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ABSTRACT: Flexible electronics will form the basis of many next-generation
technologies, such as wearable devices, biomedical sensors, the Internet of
things, and more. However, most flexible devices can bear strains of less than
300% as a result of stretching. In this work, we demonstrate a simple and low-
cost paper-based photodetector array featuring superior deformability using
printable ZnO nanowires, carbon electrodes, and origami-based techniques.
With a folded Miura structure, the paper photodetector array can be oriented
in four different directions via tessellated parallelograms to provide the device
with excellent omnidirectional light harvesting capabilities. Additionally, we
demonstrate that the device can be repeatedly stretched (up to 1000% strain),
bent (bending angle ±30°), and twisted (up to 360°) without degrading
performance as a result of the paper folding technique, which enables the
ZnO nanowire layers to remain rigid even as the device is deformed. The origami-based strategy described herein suggests
avenues for the development of next-generation deformable optoelectronic applications.
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The promise of flexible and stretchable electronics
suggests an exciting future beyond traditional rigid
wafer and printed circuit board technologies. With the

capacity to integrate with soft materials and curvilinear surfaces,
such flexible devices will enable a variety of applications,
including biomedical sensors,1 home healthcare,2 wearable
technology,3 electronic skins,4 mobile devices,5 the Internet of
things,6 and more.7 Over the past few years, researchers have
explored a wide variety of deformable devices using various soft
materials6,8−11 and different structures, such as island bridges,12

open mesh geometries,9,13 and wave-like configurations.14

Paper, a soft material that is truly low cost (one tenth the
price of plastic films and one percent as much as silicon),15 is
lightweight, flexible, biodegradable, and recyclable.16 Addition-
ally, with the use of proper additives and manufacturing
processes, it is possible to engineer paper with a large range of
properties, including hydrophilicity or hydrophobicity, porous
or watertight structures, opacity or near transparency, weak or
strong mechanical properties, and surfaces that are coarse or as
smooth as glass.16,17 To date, researchers have explored many
paper-based electronic devices, such as transistors,18 solar
cells,19 light emission diodes,20 radio frequency identification
tags,21 electronic memory devices,15,22 and light sensors,23

using low-cost fabrication processes (e.g., spin coating, screen-
and inkjet-printing, and sputtering).18,19,24 However, the

stretchability of paper-based devices is limited (less than
5%),25 thus hindering applications in flexible electronics.
Origami is the ancient art of paper folding, once limited to

art circles, but now becoming of greater interest to science and
technology due to the technique’s ability to adopt a variety of
shapes and structures while also making the material easier to
stretch and compress. Utilizing such folding techniques has
enabled scientists to develop exciting technologies at both the
macroscale and microscale, including space-saving rocketry,26 a
foldable lithium ion battery,27 a nanopaper antenna,28 and
DNA nanorobots for drug delivery.29

In this work, we combined similar folding concepts with a
paper-based electronic device to achieve a 1000% stretchable
origami paper photodetector array (OPPDA). We fabricated
this device by screen-printing ZnO nanowires and carbon
electrodes on common office printing paper and then utilizing
the Miura origami folding method30,31 to produce a structure
that can expand and collapse with an accordion-like motion
while maintaining reliable photosensing performance (photo-
to-dark current ratio (PDCR) > 5) in the detection of
ultraviolet (UV) light even under extreme deformation. This
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stability is made possible due to the nature of the Miura
structure, which consists of tessellated parallelograms. The
parallelogram faces are divided by four-coordinated origami
creasesthree mountain folds and one valley fold32that join
together at a vertex. This Miura folding structure orients the
individual ZnO photodetectors (PDs) on the parallelogram
faces in four different directions, thus providing the OPPDA
with exceptional omnidirectional photodetection in a manner
that cannot be easily achieved using conventional rigid
substrates.
Moreover, the Miura fold utilizes a special origami technique

called “rigid origami” (i.e., treating the folds as hinges that join
two flat and rigid surfaces),33 which allows the parallelogram
faces to remain rigid as the overall device is deformed. As a
result, during deformation there are no tensile forces acting on
the ZnO active materials printed on the parallelogram faces,
something that is impossible for conventional flexible
electronics to achieve on soft substrates. Maintaining the
structural rigidity of the ZnO PDs enables the OPPDA to
maintain its ultrastable performance even after experiencing
400 cycles of sequential stretching, bending, and twisting. This
origami paper-based strategy demonstrates an alternative
paradigm for the development of next-generation deformable
optoelectronic applications in sensing, imaging, and intrachip
optical interconnects.34

RESULTS AND DISCUSSION
Structural and Photosensing Characteristics of the

Miura-Folded OPPDA. To form the array of PDs, we screen-
printed photoactive ZnO nanowires that were connected in
series-parallel using carbon electrodes on an 11 cm × 11 cm
piece of printer paper (see Methods for more details). Using
this substrate, we then made the necessary folds31 to generate
the Miura origami structure that made up the ultrastretchable
and flexible OPPDA device. Figure 1a is the schematic of the

OPPDA in a completely unfolded state, consisting of individual
parallelogram faces that are formed from the combination of
the mountain and valley paper folds. The ZnO PD unit cells are
centered on each parallelogram.
One of the advantages of the Miura folding technique is that

it can take a flat surface and compress it into a very small

volume. In this case, we were able to collapse the structure so it
was just 1 cm × 11 cm in area, as well as expand it again into
the original sized sheet of paper. Furthermore, the Miura
OPPDA can also be rapidly opened and closed in just one
motion by either pushing or pulling on the opposite ends of the
folded paper. Thus, with this origami technique, we were able
to transform the device from a 2D sheet to a three-dimensional
(3D) structure, in which the many identical parallelogram faces
could fold together to form 3D pyramids (Figure 1b). Note
that the parallelograms do not themselves deform during this
transition because the process of folding and unfolding takes
place along the paper creases that outline each face. This
enables the photoactive materials to remain in a flat, rigid
configuration even as the full device is bent and stretched.
The OPPDA is made of many individual ZnO PDs, and the

structural and photosensing characteristics of one are shown in
Figure S1 of the Supporting Information. In order to
demonstrate the UV sensitivity of the overall OPPDA, we
measured the current−voltage (I−V) curves of the device in the
dark and under UV illumination (Figure 2a). In this work, the

typical measurement conditions were under UV illumination
with an intensity of 3.8 mW/cm2 at room temperature at 10 V
bias unless otherwise noted. The photocurrent of the OPPDA
was approximately 1 order of magnitude larger than the dark
current (PDCR = 13.4). Moreover, as shown in Figure 2b, the
responsivity of the OPPDA decreased as the light intensity was
increased from 0.95 mW/cm2 to 3.8 mW/cm2. A possible
reason for this trend is that an excess number of charge carriers
under high-intensity illumination may increase the carrier
recombination rate,35−37 leading to the reduction of
responsivity. Thus, with the integration of the origami structure
and the printed array of PDs, the OPPDA demonstrates reliable
detection of UV light at a range of intensities.
Noise-equivalent power (NEP) is an important parameter to

determine the sensitivity of PDs and defined as the required
optical power to give a signal-to-noise ratio of 1 with a
bandwidth of 1 Hz. On the other hand, the detectivity (D*),
the reciprocal of NEP, is usually used to evaluate the
performance of PDs. In this study, the NEP of the OPPDA
under a 10 V bias is 1.23 × 10−9 W/cm Hz1/2 calculated by
NEP = P/f1/2 = (2eJd)

1/2/RI, where P is the incident power, f is
the frequency bandwidth of PDs, e is charge of an electron, Jd is
the dark current density, and RI is responsivity, resulting in a
D* value of 8.14 × 108 cm Hz1/2/W. To further improve the
detectivity of the OPPDA, an advanced fabrication method
such as the inkjet printing can be used to fabricate high-quality
ZnO layers,38 for enhancing the responsivity and detectivity of
the OPPDA.

Figure 1. Architecture of the Miura OPPDA. (a) Schematic diagram
of the OPPDA in the completely unfolded state. The first inset on
the top right shows the 3D structure of a PD unit cell. The second
inset in the middle demonstrates a period cell consisting of four
parallelograms of the Miura origami and its folded state. The last
inset on the bottom is a photograph of a real PD unit cell. (b)
Photographic image of the device.

Figure 2. Photosensing performance of the OPPDA. (a) I−V curves
of the OPPDA measured in the dark and under UV illumination.
(b) Responsivity of the OPPDA as a function of UV light intensity
and 700% strain.
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Ultrahigh Deformation and Stable Operation of the
OPPDA. To highlight the excellent and stable UV light
detection of the flexible and stretchable OPPDA, we measured
the device’s light-sensing capabilities as it was being stretched,
bent, and twisted. First, we standardized the way we defined the
OPPDA’s strain (i.e., stretching state) as [(Lx − lx0)/lx0] ×
100% using the dimensions of the device in the x direction as
shown in Figure 3a, in which Lx is the dimension of the

unfolded state and lx0 is the dimension of the completely
compressed state (lx0 = 1 cm). The strain increases as the paper
is transitioned from the folded to unfolded state. For example,
the strain is 0% for Lx = 1 cm (the extreme folded state), 700%
for Lx = 8 cm (the typical resting state of the Miura folding
pattern, revealing the 3D pyramidal structures), and 1000% for
Lx = 11 cm (the totally unfolded state of the flat sheet of
paper).
In Figure 3b, we measured the dark current and photocurrent

of the OPPDA as a function of strain. From the folded to
unfolded states, the photocurrent increased with strain due to
the more effective areal-density absorption of UV light by the
PD unit cells as the OPPDA was transformed from its 3D to
2D configurations under normal incident light illumination.
During this physical transition, the dark current remained stable
and showed no noticeable change even under high stain. In
addition, under a strain of up to 1000% and after 400
continuous stretching cycles (a stretching cycle began at 700%
strain, increased to 1000%, then decreased to 0%, before
returning back to 700%), the photocurrent variation was
ultralow (Figure 3c), indicating the robustness of the flexible
and stretchable device. We attribute this stable photosensing
performance to the rigid origami technique and the excellent
bonding between the printed carbon electrodes and PDs on the
paper substrate. Thus, by incorporating the array of PDs with
the Miura origami paper design, we were able to create a device
that offers fully reversible compressibility/stretchability without
creating substantial strain in the PD materials themselves that
would otherwise hurt the photosensing performance.

In addition to ultrahigh stretchability, we also measured the
performance of the OPPDA as it was being bent and twisted.
Figure 4a illustrates the bending angle of the device,

demonstrating the concave (bending angle θ < 0°) and convex
(bending angle θ > 0°) configurations in the upper and lower
images, respectively. Under these conditions, we measured the
bending-angle-dependent photocurrent and dark current of the
device at 700% strain (Figure 4b). The OPPDA exhibited a
dark current as low as 9 nA and a PDCR that ranged from 11 to
13 for the bending conditions of −30° ≤ θ ≤ 30°, as good as
the device performance under the undeformed state. Figure 4c
shows the device photocurrent for up to 400 bending cycles (a
bending cycle started at θ = 0°, increased to 30°, then lowered
to −30°, before returning back to 0°), demonstrating the
excellent endurance of the device as it retained the same level of
photosensing capability throughout the test.
Twisting is another type of mechanical deformation that is

important for flexible electronics to possess. Figure 4d is a
photograph of the OPPDA as it is being subjected to torsion
(the angle of twist = 0°, 180°, and 360°). We measured the
dark current and photocurrent of the device as a function of its
twisting angle (Figure 4e), and the results showed that the
OPPDA maintained a low dark current (<10 nA) even under
significant torsion (360°). As the twisting angle increases, the
device also becomes increasingly illuminated from its back side

Figure 3. Illustration of the OPPDA under different strain states
and photosensing measurements of the stretched OPPDA. (a)
Schematic diagram of the OPPDA under strains of 0%, 700%, and
1000% and the respective folding states of the device. (b) The dark
current and photocurrent of the OPPDA were measured as a
function of strain under dark and UV-illuminated conditions. (c)
Photocurrent of the OPPDA as a function of stretching cycles
measured under UV illumination.

Figure 4. OPPDA photosensing under bending and twisting
conditions. (a) Schematic illustration of the OPPDA in a concave
(bending angle θ < 0°) and convex (bending angle θ > 0°) bending
configuration. (b) Bending-angle-dependent photocurrent and dark
current of the device under 700% strain. (c) Photocurrent versus
bending cycles under UV illumination. (d) Optical photograph of
the OPPDA subjected to torsion (angle of twist = 0°, 180°, and
360°). (e) Dark current and photocurrent of the OPPDA versus
twist angle measured in the dark and under UV illumination. (f)
Photocurrent as a function of the number of twist cycles under UV
illumination.
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(i.e., the opposite side on which the array of PDs were printed),
and therefore the photocurrent expectedly decreases as the light
must pass through the paper to reach the detectors. As shown
in Figure S2, compared to front-side UV illumination, the
photocurrent of the device decreases by up to 1 order of
magnitude under back-side UV illumination. Figure 4f displays
the twisting endurance test for the OPPDA, demonstrating that
there was no significant change in the device’s photocurrent at
the 0° condition before and after 400 cycles of twisting (a cycle
began at a twisting angle of 0°, increased to 360°, then returned
back 0°). At the end of the sequential mechanical tests (400
cycles stretching, 400 cycles bending, and 400 cycles twisting),
we observed no voids, cracks, or delamination in the carbon
electrodes at the folded creases of the device (Figure S3), thus
demonstrating the robustness of the origami paper-based
design.
Furthermore, to study the omnidirectionality of the device,

we measured the PDCR of the OPPDA as a function of strain
at different angles of incidence (AOI), as shown in Figure 5a.
Under high strain (∼1000%), the PDCR value decreased with
AOI due to the high reflection of light on the nearly planar
surface39 (i.e., the totally unfolded state). In contrast, under low
strain (<500%), the PDCR value changed very little (<5) at
AOIs from 0° to 85°, indicating the OPPDA exhibits excellent
omnidirectional light detection when it is in its folded
configuration. In order to further assess the omnidirectional
photodetection capabilities of the OPPDA, we defined the
AOI-dependent variation of PDCR as [(PDCRθ − PDCR0)/
PDCR0] × 100%, in which PDCRθ is the PDCR value at an
incident angle of θ, and PDCR0 is the PDCR value at normal
incidence.40 As shown in Figure 5b, the AOI-dependent
variation of PDCR under low strain (between 0% and 500%)
is very small (between −20% and −40%) as the AOI varies
from 0° to 85°, in contrast to when the device is under high
strain (>500%). These omnidirectional measurements demon-
strate the reliability of the device to detect UV light at a wide
range of detection angles (170° total), which is a key feature
desired in flexible optoelectronics.
To further study the topographical adaptability of the

OPPDA, we performed four sets of real-world demonstrations.
In Figure 6a,b, we measured the dark current and photocurrent
of the device with and without UV illumination after mounting
the device against the inside of a fish bowl and on the surface of
a human arm. In these two situations, the PDCR values for the
fish bowl and arm were up to 7.5 and 5.2, respectively,
indicating outstanding photodetection even under situations
featuring ultrahigh tension, flexure, and torsion. The other two
applications involved mounting the OPPDA on a basketball
and a set of stairs, which are shown in Figure S4, demonstrating

PDCR values of up to 16 and 14.7, respectively. Overall, in
these four real-world demonstrations, the photocurrent of the
OPPDA was approximately 1 order of magnitude larger than
the dark current, confirming the high topographical adaptability
of the device. To further highlight the deformability of the
OPPDA, Figure 6c demonstrates how the device can be folded
into a compact shape that can easily pass through the narrow
mouth of a glass bottle. This ability to compress into a very
small volume is particularly distinct to the OPPDA, as such
deformation is not possible for conventional flexible electronics.

CONCLUSION
In summary, the strategies presented herein demonstrate the
degree to which highly deformable properties, including
stretching (up to 1000% strain), bending (±30°), and twisting
(up to 360°) can be achieved in conjunction with high-
performance photodetection through the integration of Miura
origami, array design, and paper printing processes, even while
using intrinsically brittle but high-performing inorganic
electronic/optical materials. In addition, the device features
exceptional omnidirectional detection capabilities by facing the
PDs in four different directions on the angled tessellated
parallelograms of the Miura folding structure. Furthermore,
after 400 sequential cycles of tension, bending, and twisting

Figure 5. AOI-dependent photosensing of the OPPDA. (a) The PDCR of the OPPDA was measured as a function of strain at different AOIs
of UV light. (b) AOI-dependent variation of the device’s PDCR for different amounts of strain applied. The far-right arrows indicate the
decreasing ratio of PDCR from an AOI of 0° to 85° for different strain conditions.

Figure 6. Real-world applications of the OPPDA to demonstrate
the device’s deformability and topographical adaptability. I−V
curves of the OPPDA device mounted (a) in a fish bowl and (b) on
a person’s arm, as measured in the dark and under UV illumination.
(c) Images of the device passing through the narrow mouth of a
glass bottle.
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tests, the OPPDA continued to demonstrate a stable photo-
response.
With the use of origami, we can improve the potential

application and characteristics of paper-based devices. However,
this origami-based concept is not limited to just paper
electronics, but could also be used for other devices that
feature hard materials in order to make it possible for them to
be stretched or folded. We believe this highly deformable
electronics design featuring the Miura origami structure
demonstrates a promising direction for future developments
in flexible electronics.

METHODS
Fabrication of the OPPDA. To prepare the devices, we first

screen-printed a carbon paste (C1399, Advanced Electronic Materials
Inc.) onto printer paper (80 gsm, Double A) and then baked the
material at 70 °C in a vacuum oven for 20 min to remove organic
solvent residues. ZnO nanowires were prepared via the vapor−liquid−
solid method41 by heating a mixture of 6.6 g of ZnO (Sigma-Aldrich,
≥99.0%) and 3.3 g of carbon powder (Sigma-Aldrich, 99.95%) in a
tube furnace (O1200-60IT, NBD Tech.) at 930 °C and 1 atm pressure
with 200 sccm Ar gas flow. A silicon chip cleaned by acetone (Fisher
Scientific) and deionized water was placed in the downwind position
of the reactants. The ZnO nanowires that formed on the silicon chip
were then scraped and collected using a laboratory spatula. We then
made a ZnO nanowire ink using a sol−gel method42 from a mixture of
1 g of ZnO nanowires, 5 mL of ethanol (Sigma-Aldrich, ≥99.8%), and
50 μL of surfactant (Triton X-100, Fisher Scientific). The ZnO ink was
screen-printed across the carbon electrodes to form 30 μm thick
photoactive ZnO nanowire layers (Figure S1), and then we placed the
device on a hot plate for 10 min to remove the ethanol. Finally, the
paper substrate with the patterned array of PDs was folded into a
Miura-origami structure. We reinforced the carbon electrodes on the
fold lines with silver paste (Sigma-Aldrich, 50−60 wt %).
I−V Characterization of the OPPDA. A Keithley 2400-SCS

semiconductor characterization system was used to measure the I−V
characteristics of the OPPDA devices under various conditions,
including different intensities of light, AOIs, and various curved and
uneven surfaces at room temperature. An ozone-generating UV lamp
(Spectroline Co., XX-15G) that emitted light at 185 and 254 nm
wavelengths was used to perform the measurements (the UV
irradiance intensity at 254 nm is almost 10 times larger than that at
185 nm).43 Unless otherwise noted, the samples were characterized
under conditions featuring a light intensity of 3.8 mW/cm2 at 10 V
bias.
We used an OPPDA device that was 11 cm × 11 cm in size (shown

in Figure 1b) to execute the basic photosensing (Figure 2b,c),
stretching (Figure 3a,b), omnidirectional (Figure 4a,b), and bending
measurements (Figure 5b,c). To better demonstrate the OPPDA’s
twisting properties and topographical adaptability, a larger device
featuring a size of 8 cm × 32 cm was used to perform the twisting
measurements (Figure 5e,f) and to demonstrate the four real-world
applications (Figure 6a,b and Figure S4a,b). All the measurements
were performed at least 5 times, except the stretching, bending, and
twisting endurance tests, in which we collected a data point after every
20 cycles (the device was held for 1 s at each state during these tests).
We calculated PDCR using eq 1:44

= −I I IPDCR ( )/ph d d (1)

in which Id is the dark current and Iph is the photocurrent under UV
illumination.
Responsivity (RI) was calculated using eq 2:45

= ×R I P A/( )I p in (2)

in which Ip is the total generated photocurrent of the whole device, Pin
is the incident UV light intensity, and A is the active area of the device
(the ZnO flim area).
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