self-folding origami adopts 
a shape that very closely matches the programmed structure; as 
follows, we explain in detail the fabrication and characterization 
of such self-folded structures. 

 Our choice of the PpMS/PNIPAM/PpMS trilayer geometry 
is directed by three primary concerns. First, the stretching 
modulus of the PNIPAM layer  Y  N  =  h  N  E  N  is roughly two orders 
of magnitude smaller than that of each PpMS layer  Y  P  =  h  P  E  P , 
meaning that the laminated fi lm will undergo negligible in-
plane expansion upon swelling of PNIPAM. Second, the result 
of patterning an open stripe in either the top or the bottom 
PpMS layer is to locally defi ne a bilayer fi lm that undergoes 
bending due to the swelling stress in the confi ned PNIPAM 
layer, allowing for the bending direction and fold angle of the 
crease to be programmed. Third, the bending modulus of the 
trilayer regions  B  t  ∼ EP  h  P  h  N  2 , where EP  = E  P  /(1−ν  P  2  )  is the plane 
strain modulus of PpMS (with  ν  P  as the Poisson's ratio), is 
much larger than that in the bilayer crease regions dominated 
by the larger of EN  h N   3  or EP  h P   3 . This means that the “panels” 
between each crease are relatively stiff compared with the folds. 
We note that a similar trilayer approach was reported very 
recently by Rus and co-workers [ 40,41 ]  for folding of macroscopic 
sheets based on heat shrink fi lms as the active middle layer; 
however, in this case folding was irreversible, and fold angles 
for each crease were limited to less than π/2. 

 Using the bending of bilayers to guide our choices of layer 
thicknesses (see Supporting Information for details), we next 
calibrate how the folding angle adopted by trilayer samples 
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 Figure 1.    Fabrication of self-folding polymer origami. a) A thin layer of a photo-crosslinkable glassy polymer (PpMS) on a substrate precoated with 
a sacrifi cial layer is b) photolithographically patterned with open stripes of width  W  v  to defi ne the positions and angles of the valley folds. c) Next, a 
thicker layer of a photo-crosslinkable temperature-responsive polymer (PNIPAM) is coated on top and uniformly crosslinked over the entire area of 
the bottom PpMS sheet. d) Finally, a third layer of PpMS is coated and patterned with open stripes of width  W  m  to defi ne the positions and angles of 
the mountain folds. e) A magnifi ed schematic of the resulting trilayer fi lm (dimensions not to scale), with  h  N  and  h  P  as the respective thicknesses of 
PNIPAM and PpMS layers. f) An optical image of a trilayer fi lm patterned to fold into Randlett's fl apping bird (scale bar: 400 µm), along with a sche-
matic indicating the locations and widths of mountain (solid lines) and valley (dotted lines) folds. g) A photograph of Randlett's fl apping bird folded 
using paper, h) alongside a fl uorescence image of the self-folded trilayer fi lm.
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depends on the width of the opening in one of the PpMS 
layers. In the simplest case, the sample will adopt a constant 
radius of curvature  R  across the entire width  W , leading to a 
fold angle of  θ = W/R . To test this prediction, we prepared a 
series of samples with openings of  W  m  in the top PpMS fi lm 
or  W  v  in the bottom PpMS fi lm, as illustrated in Figure  1 e, 
where the subscripts refer to the “mountain” (chosen arbitrarily 
as  θ  > 0) or “valley” ( θ  < 0) creases formed in these respective 
cases.  Figure    2  a shows epifl uorescent images of trilayers each 
patterned with a single open stripe of width varying from 0 to 
50 µm, and corresponding evolution in θ from 0–π. The fold 
angles measured from similar images are plotted in Figure  2 b 
for two different series of trilayer samples with PNIPAM layer 
thicknesses of either 1.5 or 5.5 µm and PpMS layer thickness 
of 70 nm. In both cases, the data are well described by a linear 
relationship across the full range of 0–π. Furthermore, the 

magnitudes of the fold angles | θ | for mountain and valley folds 
(open and fi lled symbols, respectively) are essentially identical 
to within the scatter in the data. This suggests that any through-
thickness gradients in the constituent layers, or other asym-
metries of the trilayer structure, are small in effect compared 
with the programmed bending, and thus a single calibration 
curve can be used to program both mountain and valley folds. 
In practice, we fi t equations of the form | θ | = | θ  0 | +  W / R , where 
the nonzero intercept helps to account for small nonidealities 
in the behavior of the hinges; best-fi t values of | θ  0 | were small, 
however, generally ≈0.1 (6°). These fi ts are subsequently used to 
choose the widths of the patterned openings in the PpMS fi lms 
necessary to defi ne the desired fold angles. Notably, the fi tted 
values of  R  of 7.9 µm ( h  N  = 1.5 µm) and 15.9 µm ( h  N  = 5.5 µm) 
are in reasonable agreement with the curvatures adopted by 
bilayer samples (Figure S2c, Supporting Information), there-
fore indicating a straightforward approach to further adjust the 
characteristic fold dimensions through changes in the relative 
layer thicknesses or the degree of swelling of the middle layer.  

 The ability to independently enumerate both the direction 
and angle of folds is demonstrated in Figure  2 c for perhaps the 
simplest origami: four folds emanating from a single vertex 
with left–right mirror symmetry. In this case, the arrange-
ment of creases is defi ned by a single angle  s . For rigid folding 
(i.e., if the panels remain fl at and the creases only bend), the 
fold angles  θ  i  are linked by the conditions  θ  2  = θ  4  and  θ  1  = – θ  3 , 
requiring that we pattern one valley and three mountain folds 
(or vice-versa). The twofold angles  θ  1  and  θ  2  are not inde-
pendent, however, but must satisfy

    

tan / 2

tan / 2
COSS

1

2

θ
θ

( )
( ) =

  
(1)

   

 leaving only one degree of freedom for the fold angles at fi xed 
 s . [ 50 ]  Here, we choose  s  = π/3 (60°) and target  θ  1  = – θ  3  = 0.73 
(42°), requiring  θ  2  =  θ  4  = 1.31 (75°). Using the linear fi ts to 
the data for 5.5-µm thick PNIPAM fi lms shown in Figure  2 b, 
we therefore pattern fi lms with open widths of  W  1  =  W  3  = 
10 µm and  W  2  =  W  4  = 20 µm, which give rise to fold angles 
of 0.74 ± 0.02 and 1.30 ± 0.02, respectively, as measured from 
LSCM reconstructions for three different samples. An impor-
tant point is that the pixel size of the micromirror array (cor-
responding to 1.3 µm at the sample plane) determines the 
resolution with which fold angles can be varied of about 
0.10 (6°) for this choice of layer thicknesses. 

 The high fi delity control of fold angle demonstrated in Figure  2  
allows for patterning of self-folding origami with complex 
crease patterns. As a fi rst step in this direction, we consider the 
well-studied Miura-ori tessellation, [ 51 ]  which ideally behaves as a 
compressible sheet with a negative Poisson's ratio. [ 52 ]   Figure    3  a 
shows the mountain (solid line) and valley (dotted line) crease 
pattern considered here, where we defi ne 25 fourfold vertices in 
a sheet with in-plane dimensions of 800 × 800 µm 2  in the fl at 
state and choose an oblique angle of  s  = π/4 (45°).  

 As for the single vertex, the pattern is then characterized 
by two unique fold angles  θ  1  and  θ  2 , which are linked by 
Equation  ( 1)   for rigid folding. 3D LSCM reconstructions of 
self-folded Miura-ori with three different target values of  θ  1  
and  θ  2  are shown in Figure  3 b–d, along with histograms of the 
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 Figure 2.    Folding angle calibration. a) Images of trilayers each patterned 
with a single open stripe with  W  v  varying from 0 to 50 µm, and corre-
sponding evolution in  θ  from 0 to π for samples with  h  P  = 70 nm and 
 h  N  = 5.5 µm. b) Fold angles (| θ |) measured from images similar to those 
in (a) as a function of  W  m  (open symbols) or  W  v  (fi lled symbols), with 
a constant thickness of  h  P  = 70 nm and  h  N  as indicated in the legend. 
c) Crease pattern (left) and 3D reconstructed image (right) of a single 
fourfold vertex origami. Here,  θ  1 – θ  4  refer to the angles made by each fold 
and we choose  s  = π/3.
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realized fold angles, measured from a series of LSCM images 
in different orientations. The fabricated Miura-ori has 30 folds 
of each type (where we lump mountain and valley folds with 
equivalent values of | θ | together), as represented by the cir-
cles in Figure  3 f; in reality, the fold angles adopted show some 
distribution around the target value, however, the observed 
standard deviation was typically ±2%. Notably, when all folds 
are programmed to take on angles of | θ | = π, the sheet adopts 
the properly fl at-folded state (Figure  3 d). For the Miura-ori 
shown in Figure  3 b, we also investigated the reproducibility of 
the folded state through several cycles of heating and cooling. 
As shown in Figure  3 g, the fold angles in the swelled state at 
22 °C were highly reproducible from cycle to cycle. Interest-
ingly, when the samples were initially released from the sub-
strate at 55 °C, no bending was observed (as indicated by the 
fi rst data point in Figure  3 g), consistent with the essentially 
complete deswelling of the PNIPAM layer at this temperature 
(see Supporting Information Figure S1). However, after folding 
by swelling at room temperature, the sample did not return to 
a completely fl at state upon subsequent heating (Figure  3 e), but 
instead each fold retained a small residual angle of ≈0.1 (6°), 
which thus apparently refl ects some degree of plastic deforma-
tion induced during swelling, most likely in the PpMS layer. 
In addition, for the fl at-folded Miura, the corner panels did not 
always unfold upon deswelling, which we suspect may arise 
due to adhesion between the PpMS sheets developed in the 
folded state. 

 We next consider the temperature-induced folding and 
unfolding of a modifi cation of a well-known origami design, 
“New Flapping Bird” by Randlett, [ 49 ]  as shown in  Figure    4   
(viewed from below the base). We have changed the direction 
of some of the folds, so that it can be rigidly folded in a single 
motion. The folds are programmed to allow rigid folding at 
22 °C into a 3D confi guration with a maximum fold angle of 
2.76 (158°); the widths and positions of mountain (valley) folds 
are indicated by the solid (dotted) lines as shown beside the 
fl uorescence image in Figure  1 f. In response to an increase in 
temperature from 22 to 55 °C, deswelling of the PNIPAM fi lm 
causes the sheet to unfold to an almost fl at state, although with 
some residual buckling due to plastic deformation of the PpMS 
fi lms. A subsequent decrease in temperature causes the sheet to 
refold through a similar progression of shapes (a video showing 
the full cycle of unfolding and folding is included as Sup-
porting Information Movie S1). The timescale of folding and 
unfolding is slow; even when the temperature is changed rap-
idly by adding cold or hot water, roughly 10 min are required to 
fully swell and 2 min to deswell, while the poroelastic timescale 
for swelling of a 1–5 µm thick hydrogel layer should be of order 
0.1–3 s, based on a typical poroelastic diffusion constant of 
≈10 −11  m 2  s –1  for PNIPAM gels. [ 53–56 ]  One may hypothesize that 
the slow swelling kinetics arise from a restriction by the PpMS 
layers of the fl ux of water into the trilayers except at the folds 
and sheet edges. However, we suspect that they instead repre-
sent an intrinsic feature of these photo-crosslinkable PNIPAM 
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 Figure 3.    Miura-ori. a) The mountain (solid lines) and valley (dotted lines) crease pattern for a Miura-ori with an oblique angle of  s  = π/4. b–d) 3D 
LSCM reconstructions of self-folded Miura-ori (originally, 800 × 800 µm 2  in the fl at state) with three different target values of | θ  1 |and | θ  2 |. e) The LSCM 
reconstruction of the fl at state after deswelling shows a slight degree of residual buckling due to plastic strain in the PpMS layers. f) The target (circles) 
and measured folding angle distributions of  θ  1  and  θ  2  in Miura-ori (b–d). g) Fold angles are found to be reproducible through multiple cycles of heating 
and cooling, as plotted for the Miura-ori in (b). Thicknesses of  h  P  = 70 nm and  h  N  = 5.5 µm are used in all cases.
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copolymers in aqueous environments for two reasons. First, we 
have found similarly slow kinetics in previous studies of pat-
terned gel sheets without PpMS layers. [ 57 ]  Second, in the con-
text of photonic multilayers consisting of alternating layers of 
PpMS and PNIPAM, we have shown that the fl ux of ethanol 
through the PpMS layers is reasonably fast, requiring less than 
10 s to achieve a similar degree of swelling for PNIPAM fi lms 
buried under multiple PpMS layers. [ 45 ]  We therefore anticipate 
that further refi nements to the material system that allow the 
mass transport limitation to be reached will yield dramatically 
improved folding and unfolding speeds.  

 As a fi nal example, we consider the origami tessellation 
shown in  Figure    5   that was discovered independently by many 
origamists including Huffman, Kawasaki, and Resch. [ 58,59 ]  
This pattern is designed to fold into a portion of the octahe-
dron–tetrahedron (“octet”) truss space frame. As seen from the 
LSCM image in Figure  5 , despite having 198 patterned crease 
segments in an area of 4.7 mm 2  in the unswelled state, the 
origami is able to fold itself properly. This example is remark-
able, not only because it highlights the ability to design com-
plex self-folded structures through the current method but also 
because this fold pattern is not rigidly foldable, and hence some 
bending/stretching of panels or nonideal bending of folds is 
presumably required for proper folding to occur. A detailed 
characterization of how such structures overcome the associ-
ated energy barriers is an important topic for future study.  

 We close with a discussion of the strengths, limitations, and 
scalability of our approach. We propose that self-folding origami 
structures be characterized in terms of two parameters:  W , rep-
resenting the lateral size of a π-fold (or series of folds neces-
sary to fold by π), including any associated actuators, heaters, 
fasteners, etc., and a dimensionless fi gure of merit  A / W  2 , with 

 A  as the area of the fl at sheet, which provides a size-scale-inde-
pendent measure of the possible complexity of the origami that 
can be achieved via a given method. While  A / W  2  can be inter-
preted as a rough upper bound on the maximum achievable 
number of fold segments (where we assume that the folds must 
also have characteristic lengths of  L  = W  to operate properly), 
we note that most origami of interest would contain substan-
tially fewer folds. Here, we demonstrate values of  W  = 30 µm 
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 Figure 4.    Thermal actuation of self-folding origami. a) When the temperature is increased, the hydrogel polymer layer deswells, causing the Randlett’s 
bird to revert to an unfolded, nearly fl at, shape by 55 °C. b) Upon cooling to 22 °C, reswelling back to the folded state occurs through a similar pathway. 
Dry thicknesses of  h  P  = 70 nm and  h  N  = 1.5 µm are used, while the size of the square sheet is 800 µm on a side.

 Figure 5.    Origami tessellation. The crease pattern and LSCM 3D recon-
struction of a self-folded octahedron–tetrahedron truss with 198 crease 
segments. Dry thicknesses of  h  P  = 70 nm and  h  N  = 1.5 µm are used, while 
the size of the fl at sheet is 1.33 mm along each edge of the hexagon.
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two orders of magnitude smaller, and almost one order of mag-
nitude larger, than existing methods to structures self-folded 
using origami design principles. [ 41 ]  Furthermore, the data in 
Figure S2 (Supporting Information) suggest a clear pathway 
for future improvements in both quantities, simply by using 
thinner fi lms to enable tighter curvatures, along with improved 
lithographic methods to allow for patterning of smaller folds. 
For example, current-generation photolithography would easily 
support a reduction in linear dimension to  W  = 500 nm, over 
areas in excess of 25 cm 2 , suggesting values of  A / W  2  potentially 
as large as 10 10 . Whether the behavior of the polymer fi lms 
would remain the same at these small sizes—requiring respec-
tive PpMS and PNIPAM fi lm thicknesses of ≈1 and 10 nm—
and whether such complex origami will fold themselves prop-
erly are, however, open questions. Modifi cations to the material 
system and the use of e-beam lithography, where resolutions 
below 10 nm have been demonstrated, [ 60,61 ]  could support a 
reduction of  W  by an additional order of magnitude using the 
same basic approach. 

 Notably, our approach does not currently allow for actuation 
of folds in a controlled sequence, a property that limits the types 
of structures that can be folded. However, while traditional 
“artistic” origami is often folded via a step-by-step sequence, 
many folding patterns of technological importance, such as the 
Miura-ori, the Yoshimura pattern, the octet truss of this work, 
as well as many modern complex representational designs, are 
folded via a so-called “collapse,” whereby all folds are actuated 
more or less simultaneously. These are all accessible via our 
technique. We note further that even traditionally sequentially 
folded designs, such as the Randlett Bird, may often be modi-
fi ed to be foldable via an “all-at-once” folding sequence, as we 
have done in this work. Collapse-type origami designs have not 
been thoroughly explored in the past because of the diffi culty 
of actuating tens or hundreds of folds with human hands; our 
technique removes this restriction, and we expect that with the 
actuation scalability provided by our technique, vastly more 
complex collapsible structures may now be readily explored. 

 In conclusion, this simple approach to defi ne microscale 
folds in polymer fi lms with control over mountain/valley 
assignments and fold angles based on trilayers of photo-
crosslinkable copolymers allows for reproducible and reversible 
self-folding of complex origami patterns. The fi gure of merit 
 A / W  2  = 5000 and characteristic fold size  W  = 30 µm, repre-
sent advances for self-folding origami by one and two orders of 
magnitude, respectively, while straightforward routes to further 
decreases in size and increases in complexity can easily be envi-
sioned though the use of thinner fi lms and higher-resolution 
lithographic methods. We anticipate that this platform will be 
useful for future studies addressing fundamental questions 
about the mechanics of self-folded structures, as well as for 
applications in microrobotics, biomedical devices, and mechan-
ical metamaterials.  

  Experimental Section 
  Synthesis of Polymers : All polymers were synthesized by free-

radical polymerization at 80 °C in 1,4-dioxane for 15 h following three 
freeze–pump–thaw cycles and a nitrogen purge using recrystallized 

azobisisobutyronitrile (AIBN, Aldrich) as initiator, as described in more 
detail previously. [ 57 ]  Polymers were purifi ed by precipitation into stirring 
diethyl ether (for PNIPAM) or methanol (for PpMS), washed by fi ltration 
and dried in a vacuum oven overnight. Solvent, monomer, and initiator 
concentrations were chosen as follows:  N -isopropylacrylamide (NIPAm; 
3 g, Tokyo Chemical Industry Co., Ltd), acrylamidobenzophenone 
(AAmBP; 533 mg), acrylic acid (AAc; 114.5 µL), rhodamine B-labeled 
methacrylate (RhBMA; 47.6 mg), and AIBN (5 mg) in 30 mL of 
1,4-dioxane, resulting in a copolymer with 7 mol% AAmBP, 5.5 mol% 
AAc, and 0.3 mol% RhBMA;  p -methylstyrene (pMS; 3 mL, Aldrich), 
AAmBP (0.45 g), and AIBN (0.015 g) in 30 mL of 1,4-dioxane, resulting 
in a copolymer containing 10 mol% AAmBP. Polymer compositions 
were confi rmed by  1 H NMR (Bruker DPX300). 

  Polymer Multilayer Patterning : A solution containing between 
10–100 mg mL −1  of PpMS in toluene was spin-coated onto a substrate 
precoated with a sacrifi cial polyacrylic acid release layer. [ 44 ]  To pattern 
the valley creases, the sample was illuminated with a pattern of UV light 
(365 nm, pE-100, CoolLED) generated using a DMD (DLP Discovery 
4100, 0.7 XGA, Texas Instruments) attached to an inverted optical 
microscope (Nikon ECLIPSE Ti) with a 4× or 10× objective lens (S Fluor, 
Nikon). A large dose of UV (16 J cm −2 ) was used to fully crosslink the 
fi lm, followed by soaking in solvent (toluene:hexane = 1:0.6) to dissolve 
the uncrosslinked regions. A layer of PNIPAM was then coated on top 
of the patterned PpMS fi lm either by spin coating from a solution in 
1-propanol (110 mg mL –1 ) for thin (1–1.5 µm) fi lms or by placing a droplet 
(20–100 µL) of copolymer solution in 1-propanol (15–40 mg mL –1 ), 
followed by solvent evaporation over 12 h at 70 °C in a nearly closed 
glass bottle (0.13 oz capacity glass jar, Freund Container) to yield thick 
(2–6 µm) fi lms, as measured using a stylus profi lometer (Dektak, Veeco). 
The PNIPAM fi lm was then uniformly and fully crosslinked (10 J cm −2 ) 
over the full area of the patterned sheet and developed (ethanol:water = 
2:1) using a similar procedure. Finally, a top PpMS layer was patterned 
to defi ne mountain creases following an identical procedure as that 
for the bottom layer. Reported doses are based on the intensity of the 
UV light source (33.9 mW cm −2 ) measured at 365 nm using an X-Cite 
XR2100 power meter (Lumen Dynamics). Alignment between layers was 
achieved using a motorized microscope stage (Ludl Electronic Products 
Ltd.) with the sample mounted on a rotation stage (RSP-1T, Newport 
Co.), with registry of typically ±2 µm achieved using refl ected violet light 
(wavelength: 400 nm) to image the previously patterned layers. 

  Characterization of Swelling-Induced Deformation of Patterned Polymer 
Films : Polymer multilayer sheets were imaged using a laser scanning 
confocal fl uorescence microscope (LSCM) (Zeiss LSM 510 META, 
10× objective) or an epifl uorescence microscope (Nikon ECLIPSE Ti, 
4× or 10× objective). For LSCM, a HeNe laser (wavelength: 543 nm) 
was used to excite rhodamine B (detection fi lter: 560 nm), and 3D 
images were reconstructed from confocal image stacks using ImageJ. 
Swelling ratios of PNIPAM were measured at each temperature in 
isothermal equilibrium by comparing the area in the fully swelled state 
in a buffered aqueous medium (pH 7.2, 1 × 10 −3   M  NaCl) to the area in 
the dry, as-crosslinked state. To measure the thermal actuation of self-
folding origami, the sample was placed in the aqueous medium and 
observed with epifl uorescence microscope during the range (22–55 °C) 
of temperature controlled using heat stage (Zeiss Tempcontrol 37–2 
digital). Fold angles of trilayer origami structures were measured from 
the LSCM reconstructions using the 3D viewer in ImageJ.  
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