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Kirigami-inspired automatically self-inclining
bifacial solar cell arrays to enhance energy
yield under both sunny and cloudy conditions

Min Ju Yun,! Yeon Hyang Sim,"? Dong Yoon Lee," and Seung |. Cha'-#3*

SUMMARY

The application of photovoltaics (PVs) is expanding in various locations ranging
from industrial facilities to residential housing. The emphasized concept in the
PVs field is shifting from “watt-per-cost” to “energy-yield-per-watt.” To attain
a high energy yield, fixed modules are not well suited to capture both direct
and omnidirectional light. To achieve a high energy yield under both light condi-
tions, we propose a self-inclining bifacial solar cell array fabricated by integrating
a photothermal actuator, which senses incident light by itself, and actuating solar
cells that incline at the appropriate angle to maximize captured light. In the ver-
tical illumination state, the specific power of the self-inclining bifacial two-cell
array is 11% higher than a fixed-angle aligned array. In an outside environment
with a large proportion of diffused light, the self-inclining bifacial two-cell array
also shows higher performance. We expect this work to enable PVs to be applied
without regard to weather conditions.

INTRODUCTION

In response to environmental issues, the development of carbon-neutral cities and systems has become a
worldwide priority (Garriga et al., 2020; Tozer and Klenk, 2018, 2018, 2018). Many researchers are, therefore,
investigating methods to replace conventionally produced electricity with renewable energy. Among
renewable energy systems, photovoltaics (PVs) are the most widely used, and PV energy is expected to
be accountable for a large portion of consumed electricity in the future (Benda and Cerna, 2020; Nam
etal., 2020; Rabaia et al., 2021). Given this trend, the application of PVs has expanded in various geograph-
ical locations and in facilities ranging from industrial sites to residential housing. In addition, the empha-
sized concept in the PV field is shifting from “watt-per-cost” to "energy-yield-per-watt,” especially for ur-
ban applications (Chen et al., 2021; Maghrabie et al., 2021; Seo et al., 2021; Sinke, 2019). Achieving a high
energy yield in a solar plant requires a system with a tracking system and one-size-fits-all modules whose
arrangement, including fixed angles and heights. In urban environments, solar plants are difficult to install;
the module itself should, therefore, accommodate considerations beyond one-size-fits-all designs and
strategies to achieve a high energy yield. Also, given the large proportion of diffused light in urban envi-
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Figure 1. Main concept schematic of self-inclining bifacial solar cell array

(A and B) Schematics of (A) a self-inclining bifacial solar cell array under sunny and cloudy conditions and (B) the
components of the self-inclining bifacial two-cell array that changes its alignment angle depending on the illumination
environment.

To overcome this shortcoming, we here propose new solar-cell-array-based PV units that automatically
change their facing angles according to the light condition via a photothermal actuator that senses the inci-
dent-light condition (i.e., direct sunlight or diffused light) by itself. The photothermal actuator actuates so-
lar cells to achieve the appropriate angle of inclination: either a planar structure to capture direct and
strong sunlight or an obliquely angled structure to capture diffused, omnidirectional light on both sides
and on a reflector. In the vertical illumination state, the specific power of the self-inclining bifacial two-
cell array is 11% greater than that of a fixed-angle aligned array, and the performance is enhanced by a
reflector. We have confirmed the bifacial two-cell array’s performance in an actual outside environment
with a large proportion of diffused light. The self-inclining bifacial two-cell array also demonstrates better
performance than a planar structure array such as a typical panel. Through this research, we expect to
develop a bifacial solar cell that can function on either sunny or cloudy days or under conditions where
the weather changes suddenly.

RESULTS

To achieve maximal energy gain in a module irrespective of sunny or cloudy conditions, we propose an
automatically self-inclining bifacial solar cell array that can change its angle of inclination for parallel or
scattered incident light, as shown in Figure 1A. Under direct and intense illumination conditions, the bifa-
cial solar cell array automatically leans down, becoming planar with respect to parallel rays and receiving
maximal incident light to produce maximal energy. When the environment is shadowed or under cloudy
conditions, the array automatically inclines to assume a structure that favors the capture of omnidirectional
scattered light, diffused light, and reflected light. The bifacial solar cell array can lean itself automatically
because a photothermal actuator that assumes a memorized shape in response to a thermal stimulus is in-
tegrated into the array. The components required for the self-inclining bifacial solar cell array are shown in
Figure 1B. For parallel rays (Figure 1B, left), the photothermal actuator’s surface temperature is increased
by incident light, leading to a change in shape to a memorized flattened shape through a phase-transition
mechanism. Because of the actuator’s change to a flat shape, the array also becomes planar with respect to
rays from the vertical direction and automatically transforms into an optimized shape that can receive
maximum parallel light. Under omnidirectional scattered rays, the photothermal actuator changes into
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Figure 2. Bifacial solar cell’s performance under scattered, diffused, and reflected illumination environments
(A) Schematic of scattered, diffused, and reflected illumination environments simulated using a patterned filter.

(B) Relationship between the normalized current density and the cosine of the angle of incidence for a bifacial solar cell in
various scattered light environments controlled by a patterned filter.

(C) Effects of reflection and tilt on the bifacial solar cell's performance.

(D) Relationship between the enhanced power and alignment angle of the bifacial solar cell, which depends on vertical/
lateral reflection ratio.

an elastic state because of the decreased heat; the array then automatically inclines as a result of the strong
elasticity of a wrinkled metal ribbon on the back side of the photothermal actuator. Thus, the array has an
optimized structure for capturing scattering, diffused, and reflected light on both sides of its bifacial solar
cell. This device is proposed as a bifacial solar cell array that produces maximal power by changing its align-
ment angle automatically in response to the illumination environment (i.e., sunny or cloudy conditions).

The concepts proposed in Figure 1 to obtain maximal energy in both cases of direct illumination and scat-
tered illumination conditions using bifacial solar cells are supported by the results of previous studies on
monofacial solar cells and by the additional power gain of bifacial solar cells at various angles under
different illumination conditions (Younas et al., 2019; Yun et al., 2020; Raina et al., 2021; Bernardi et al.,
2012; Cui et al., 2019; Huang et al., 2020). These previously reported results—where the angled alignment
of monofacial modules or arrays has been shown to affect the energy yield and where a vertical array of PV
modules has been shown to produce more energy under scattered light conditions such as cloudy days by
capturing other forms of incident light—have been expanded in the present work to a bifacial solar cell to
confirm the effect of its angled alignment under a scattered- and diffused-light environment (Tayagaki and
Yoshita, 2022; Yin et al., 2021).

To estimate the effect of omnidirectional light on the bifacial solar cells in a solar simulator, we used several
light-scattering filters and surrounding reflectors to achieve several different illumination conditions (Fig-
ure 2A). We varied the scattering conditions using a mesh-patterned film, a ball-array-patterned plate, and
a cone-and-ring-patterned plate; detailed photographs are shown in Figure S1. In the case of the mesh-
patterned film, parallel rays were scattered by round metal wire and openings within the mesh patterns.
In the case of the ball-array patterns, illuminated light was scattered through arranged 5 mm-diameter
spheres. The cone-and-ring pattern that included a long cone with a diameter of 10 mm and a height of
10 mm was located in the center, and donut-ring shapes with various diameters and heights surrounded
the cone, resulting in a scattering effect. In this case, the light cannot be regarded as fully omnidirectional
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like a light in the external environment, which includes some proportion of diffused light; the effect of the
light distribution performance on bifacial solar cells is, therefore, estimated. As shown in Figure 2B, the
angled alignment effect is confirmed to be more substantial under omnidirectional illumination using scat-
tering filters than under the unfiltered-light conditions, even though the light is artificial. We have also
confirmed that the power production of a bifacial solar cell array underlying the reflector is enhanced in
the parallel-ray illumination state and the power production is degraded according to the alignment angle
Figure 2C). However, to estimate the effect of diffused and reflected light, we varied the vertical-to-lateral
light intensity ratio from 1.3% to 9.9% via the reflector (Figure 2A), as shown in Figure 2D. This result con-
firms that the angled alignment of the bifacial cell enhances power production under omnidirectional
diffused light. In an environment where the proportion of diffusion light is large, the power production in-
creases with increasing angle of alignment, which is an important factor for the bifacial solar cell alignment
array. Therefore, to obtain maximal energy under both direct- and diffused light conditions, the bifacial
cells should be aligned differently according to the light conditions. Unfortunately, light conditions change
unpredictably in the actual operating state; thus, self-sensing and actuation are required to respond to
changes in actual light conditions.

To make the bifacial solar cell change automatically and align itself according to the light conditions, we
integrated a shape memory alloy actuator that undergoes a phase transition to change to a memorized
shape by sensing heat arising from photothermal transference from illuminated light and reflected light
on an attached metal plate (Niu et al., 2022; Taya et al., 2013) as shown as Figure S2 and Video S1. A
shape-memory alloy (SMA) was used as a photothermal actuator, and its transition temperature was
measured through differential scanning calorimetry (DSC) analysis (Figure S3). The SMA’s austenite start
(As) temperature was 20.8°C, its austenite finishing (A) temperature was 31.2°C during heating, and its
martensite start (M) temperature was 7.7°C during cooling. At temperatures less than the A; temperature,
the SMA shows elastic character; at temperatures greater than the A; temperature, it becomes stiff and
changes to its memorized shape. At temperatures greater than the As temperature, it completely trans-
forms. We confirmed that the A, temperature is rapidly reached, enabling the SMA to undergo a phase
change under vertical illumination in conjunction with reflection and transmission of the metal material.

To incline the solar cell automatically at an angle, the wrinkled metal ribbon stands the solar cell upright via
an elastic force. The elastic wrinkled metal ribbon was fabricated using an etched stainless steel (SUS) plate
(Figure S4) with a thickness of 50.8 um and 23% opening area; it was thus less stiff than a stainless steel plate
and was imprinted with rolling pinion on a rack gear (Figure S5). Pressing force exerted during the rolling of
the pinion rounded the metal ribbon, which has a semi-circle shape with a certain diameter (Figure 3A). The
combination of the rounded wrinkled metal ribbon, which is elastic, and the SMA, which is superelastic, re-
sulted in a balanced angle. A closing elastic force is exerted at each end of the combined actuator, which
makes the balanced angle small via the metal ribbon; the reverse opening force is exerted through the
SMA, which transforms to a memorized flattened shape via the photothermal effect. Because of the wrin-
kled metal ribbon’s wavy structure, a weakly deformed zone and a heavily deformed zone with a smaller
radius are attached to the SMA’s surface. In the heavily deformed zone, illuminated light is reflected by
the surface of the ribbon within the bay region and transfers photothermal energy to the attached SMA.
Upon shape transformation of the SMA, the weakly deformed zone expands elastically. To confirm the
deformation and recovery behavior of the combined rounded wrinkled metal ribbon and SMA, we first
induced artificial heating using a convection oven (70°C). The combined wrinkled metal ribbon/SMA
deformed by sensing the radiated heat; its opening force resulted in a maximized balanced angle. After
deformation, we confirmed the automatic recovery function by allowing the combined metal ribbon/
SMA with a maximized balanced angle to stand at room temperature, which resulted in a closing force.
In addition, maintenance of the initial elastic state was confirmed even after repeated deformation of
the maximized balanced angle through the heat-sensing/recovery behavior. After five repeated deforma-
tions, the combined metal ribbon/SMA recovered to the same balanced angle; thus, it maintained the
elastic force of the wrinkled metal ribbon as the initial state (Figure 3B). Also, when the metal ribbon width
was small, the maximized balanced angle achieved by the opening force generated by the SMA was the
same as when the metal ribbon width was larger. However, the recovered balanced angle was smaller ac-
cording to smaller width of wrinkled metal ribbon because the stronger the force of larger metal ribbon, the
closing force was greatly generated. Through these results, it is confirmed that combined wrinkled metal
ribbon/SMA can be deformed by opening force of SMA under illumination state and recovered to initial
state by closing elastic force of wrinkled metal ribbon.
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Figure 3. Performance of photothermal actuator

(A) Photograph of a wrinkled metal ribbon (top) and the formed balanced angle with closing elastic force and opening force generated by the combined
wrinkled metal ribbon/SMA device (bottom). Schematic of the deformation behavior according to the shape change of the SMA.

(B and C) Cycle test of maximal opening and recovery of the combined wrinkled metal ribbon/SMA device. Photograph of (c) the self-inclining solar cell with
an integrated SMA, wrinkled metal ribbon, and standing support (left top).

(D) The difference in alignment angle depending on the width of the metal ribbon (left bottom), and the self-inclining and recovery behavior under one Sun
illumination and under the dark state. (D) Relationship between the deformation angle and the angle of incidence of the self-inclining solar cell according to
the width of the metal ribbon.

We integrated the combined photothermal actuator/wrinkled metal ribbon into a solar cell and standing
support and confirmed actuation under simulated sunlight (Figure 3C). We thus confirmed that the
balanced angle was smaller when the width of the metal ribbon was narrower (Figure 3C, bottom). Under
vertical directional illumination, the bifacial solar cell with an integrated combined wrinkled metal ribbon/
SMA achieved an almost lying-down state with a large balanced angle as a result of the opening force; un-
der the dark state, the bifacial solar cell inclined and recovered its initial balanced angle state as a result of
the closing elastic force. To estimate the alignment angle of the solar cell according to the illumination con-
ditions, we measured the deformation angle with respect to the ground (the deformation angle indicated
in Figure Sé) in devices with wrinkled metal ribbons with various widths (Figure 3D). Until the angle of inci-
dence (AOI) reached 40°, the deformed angle ranged from 10° to 30° by the increased surface temperature
of combined wrinkled metal ribbon/SMA above 32 degrees is over than SMA's A¢temperature and the solar
cell, therefore, remained almost planar with respect to the incident rays, enabling it to capture maximal
incident light. At high AQls, the bifacial solar cell automatically recovered by self-inclination with a high
deformation angle with respect to the ground to receive diffused, scattered, and reflected light on both
sides of the solar cell by inclining at high speed. This phenomenon is because the surface temperature
of the combined wrinkled metal ribbon/SMA became lower than the As temperature.

By integrating a bifacial solar cell, photothermal actuator, wrinkled metal ribbon, and standing support, we

fabricated a self-inclining solar cell array that achieves an optimal alignment angle under sunny, cloudy,
shaded, or other illumination conditions and confirmed that the array undergoes a rapid automatic

iScience 25, 104649, July 15, 2022 5
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Figure 4. Photovoltaic performance of the self-inclining bifacial two-cell array

(A) Photograph of the self-inclining bifacial two-cell array under various light-illumination states ranging from direct and
intense illumination to omnidirectional and diffused illumination.

(B) Photovoltaic performance of the self-inclining bifacial two-cell array and a fixed-angle bifacial two-cell array under one
Sun illumination.

(C) The specific power depends on the box material used for artificial diffused light.

(D) Maximum power value of the flattened and self-inclinable bifacial two-cell array under outdoor conditions with
predominantly diffused incident light.

transformation. Self-inclining solar cell array can be transformed within 20 s including sensing intensity of
incident light. We estimated the PV performance of a two-cell bifacial array with a series-connected inte-
grating actuator and a wrinkled metal ribbon. Under direct or intense illumination, the solar cell array leans
down automatically and the alignment angle is small, almost planar with respect to the ray direction (Video
S2). Under omnidirectional illumination, it automatically inclines with a high alignment angle to capture
various forms of incident light. Under the dark state, it recovers to its initial state (Figure 4A). Under vertical
directional illumination, the bifacial two-cell array with an integrated photothermal actuator demonstrated
a specific power of 21.5 mW/cm?, which is 11% greater than that of the fixed array (19.3 mW/cm?) with the
same alignment angle (40°), as shown in Figure S7. In addition, the specific power was increased by almost
6% by simply incorporating a white reflection plate as shown in Figure 4B and average value of three sam-
ples with the same condition to present detailed parameters of PV performance in Table S1. To estimate
the performance of the bifacial two-cell array under omnidirectional illumination, we generated scattered
rays from a solar simulator by using a mesh-patterned film and generated diffused rays using a box fabri-
cated from SUS plates or white plates (Figure S8). The vertical-to-lateral light intensity ratio differed de-
pending on the box material. In the case of the SUS and white boxes, the ratio was 3.4 and 15.6%, respec-
tively; thus, within the white box, incident light was more reflected and diffused. In environments where the
proportion of diffused light is much greater, PV performance is enhanced, as shown by the inclined
arrangement in Figure 4C. PV performance can be further improved by replacing the standing support
plate with a reflector SUS plate or white plate to reflect more light to the back side of the array. We esti-
mated the bifacial two-cell array’s performance in the actual outside environment. A similar illumination in-
tensity was observed in measurements conducted with the solar array facing west, south, east, north, and
skyward (bottom); thus, diffused incident light appears to be equally dispersed around the self-inclining
bifacial two-cell array (Figure S9). The produced power was very small because of the low intensity of inci-
dent light; however, the PV performance of the integrated photothermal actuator was better than that of
the planar structure similar to typical panels used in the outdoor environment (Figure 4D).
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We have fabricated a self-inclining bifacial solar cell array by integrating a photothermal actuator that
senses the light conditions and then automatically actuates them to achieve the proper angled arrange-
ment. Self-actuation into an optimized structure was inspired by kirigami structures, and we have confirmed
enhanced power production under both vertical-directional (sunny day) and omnidirectional and diffused
(cloudy day) incident light by self-inclination to achieve either a planar structure or an angled alignment.
This research will lead to a cornerstone power generation device that effectively utilizes a bifacial solar
cell under any illumination environment, obviating the need to consider the intensity of incident light,
shading, or sudden changes in the lighting conditions. We expect that this research will also contribute
to the technical development of bifacial solar cell modules.

DISCUSSION

A self-inclinable bifacial solar cell array that can produce maximal energy under sunny, cloudy, or extreme
weather conditions by automatically changing its alignment angle was proposed. To make the solar cell
array incline itself, we combined an SMA as a photothermal actuator and a wrinkled metal ribbon. The com-
bined device was then integrated into a bifacial solar array and standing support. Under direct and intense
illumination, the photothermal actuator changed to a memorized flattened shape via transferred heat. The
bifacial solar cell array changed to a planar configuration under direct illumination according to the change
of the photothermal actuator. In reverse, under omnidirectional scattered and diffused illumination, the
photothermal actuator changed to its elastic state and the wrinkled metal ribbon’s elasticity force
increased; thus, the bifacial solar cell array self-inclined. Under vertical illumination, the specific power
of the self-inclinable bifacial two-cell array was 11% higher than that of a fixed tilted module; it also demon-
strated better performance in the outdoor environment with predominantly diffused incident light. We
expect the results of this research to lead to further development of bifacial solar cell technology and to
enable the production of energy under any illumination conditions irrespective of the intensity of incident
light, shading, or sudden external changes in illumination.

Limitations of the study

Suggested self-inclinable bifacial solar cell array showed better performance in the outdoor condition and
from these results, it was emphasized that a PV module should be developed and utilized under all kinds of
various incident lights like directional and omnidirectional like scattered, diffused, and reflected incident
light. In this study, a simple 2-cell array that automatically changes according to the amount of light to maxi-
mize power was introduced. Expand from bifacial 2-cell array with these simple presentations and results to
module scale, we should confirm the energy yield per day in the real environment.

Experimental procedures

Fabrication self-inclinable bifacial solar cell array

For the bifacial solar cell array, bifacial passivated emitter rear cells (Bifacial-PERC; LWM5BB-Bi-Fi-SE-223,
Lightway) were used after being cut into rectangular shapes (15 X 30 mm, w X h) using a fiber laser cutting
system. Two bifacial solar cells were connected in series using a ribbon; this ribbon was also used to fix the
two cells. Wires (commercial Cu wire (100 um)) were then connected to each positive and negative elec-
trode of the solar cell. Connections were soldered using Pb-free solder wire (HSE-02-SR34, Heesung Ma-
terial) and a soldering iron (FX-951, Hakko). After the electrical connection of the array, the two cells were
encapsulated via a casting process using silicone (polydimethylsiloxane (PDMS), Sylgard 184 A/B, Heesung
STS) and then cured in a convection oven at 70°C. For the photothermal actuator, SMA components
(Nitinol flat wires, Kellogg's Research Labs) with a flattened memorized shape were attached to the surface
of the wrinkled metal ribbon. Metal ribbon (etched mesh) was imprinted with a wrinkled structure using a
pinion-and-rack gear that we fabricated using a 3D printer (MonoX, Anycubic). The photothermal actuator
and two-cell array were integrated into standing support that was also fabricated using a 3D printer; they
were attached to the support using an adhesive (Loctite 401). The self-inclinable bifacial solar cell array
maintained a 40° angled alignment naturally.

For the fixed two-cell array, an electrically connected and encapsulated solar cell array was attached to a
tilted fixed frame fabricated using a 3D printer.

For the reflector plates, commercial stainless steel plates with high reflection and white plate fabricated
with a 3D printer were used. To artificially diffuse light, we used boxes made of the SUS plate or white plate.
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Characterization

DSC analysis (Q600, TA Instruments) was conducted from 0°C to 100°C at a heating/cooling rate of
10°C/min with the sample under a N, atmosphere to characterize the thermal properties of the SMA.
For the measurement of the photovoltaic performance, we first calibrated a solar simulator (Sun, 2000,
1000 W Xe source; Abet Technologies; 2400 Keithley source meter) using a KG-3 filter and a reference
cell certified by the National Renewable Energy Laboratory; the simulator was set to one Sun, 1.5 a.m.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

SYLGARD(R) 184 SILICONE ELASTOMER KIT

Xylene Heesung STS 1330-20-7
Ethylbenzene Heesung STS 100-41-4
Dimethyl Siloxane, Heesung STS 68083-19-2

Dimethylvinylsiloxyterminated

Dimethylvinylated and trimethylated silica Heesung STS 68988-89-6

Software and algorithms

OriginPro 2019 Origin Lab http://originlab.com

Other

Shape Memory Alloy Kellogg's Research Labs NiTi Flat wire 0.6mm width
MonoX 3D printer Anycubic N/A

Eco UV resin

Polyurethane acrylate 82116-59-4

Acrylate Monomer 29590-42-9

Photoinitiator N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources, measurement procedures and data can be directed to the
lead contact, Dr. Seung |. Cha (sicha@keri.re.kr).

Materials availability

All solar cells, materials and chemicals could be available commercially.

Data and code availability
® All data reported in this paper will be shared by the lead contact upon request.

® There is no original code associated with this work.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.
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