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and extensible, such as springs, accor-
dions, and woven fabrics. This strategy 
has even been used at the microscale to 
make flexible electronics from materials 
that are otherwise rigid and brittle, such as 
silicon.[11,12]

Corrugated geometries are typically 
incorporated into materials during the 
manufacturing process, utilizing a variety 
of tools such as mechanical presses or ther-
moforming.[13,14] To circumvent the need 
for additional processing and to enable 
materials to change “on-demand,” we 
herein present stimuli-responsive thermo-
plastic sheets that develop and maintain 
corrugations within seconds via exposure 
to light. Flat sheets are convenient since 
they are compatible with a variety of inher-
ently 2D fabrication techniques, such as 
lithography or inkjet printing, and may be 
employed to build function (electronics, 
color, etc.) on the sheets before forming 
corrugations. Flat sheets may be efficiently 
transported and remotely corrugated as 
needed for load-bearing applications or as 

extensible springs, in part due to the larger length scales pre-
sented here compared with previously reported microsystems in 
the literature.[15–20] For example, folded microstructures can sup-
port 0.883 g, which is >7000 times the weight of the microstruc-
tures.[17] Here, we show that such principles can extend to larger 
structures and thus, support much larger weights.

The materials presented here undergo dramatic changes in 
stiffness or extensibility within seconds, using only patterning 
techniques (inkjet printing) combined with exposure to a com-
mercial light bulb. This simple approach avoids complex micro-
fabrication strategies.[1,17,18,20,21] This work is part of a broader 
effort in the literature to use emerging fabrication methods, 
such as 3D printing, to harness geometry to create materials 
with enhanced or unique properties. Examples include lattice 
structures with high strength to weight ratios[22–24] and mechan-
ical metamaterials.[25–29]

The polymer materials reported here feature pre-strained 
polystyrene (PS) sheets (thickness ≈0.3  mm) that shrink by 
≈55% when heated above their glass transition temperature 
(Tg ≈103 °C).[30–34] By only heating certain regions of the film 
above the Tg, it is possible to form thermal gradients on 
the surface that localize the shrinkage and thereby trigger a 
“hinging” behavior. Since the sheet is transparent, light can 
deliver the heat as long as there is something on the surface 

Corrugations can dramatically change the effective mechanical properties of 
a thin sheet. Such alternating ridges and grooves are typically fabricated by 
mechanical processing. Herein, the ability to trigger and tune corrugations 
within thin (≈300 µm thick) thermoplastic sheets rapidly (≈seconds) using 
only light is reported. Patterns of black ink on the otherwise transparent, 
flimsy sheet preferentially adsorb external IR light, inducing localized 
heating of the underlying polymer. This heating causes localized shrinkage 
of the polymer, producing folds in the sheets; collectively, these folds result 
in corrugations of controlled geometry. Depending on orientation, these 
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corrugated roofs (stiff) or accordions (extensible). In the direction parallel 
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discussed and their properties are characterized.
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1. Introduction

Adding geometric corrugations or cuts into materials alters the 
effective mechanical properties without changing the material 
itself.[1–8] For example, corrugated surfaces strengthen roofing 
materials, cardboard, and packaging without adding extra 
weight.[9,10] Corrugations and other spatial organization of mate-
rials can also be used to make otherwise rigid materials pliant 
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to absorb it. Here, we use inkjet printing to deposit black 
ink onto the top and bottom surfaces of the sheets. The ink 
locally absorbs the light, which heats those patterned regions 
to generate a temperature-induced strain gradient through 
the thickness of the sheet, resulting in folding. By patterning 
ink on both the top (producing “valley” folds) and bottom 
(producing “mountain” folds) surfaces of the material, sam-
ples fold bidirectionally, thus producing corrugations from 
a planar sheet within ≈5–10 seconds. Figure  1a depicts a 
diagram of the process. Herein, we report the role of sample 
geometry and ink pattern on the resulting corrugations and 
material stiffness.

2. Results

We produced and tested four different cross-sectional geome-
tries featuring rectangular, square, trapezoidal, and triangular 
profiles, as seen in Figure 1a. To explore its impact on sample 
extension and compression, we also varied the number 
of corrugations (2, 3, and 4). By corrugating the polymer 
sheet, the overall sample stiffness can vary, depending on 
the direction of compression or extension relative to the 
corrugations (i.e., x-direction or y-direction, in which the cor-
rugations are always parallel with the y-axis, as defined in  
Figure 1).

Figure 1.  Corrugations induced by light can effectively render a flat sheet of plastic either extensible or stiff in seconds. a) A schematic demonstrates 
the sample fabrication process. Inkjet-printing patterns black ink on a 300 µm thick, pre-strained PS sheet. Upon exposure to an IR light source, 
the samples fold bi-directionally to form corrugated surfaces. The cross-sectional geometry and number of corrugations can be tuned based on 2D 
patterning of the ink. The images show samples with corrugations of rectangular, square, trapezoidal, and triangular cross-sectional geometries. 
b) Upper left: An acrylic platform is supported by four upright planar PS sheets. Lower left: The four planar PS sheets buckle under the weight of 
two books (≈1.7 kg). Right column: When loaded in the y-direction the four corrugated sheets support a human weighing ≈50 kg. The scale bars 
represent 5 mm.
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To demonstrate this variable stiffness, we constructed 
two acrylic platforms to fix either four planar or four corrugated 
samples. It is important to note that the corrugated samples 
were initially the same size (and mass) as their planar coun-
terparts; in other words, geometry is the only variable. We 
oriented the samples such that the corrugations were normal 
to the platform. In the case of the planar samples, two books 
(≈1.7 kg) placed on the acrylic platform caused the entire struc-
ture to buckle, as expected, considering the sheets are flimsy 
(Figure 1b). In contrast, the corrugated samples can withstand 
the weight of a human (≈50 kg). It should be noted that while 
a single platform can support the weight of a person, two were 
used for visualization purposes in Figure  1b; in this demon-
stration, the samples support >13 000 times their own weight. 
Alternatively, rotating the corrugated samples by 90° (such that 
they are compressed in the x-direction as defined in Figure 1), 
causes the corrugations to act like springs and compress in 
response to the weight of a smartphone (≈150  g) as seen in 
Figure S1a, Supporting Information.

Interestingly, the maximum load in the x-direction is two 
orders of magnitude smaller compared to the maximum load 
in the y-direction. This result is impressive because the flimsy 
sheets are only 300 µm thick and achieve dramatically different 
mechanical properties using only light to induce the geometric 
changes. Figure S1b and S1c, Supporting Information, show 
how a constant load compresses the samples significantly more 
in the x-direction compared to the same load applied in the 
y-direction.

2.1. Geometric Control

Before determining the impact of sample geometry on the 
resulting mechanical properties, we quantified the accuracy of 
the angle and precision of the folds. Figure 1a shows images 
of samples with both two and three corrugations (here, corru-
gations refers to a single “repeat unit” of a series of hinges or 
folds as seen in Figure S2, Supporting Information). To create 
hinges of consistent geometry, we used 2  mm wide patterns 
of ink for all hinges connecting the 5  mm long panels. All 
samples were 2.5  cm wide. We measured the bending angle 
(i.e., the angle between the adjacent PS panels) for all folds 
within all of the samples with a minimum of 100 measure-
ments per geometry (cf. Figure S3, Supporting Information). 
The average bending angle (θ) for experimental samples 
with rectangular (95.2° ± 8.5°) and square (97.6° ± 7.9°) cross-
sectional geometries both fall within the error of the targeted 
value (90°).

The average bending angle for trapezoidal samples 
(121.1° ± 9.5°) is also within the error of its targeted 120° bending 
angle despite being more difficult to manufacture than the 
smaller folding angles. Although the width of the inked hinge 
can control the folding angle,[31,35] instead we used a hinge with a 
constant width and controlled the angle by varying the duration 
of light exposure. We also used grey-scale ink (70% nominal ink 
density compared with black ink). The former approach involves 
turning the light off when reaching the desired angle. The latter 
approach relies on the fact that grey colored hinges absorb less 
light and therefore shrink less within the hinge region.

The average θ for samples with triangular cross-sections is 
74.6°  ± 13.2°, which is slightly higher than the expected 60° 
bending angle. We postulate this deviation is due to exposing 
the samples to the light for longer times (>10 seconds) than the 
samples with larger bending angles. This exposure time results 
in some undesired deformations. Achieving a bending angle 
of 60° requires extended light exposure as it requires more 
shrinkage in the hinged region relative to samples with 90° or 
120° bending angles. The uniformity of the light illumination 
ultimately determines the precision of bending.

2.2. Mechanics of Samples in Compression

After production, we tested each sample mechanically to deter-
mine its stiffness (y-direction) and extension (x-direction). A 
plot of compressive force versus displacement can be seen in 
Figure 2a. All of the samples exhibit a characteristic behavior: 
after some small initial compression (the exact amount 
depends on the alignment of the sample with the compression 
platform), the load sharply increases over a small range of com-
pressive strain. In the case of four corrugations, all corrugated 
samples reach a maximum load value >600  N (Figure  2a). In 
contrast, planar non-corrugated samples reach maximum load 
values <5  N ( Figure S4, Supporting Information). For con-
text, 1 N is approximately the weight of an apple. Figure  2b 
shows that increasing the number of corrugations from 2 to 
3 increases the maximum load. Within experimental uncer-
tainty, there is no clear increase going from 3 to 4 corrugations. 
Increasing the number of corrugations within a sample also 
increases the surface area along the edge, over which the load 
gets distributed. For example, for samples with square cross-
sectional geometries of 2 and 4 corrugations, the surface area 
being compressed increases by ≈92% from 18.3 to 35.1 mm2. 
Nevertheless, the similarity in the magnitude and shape of the 
force–displacement curves suggests that the stiffness is dic-
tated mainly by the material and the local stress at panel joints, 
rather than the corrugation geometry or area.

We explain the enhancement in the maximum load for the 
corrugated substrates using Euler’s buckling model. For a 
beam element compressed at the two ends, the critical force to 
induce buckling is given by:

cr

2

P
EI

L

π= 	 (1)

where E is Young’s modulus, I is the second moment of inertia, 
and L is the length of the beam element. Neglecting material 
changes, a corrugation in the substrate increases I, and thereby 
the critical force, to induce buckling failure. Letting Io and Icor 
be the second moments for the planar and corrugated sub-
strates, respectively, we define a scaling relationship for the 
enhancement factor as:
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where A is the corrugation amplitude, and t is the substrate 
thickness (see the Supporting Information for derivation). The 

Adv. Mater. Technol. 2021, 6, 2000789



www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2000789  (4 of 8)

www.advmattechnol.de

enhancement factor predicts how corrugations increase Pcr 
relative to a planar sheet. Increasing A increases Pcr necessary 
to cause buckling. This effect is also more dominant for thin 
substrates (like those used here), which tend to buckle if not 
corrugated. A substrate thickness of 0.3 mm and a corrugation 
amplitude of 4 mm raises Pcr by a factor of 178, which is sim-
ilar in magnitude to the increase in maximum load from <5  to 
>600 N.

Note that this analysis examines the maximum load for failure 
through buckling. Given the high enhancement factor of the 
corrugated samples, it is likely that the structure fails as a result 
of exceeding critical material stresses as opposed to buckling 
(cf. Figure S5, Supporting Information). For a sample with two 
corrugations, the average stress is 27.9 MPa, which is of the same 
magnitude as the compressive yield strength of PS. This result 
indicates that given high enough corrugation amplitude, intro-
ducing the corrugated geometry can eliminate buckling failure.

We attempted to run compression tests (in the x-direction) 
for corrugated samples with a square cross-sectional geo
metry. Figure S6, Supporting Information plots a representa-
tive load–displacement trend. The maximum load values for 
compression tests are two orders of magnitude lower when 
compressed in the x-direction as compared with the y-direction. 
This trend is not surprising given that I does not increase in 
this buckling direction; in fact, maximum load values for com-
pression in the x-direction are similar between corrugated and 
planar sheets. However, the corrugated samples bend far out of 
plane during compression, complicating the interpretation of 
this “spring-like” behavior.

To explore the fatigue of these corrugated sheets, we com-
pressed a sample with two corrugations of square geometry 
until reaching 500 N (just below the failure point) and then 

recovered it. This compression cycle was performed five times 
with no visible cracking or failure along the sample. As seen 
in Figure 2c, the load–displacement curve for this test exhibits 
little to no hysteresis, suggesting the compression distance is 
not causing plastic deformation of the PS but is instead associ-
ated with the compression plates making intimate contact with 
the samples.

2.3. Mechanics of Samples in Extension

In addition to compression tests (y-direction), we also per-
formed extension tests (x-direction), as seen in Figure 3a. We 
used an extensometer (Instron) to stretch samples at a strain 
rate of 10 mm min−1 until the specimens mechanically failed by 
breaking into two parts. All samples failed at a hinged region 
due to the concentration of stress at the boundary between the 
shrunk and unshrunk portion of the sheet. The photograph 
in Figure  3a reveals that the samples stretch out into almost 
planar sheets before breaking. In the absence of stress, the 
samples return back to the corrugated shape, demonstrating 
elastic behavior. The average angle for the hinges shown in 
Figure  3a demonstrates a ≈4.5% difference from the pre- and 
post-broken corrugated sheet; this minor difference demon-
strates that the corrugations remain “elastic” even after the 
sheet fails by overextension.

Generally, samples with an increased number of corruga-
tions exhibit higher extension since they have more overall 
length to extend (Figure  3b). Samples with rectangular cross-
sections reach the highest extensions compared to the other 
geometries. We will discuss these extension results in detail in 
a subsequent section.

Figure 2.  Corrugated samples in compression. a) Representative load–displacement curves are shown for all samples undergoing compression at a 
rate of 10 mm min−1. b) Maximum load values for all tested samples; a minimum of four samples were tested for each design. c) A load–displacement 
curve for a sample with a square cross-sectional geometry and two corrugations. This cyclic compression was performed five times showing little to 
no hysteresis.
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The corrugated samples in Figures  3c,d have an effective 
modulus of 0.9 ± 0.1 MPa, which is four orders of magnitude 
lower than that of the non-corrugated sheet (1.1 ± 0.2  GPa, 
Figure S7, Supporting Information). Specimens with a trian-
gular cross-section exhibit the highest load-bearing capability 
during extension. This behavior is understandable considering 
the hinge is thicker and therefore stiffer than in the other 
geometries. The thickness of the hinge is due to shrinkage 
that occurs during IR light exposure. For example, the hinged 
regions account for 26% of the original sheet area in the case 
of triangular samples compared to 20% for the rectangular 
samples. Consequently, triangular and rectangular samples 
exhibit maximum load values of 69.2 and 40.1 N, respectively. 

For comparison, a planar (non-corrugated) sample of the same 
material exhibits a maximum load value of 256.2 ± 36.7 N.  
Adding corrugations to the material lowers the maximum 
tensile load capability (i.e., strength) in the x-direction while 
increasing extensibility and lowering the effective modulus, 
which we will discuss in detail below.

To further understand the extensibility of the samples in 
Figure  3, we performed extension tests on paper with similar 
corrugation patterns (cf. Figure S8 and S9, Supporting Informa-
tion). We selected paper because the hinges provide little resist-
ance to folding and unfolding since it is thinner than the PS 
sheets. Thus, we can compare and contrast the role of sample 
geometry and hinge thickness in two material systems. The 

Figure 3.  Corrugated samples in extension. a) A corrugated sample strained at 10 mm min−1 extends and flattens out until breaking. The broken por-
tions recover elastically to the pre-extended state. The scale bar represents 5 mm. b) Representative load–displacement curves are shown for samples 
when extended at a strain rate of 10 mm min−1. A minimum of four samples were tested for each design. c) A stress–strain curve for a rectangular 
sample with three corrugations cycled 10 times to a strain of 50%. d) A stress–strain curve for a rectangular sample with three corrugations cycled 
5 times to a strain of 100%. No hysteresis is visible in either graph.
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paper samples consisted of two thicknesses (0.02 and 0.14 mm) 
folded into corrugated samples with 5 mm long panels between 
each fold to mimic the polymer samples. During extension, 
paper samples with more corrugations have greater extensi-
bility. Likewise, samples with square hinges extend further 
than triangular hinges, similar to the results of PS in Figure 3. 
Unsurprisingly, increasing the paper thickness increases the 
load necessary for extension (Figure S8, Supporting Informa-
tion). Unless otherwise stated, all remaining reported values 
are for thermoplastic sheets.

We generated a simple geometric model to predict the max-
imum extension for each sample. Figure 4a shows a panel of 
length L with a hinge folded to θ degrees. An extensometer can 
extend a folded sample by length, L−x, back to a planar state as 
described in Equation 3:

1 cos 180Extension L x L  θ( )( )= − = − − 	 (3)

As seen in Figure  4b, most experimental values follow the 
trend predicted by Equation 3 and fall at or below the theoret-
ical values defined by the diagonal line. We postulate the trian-
gular samples do not follow the same trend because a higher 
percentage of the sample area shrinks, making it more difficult 
to extend the sample back to a flat state (e.g., Figure 3b); in fact, 
the triangular samples mechanically fail before reaching a flat 
state. We implement the same model for the thin (cf. Figure 4c) 
and thick paper samples (cf. Figure  4d). The paper samples 

more closely follow the theoretical trend because paper has less 
resistance to unfolding, which underscores the role of resist-
ance to extension provided by the thicker hinges in the polymer 
samples.

To explore the elasticity and fatigue of corrugated samples, 
we performed cyclic tensile tests. A rectangular sample with 
three corrugations extended to 50% strain (cf. Figure  3c) and 
100% strain (cf. Figure 3d) showed little to no hysteresis, sug-
gesting that the corrugated sample behaves elastically and with 
minimal fatigue over ten cycles. The small drops in stress 
visible within Figure  3d originate from the hinged regions 
snapping into different configurations upon strain relaxation. 
Although we do not know the exact cause of this “snapping”, it 
likely arises from the fact that the panels are not perfectly flat 
and the hinges are not always perfectly straight; thus, there may 
be other modes of flexure in the samples during strain. These 
snapping behaviors do not occur in every sample. For example, 
they are absent in Figure 3c.

Taken in sum, the major findings in the extensible state (i.e., 
in the x-direction, where deformation occurs perpendicular to 
the corrugations) are as follows: flat PS sheets have a modulus 
of ≈1–3  GPa, undergo plastic deformation during elongation, 
and fail at 3–5% strain with a strength of 50–100 MPa. In con-
trast, the corrugated structures have a modulus of ≈0.9  MPa, 
have elastic extensibility, and can be extended by as much 
as 140% strain, albeit with a relatively decreased strength of 
5–10 MPa.

Figure 4.  a) The length L–x for a single fold defines the theoretical extension for a sample from a folded structure to a planar state. b) A plot of the 
experimental and theoretical extension values validates this simple geometric model. A diagonal line depicts a slope of one as a guide to the eye and 
depicts hypothetical agreement between theory and experiment. Geometry refers to the cross-sectional geometry of the corrugations. The length (L) 
is 5 mm for all cases except the rectangular cross-sectional geometries in which L = 10 mm. We plot the experimental and theoretical extension values 
for c) thin paper of 0.02 mm thickness and d) thick paper of 0.14 mm thickness. A minimum of three samples were tested for each design.
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3. Conclusions

Introducing topography causes inextensible planar polymer 
sheets to undergo dramatic changes in effective mechanical 
behavior. These sheets possess the bulk mechanical proper-
ties of PS (a stiff, brittle, and inextensible polymer), yet become 
elastically stretchable or extremely stiff depending on how they 
are corrugated. Although the use of corrugations is an old 
“trick” to vary the effective mechanical performance of mate-
rials (e.g., cardboard), the novelty of this work is the use of light 
to induce these corrugations within seconds and, in turn, tune 
sample compliance and stiffness via geometric changes. After 
the initial exposure to light, the corrugated geometry is locked 
into the sheet without any additional energy input. The desired 
mechanical properties are achieved by altering the number of 
corrugations, cross-sectional geometry, and sample width.

The samples exhibit vastly different stiffness properties in 
the x- and y-directions. Inducing corrugations in the y-direction 
(similar to corrugated cardboard) allows for samples with a 
maximum compressive load up to 700 N (>14 MPa). This value 
is two orders of magnitude higher than the maximum com-
pressive load of the planar, non-corrugated material (<5 N). The 
number of corrugations dictates the maximum load capabilities 
in the y-direction. The four corrugated sheets (300 micrometers 
thick) can support >50,000 g (the weight of a person) without 
failure.

Whereas corrugations in the y-direction stiffen the material, 
corrugations in the x-direction lower the effective modulus by 
more than three orders of magnitude from 1.1 ± 0.2  GPa to 
0.9 ± 0.1 MPa. Similar to a spring, these structures allow sheets 
that would typically fail at 3–5% strain to extend to 140% strain. 
The cross-sectional geometry dictates the maximum load and 
extension values in the x-direction.

There are some limitations to this approach worth noting. 1) 
Though one can generate the corrugations easily, they are non-
reversible. While the process presented here requires no addi-
tional energy input to maintain the enhanced mechanical prop-
erties, the ability to tune the mechanical properties in a revers-
ible way might be desirable for certain applications. 2)  Here, 
the sample size is limited to the irradiation area of the IR lamp 
(≈10 in.2) used to trigger folding. Moving the lamp with respect 
to the sample could expose larger areas or alternative heat 
sources could be employed (e.g., Joule heating[36] or lasers[37]). 
3) There is some notable variability in the sample bending 
angles, as evidenced by Figure S3, Supporting Information.

Despite the limitations, the ability to trigger significant and 
rapid changes to the effective mechanical properties of sheets 
is promising for preparing stiffness-tunable materials, creating 
folded devices from patterned flat surfaces (including elec-
tronics, which are patterned in 2D), and generating stiff (or 
compliant) structures for remote deployment using 2D sheets.

4. Materials and Methods

A pre-strained polystyrene sheet (≈0.3  mm thick), commer-
cially known as Shrinky-Dinks, was implemented for all experi-
ments reported here. We patterned the planar sheets with an 
Epson Stylus C88+ inkjet printer (black ink – Epson 60) and cut 

samples from the sheet using scissors. After uniform heating 
to 90 °C with a hot plate, a 250-Watt IR light was placed 5 cm 
above the sample surface and turned on. The planar samples 
transformed into corrugated geometries within 5–10 seconds.

We analyzed the sample’s bending angles by taking images 
of the samples from the side and measuring the angles in 
ImageJ. All samples implemented 2 mm wide hinges of black 
ink; for samples with a trapezoidal cross-sectional geometry, we 
used a grey ink (70% nominal ink density). The panels between 
each hinge were 5  mm wide; in the case of rectangular geo
metries, the panels dictating height were 10  mm, resulting in 
a 2:1 height:width aspect ratio. For the demonstrations seen in 
Figure 1 and Figure S1a, Supporting Information, four samples 
were adhered to an acrylic platform with superglue allowing for 
compression in either the x- or y-direction without slippage. 
For the demonstrations, we employed samples with rectan-
gular cross-sectional geometries and three corrugations. For all 
mechanical testing, the strain rate was 10 mm min−1 using an 
Instron (model number: 5943R7445).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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