
ARTICLE

Stretchable micro-scale concentrator photovoltaic
module with 15.4% efficiency for three-dimensional
curved surfaces
Daisuke Sato 1✉, Taizo Masuda2,3, Kenji Araki4,5, Masafumi Yamaguchi4, Kenichi Okumura2, Akinori Sato2,

Ryota Tomizawa2 & Noboru Yamada 6

Stretchable photovoltaics are emerging power sources for collapsible electronics, biomedical

devices, and buildings and vehicles with curved surfaces. Development of stretchable pho-

tovoltaics are crucial to achieve rapid growth of the future photovoltaic market. However,

owing to their rigidity, existing thin-film solar cells based predominantly on silicon, compound

semiconductors, and perovskites are difficult to apply to 3D curved surfaces, which are

potential real-world candidates. Herein, we present a stretchable micro-scale concentrator

photovoltaic module with a geometrical concentration ratio of 3.5×. When perfectly fitted on

a 3D curved surface with a sharp curvature, the prototype module achieves an outdoor power

conversion efficiency of 15.4% and the daily generated electricity yield improves to a max-

imum of 190% relative to a non-concentration stretchable photovoltaic module. Thus, this

module design enables high areal coverage on 3D curved surfaces, while generating a higher

electricity yield in a limited installation area.
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According to a recently reported scenario regarding the
growth of the photovoltaic (PV) market, it is projected
that the global cumulative installed PV capacity will be 40

TW by 20401, even though it is presently below 1 TW2. The
highest recorded power conversion efficiency of crystalline silicon
(Si) solar cells, which have been the most predominant PV
technology for decades, is 26.7%3, and this record efficiency is
very close to the theoretical efficiency limit, which is 29.4%4. Si
modules, which accounted for ~90% of all commercially available
PV modules produced in 20135, have been primarily installed on
flat roofs of residential buildings and on vast expanses of land,
often referred to as mega-solar power plants. To realize the
aforementioned 2040 scenario, further diversification of PV
applications—specifically, overcoming the limitations of the
installation features—is becoming increasingly important. One of
the most advantageous installation features of PV modules is
coverage on curved surfaces, and PV modules that incorporate
flexible and thin-film solar cells, including thin-film Si6, CIGS7,
CdTe8, perovskite9,10, and III–V compounds11,12, could be sui-
table candidates. These modules can easily cover 2D curved
surfaces (e.g., toroidal surfaces)13–15; however, their ability to fit
perfectly on 3D curved surfaces (e.g., spherical surfaces), espe-
cially those with sharp curvature, is limited because they are
inherently brittle and non-stretchable16. The surfaces of walls/
roofs, wearable devices, artificial satellites, and small mobiles,
including automobiles and flying vehicles, which are promising
applications for PV modules, have 3D curved surfaces with sharp
curvatures owing to considerations related to appearance and/or
aerodynamics. Thus, the availability of PV modules that can fit
perfectly on such 3D curved surfaces and require a relatively
small installation area to generate higher electricity yields, as
independent power sources, are highly desired.

The development of stretchable electronics17 is crucial as this
technology is required for the manufacture of PV modules that
can completely cover the arbitrary 3D curved surfaces that are
characterized by sharp curvatures. Rapid and significant progress
has been made in the development of stretchable circuits18,19 and
in the mounting processes of micro/nano-scaled semiconductor
devices on stretchable materials20,21; this has stimulated con-
siderable research interest in flexible displays22, curvilinear digital
cameras23, bio-integrated systems24,25, and other such applica-
tions. As an example of a PV-related technology, stretchable
organic solar cells26–29 have garnered significant attention
because they show great potential for large-area manufacturing.
However, compared with semiconductor-based inorganic solar
cells, such as Si and III–V compounds, they are associated with
several drawbacks, including lower power conversion efficiencies
(at most ~10%) and inferior durability. Another example of a PV-
related technology is the integration of micro/nano-scaled inor-
ganic solar cells onto soft and stretchable substrates30–32.
Although inorganic solar cells show higher power conversion
efficiencies, they are inherently rigid and brittle. Hence, to ensure
stretchability, they need to be arranged such that gaps are left
between adjacent solar cells, providing an elastic area and/or
space for electrical wiring. However, leaving such gaps deterio-
rates electricity yield per module area. Previous studies have
primarily highlighted high stretchability in the axial direction,
stating that even in the stretched state, solar cells did not show
any decrease in conversion efficiency (not generated power per
module area). However, the power-generation performance per
module area when they are attached to actual 3D curved surfaces
has not yet been investigated in detail. Additionally, a trade-off
relationship between power generation per module area and
stretchability is associated with this technology, because an
increase in the gaps between the solar cells, i.e., a decrease in the
area occupied by the solar cells, enhances stretchability.

Concentrator photovoltaics (CPV) could be a solution to this
drawback. In CPVs, inexpensive concentrator optics collect
sunlight into small-area solar cells so that high power generation
can be obtained with relatively low solar-cell usage33. In this
architecture, the solar-cell area is necessarily smaller than the
module aperture area because the solar cells are arranged with
some gaps between them. If the module components (e.g. con-
centrator, cell mounting substrate, etc.) are made from stretchable
materials, more of the sunlight incident on the module aperture
can be collected via concentration, while ensuring high areal
coverage on 3D curved surfaces. Originally, CPV systems were
developed for large-scale power plants34, in which high-
concentration CPV modules with geometrical concentration
ratios Cg ranging from several hundreds to one thousand35–37

were mounted on big-bonded sun-tracking systems. Subse-
quently, some of the authors proposed low-concentration static
CPV (Cg ≤ 4×), and clarified that optimally designed con-
centrators have wide acceptance operation angles of several tens
of degrees without sun-tracking38,39.

In this study, a stretchable micro-scale CPV module with Cg=
3.5× for static (non-sun-tracking) operation is designed and
developed. The designed module (32 mm × 40mm) consists of
stretchable materials, including a silicone concentrator lens and a
thermoplastic polyurethane sheet, and a rigid III–V triple-
junction solar cell. When perfectly fitted on a 3D curved sur-
face with a sharp curvature, a prototype module achieves an
outdoor power conversion efficiency of 15.4% and the daily
generated electricity yield improves to a maximum of 190%
relative to a non-concentration stretchable PV module.

Results
Module design and prototyping. Photographs and a schematic
top side view of the stretchable micro-scale CPV module are
shown in Fig. 1. In addition to being flexible (Fig. 1a), the pro-
totype module was also stretchable (Fig. 1b). Thus, it could fit
perfectly on a 3D curved surface, such as a spherical surface with
a curvature radius, R= 100 mm, without wrinkling, as shown in
Fig. 1c. The curvature radius, R of the sharpest curve in the roof
of most passenger vehicles is ~1000 mm, and the stretchability of
the prototype module permitted it to fully cover car roofs without
gaps, enabling high areal coverage. It is worth noting that a
smaller curvature radius implies a sharper curved surface.
Additionally, the prototype module could be fitted on a motor-
cycle helmet (see Supplementary Fig. 1a), which has a non-
spherical 3D curved surface (this could be one of its possible
applications, i.e., supplying energy to the interior cooling systems
of helmets40); moreover, the module could fit perfectly on an
airfoil-shaped surface (see Supplementary Fig. 1b), which has
sharper and more complex curves, with curvatures that vary by
position; it could also fit perfectly on a concave surface (see
Supplementary Fig. 1c). As shown in Fig. 1d, with the exception
of the solar cells that were rigid (i.e., the GaInP/GaInAs/Ge triple-
junction cells), the prototype module consisted of stretchable
materials, namely, the thermoplastic polyurethane (TPU) sheet
with the screen-printed electrode pattern and the silicone lens
array. The triple-junction cells were encapsulated by the
stretchable silicone lens, and the structure of the modules was
basically the same as those of light-emitting diode (LED)
packages, to which large-scale mounting technologies can be
applied41. The lens-encapsulating design is advantageous because
it reduces the number of lens-air interfaces penetrated by sun-
light, implying a lower Fresnel reflection loss at the interfaces
between dissimilar materials.

In applications that require the covering of curved surfaces, the
module should be as thin and as light weight as possible. This is
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particularly crucial with respect to appearance, the ease with
which it is carried (i.e., for wearable devices), and the
improvement of the power consumption ratio (for small mobiles).
Therefore, a micro-scale CPV design, which is a state-of-the-art
CPV technology, involving the use of miniaturized lenses (in the
order of ~1–10 mm) and solar cells (in the order of ~0.1–1 mm)
were employed. Miniaturizing the concentrator and the solar cell
offers the advantages of less absorption loss owing to the thinner
concentrator, better heat dissipation from the solar cells, and a
thinner module thickness, i.e., a lighter module weight, owing to
the shorter focal length42,43. The thickness and weight per unit
area of the prototype module were 4.1 mm (silicone lens, 4.0 mm;
TPU sheet, 0.1 mm) and 2.84 kg m−2 (almost the same as that of
a 1.2-mm thick glass substrate), respectively. The geometrical
concentration ratio was determined as, Cg= Alens/Acell= 3.5×,
where Alens represents the unit lens aperture area (8.0 mm × 8.0
mm) and Acell represents the active power-generation area of the
triple-junction cell (4.05 mm × 4.47 mm). The triple-junction
cells with a total area of 4.10 mm × 4.95 mm, including the
electrode area were arranged with 3.05 and 3.90 mm gaps
between them in the x and y directions, respectively, forming a
4 × 5 array. The ratio of the total cell area to the active power-
generation area of the module (32 mm × 40mm) was 31.7%, and
the ratio of the active cell area to the active module area was
28.3%. Several micro-scale CPV modules employing
submillimeter-scale solar cells have been recently reported44–48.
Such miniaturized solar cells can also be applied to the present
module design. To ensure equivalent power-generation perfor-
mance and its incidence-angle dependency to those of the present
design, the solar cells need to be downscaled while maintaining Cg

and the similarity of the optical system. In that case, because the
unit-lens side length, lens thickness, and interval between the
active lens islands decrease in proportion to the downscaling

degree, the rigid active lens islands are subdivided, which would
improve the flexibility of the module. As the silicone lens is soft
and flexible, it is supposed not to impede the module flexibility as
much as the solar cell. It is important to note that although the
concentrator lens itself is scalable, power-generation performance
and its incidence-angle dependency can vary with changes in the
ratio of the lens aperture area to the solar-cell area (i.e., Cg).

The non-axisymmetric aspheric lens designed in our previous
study39 was used in this module. The concentrator lens was
designed taking into consideration the incidence-angle character-
istics of the annual solar irradiance on a car roof. In the lens
design, the optimal lens-geometry parameters that maximized the
annual irradiance concentrated on the triple-junction cell were
determined via optical analysis using ray-tracing simulation. In
the present lens design, the active area loss—that is, the 1-mm-
thick flat area formed between the active lens islands that does
not contribute to sunlight concentration on the solar cell—
occupied 28.9% in the active module area (i.e., 32 mm × 40mm
shown in Fig. 1d). This proportion depends on the lens design
method and Cg. Although in the lens design method used in this
study, the smaller Cg can decrease the proportion of the active
area loss (eventually becoming zero for Cg= 1.5×), the flexibility
of the module would be degraded.

The module prototyping process was as follows: (1) a
stretchable conductive paste was screen-printed on the TPU
sheet, forming the electrode pattern; (2) the triple-junction cells
were mounted on the electrode pattern via die-bonding and wire-
bonding; (3) the silicone lens was formed on the cell-mounted
TPU sheet via injection molding.

Stretch dependency of power-generation performance. Photo-
graphs of the prototype module under relax and asymmetrical

Fig. 1 Stretchable micro-scale CPV module. a–c Photographs of prototype module. a Flexibility, (b) Stretchability (left: relaxed state; right: stretch state),
and (c) Module covering a hemispherical dome with curvature radius, R= 100mm. d Schematic representation of the top side view of prototype module.
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stretching states are shown in Fig. 2a, b, respectively. The max-
imum strain of the uppermost string consisting of five series-
connected triple-junction cells was 10% (39.4 mm → 43.2 mm).
In the maximum stretch state, strains in the thinner part (i.e., the
trench formed between the active lens islands) and in the thicker
part (i.e. the active lens island) were 50% (0.6 mm → 0.9 mm)
and 8.1% (7.4 mm→ 8.0 mm), which was smaller than that of the
thinner part, respectively. This relationship is consistent with the
deformation mechanism of stretchable PVs reported in previous
studies30,31. The maximum strain of 10% is smaller than that of
the record value (95%32). This is because the overall module
stretchability is restricted by the solar cells, in which the stress
concentration occurs near the vertices of the rigid solar cells,
while the stress occurring at the interface between silicone lens
and TPU sheet is much smaller than the maximum stress (see
left-hand color contour in Supplementary Fig. 2b). The stress
concentration at the vertices of the solar cells can be expected to
be mitigated by employing the structured stretchable substrate
instead of the flat TPU sheet, based on the outcome of prior
studies30,31. As another approach, rounding the solar-cell vertices
(i.e., employing circular solar cells) can contribute to a significant

reduction in the maximum stress (see Supplementary Fig. 3). The
current–voltage (I–V) and power–voltage (P–V) characteristics
under relax (i.e., non-deformation) and maximum stretch (i.e.,
10% strain) states are shown in Fig. 2c. Under the stretch state,
the generated power Pmax was 12% smaller than that under the
relax state. The reasons for the performance degradation were as
follows: (1) the lens deformation deteriorated the concentration
performance (i.e., optical efficiency), resulting in a 5% decrease in
the short-circuit current (Isc); (2) the ohmic resistance of the
electrode pattern printed on the TPU sheet increased, which was
shown as reduction in the fill factor (FF). Thinning the flat part
formed between the active lens islands can suppress the defor-
mation of the active lens island (i.e., deterioration of the con-
centration performance) while retaining the overall module
stretchability (see Supplementary Fig. 2c, d). As shown in Fig. 2d,
when a stretch cycle was applied, the Pmax and module conversion
efficiency degraded owing to increases in the ohmic resistance of
the printed electrode pattern with increases in the cycle number.
Given the above stretch dependency of the power-generation
performance, it can be said that the present module design is
unsuitable for wearable applications. Conversely, as demonstrated

Fig. 2 Power-generation characteristics under stretch state. Photographs of the prototype module under (a) relax and (b) maximum stretch (10%
strain) states (Unit: mm). The right-side photographs are magnifications of the region marked by red-colored rectangle in the left-side photographs.
c Current–voltage (I–V) and power–voltage (P–V) characteristics under relax and maximum stretch states. Isc, Voc, Pmax, and FF are short-circuit current,
open-circuit voltage, generated power, and fill factor, respectively. d Cycling test showing the module conversion efficiency and FF when stretched by 10%
up to 300 cycles. The I–V and P–V characteristics were measured for uppermost string in (a) and (b) at indoor 1 sun (1000Wm−2) irradiation and room
temperature (~25 °C). The module conversion efficiency was calculated as the ratio of Pmax per active module area (one string: 8 mm × 8mm × 5 lenses) to
irradiance (1000Wm−2).
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below by the outdoor power-generation performance, the present
CPV is advantageous in the fixed installation on a 3D curved
surface with sharp curvature over the existing technologies.

Outdoor power-generation performance on a 3D curved sur-
face. To evaluate the power-generation performance when
attached to a 3D curved surface, the prototype module was
attached to a hemispherical dome with a curvature radius, R=
100 mm. Thereafter, outdoor tests were performed at Nagaoka
University of Technology (Nagaoka city, Japan; latitude, 37.42°;
longitude, 138.78°). During the outdoor tests, the power-
generation performance of the three strings, each consisting of
five series-connected triple-junction cells as shown in Fig. 3a,
were measured, and the cell-lens pair located at the center of the
measured 3 × 5 array was positioned at the zenith of the hemi-
spherical dome.

As a fundamental power-generation performance indicator,
I–V characteristics were first measured under the condition that
the zenith of the hemispherical dome on which the prototype
module was attached was facing the sun (i.e., the differences
among the incidence angles of the unit lenses were minimum).
Figure 3b shows the setup used during the outdoor tests. The I–V
characteristics of each string were independently and simulta-
neously measured using two-channel source measurement units.
During the experiments, global horizontal irradiance (GHI) and
global normal irradiance (GNI) were measured using pyran-
ometers, while direct normal irradiance (DNI) was measured
using a pyrheliometer. Both devices were mounted on another
sun tracker installed close to the prototype modules. To
quantitatively confirm the improvement of power-generation
performance as a function of concentration, the I–V character-
istics of the stretchable PV module without lens were also

measured. Figure 3c, d shows the I–V curves of string 2 (center
string) under a clear-sky condition with and without lens,
respectively. When the prototype module was fitted on the
spherical surface, the outline of the active module area shown in
Fig. 1d (i.e., 32 mm × 40mm) was elongated by ~1 mm in
directions both parallel and orthogonal to the string directions,
which corresponds to ~3% strain and is smaller than 1/3 of the
maximum value (10%). Consequently, although the ohmic
resistance of the printed electrode pattern on the TPU sheet
somewhat increased, that had a minor effect on the I–V
characteristics even under the possible best irradiance (i.e.,
highest current output) condition. The FF of the CPV module (w/
lens) was slightly lower than that of the non-concentration
module (w/o lens) owing to the degradation of irradiance
uniformity in the cell area caused by non-uniform concentra-
tion49. On the other hand, enhancing the short-circuit current
(Isc) and the open-circuit voltage (Voc) contributed to an increase
in the generated power, Pmax up to 1.88 times; consequently, a
GNI-based module conversion efficiency, ηGNI, of 15.4% was
realized, and it is worth noting that ηGNI is defined as the ratio of
Pmax per active module area to GNI. Additionally, the I–V
characteristics of strings 1 and 3 were basically the same as those
of string 2, even though the incidence angles for the unit lenses in
the string were a little larger (see Supplementary Fig. 4).

In the case of the static CPV module (non-sun-tracking), the
incidence angle varied with time. Furthermore, the incidence
angles for the unit lenses were different when the module was
attached to 3D curved surfaces. To clarify the daily power-
generation performance potential of the prototype CPV module,
prototype modules (w/ lens and w/o lens) attached to the
hemispherical domes (R= 100 mm) were installed on horizontal
and 30°-inclined surfaces (simulating attachment on different

Fig. 3 Outdoor investigation of fundamental I–V characteristics. a The three evaluated strings and the cell-lens positioned at the zenith on the
hemispherical dome during the outdoor tests. b Photograph of the experimental setup for the outdoor instantaneous measurement of I–V characteristics.
c, d I–V curves of string 2 (center string) under a clear-sky condition, w/ and w/o lens, respectively (global normal irradiance: GNI= 1025 ± 1Wm−2, direct
normal irradiance: DNI= 868 ± 1Wm−2). Isc, Voc, Pmax, FF, and ηGNI are short-circuit current, open-circuit voltage, generated power, fill factor, and GNI-
based module conversion efficiency, respectively. ηGNI was calculated as the ratio of Pmax per active module area (one string: 8 mm × 8mm × 5 lenses) to
GNI. (w/ lens, with lens; w/o lens, without lens).
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positions on the spherical surface), and I–V characteristics were
continuously measured throughout the day (~7:00–17:30) on
clear-sky days. Figures 4a, 5a show magnifications of the modules
attached to the hemispherical dome in the test setups. The other
setups were the same as shown in Fig. 3b. To compare the effect
of string direction on power-generation performance, the string
direction was changed by 90° at the culmination time
(approximately 12:00), i.e., the series-connected strings were
oriented from east to west until 12:00, and thereafter, from north
to south. String 1 lay on the northern side in AM and on the
western side in PM; string 3 lay on the southern side in AM and
on the eastern side in PM; and string 2 lay centrally between
strings 1 and 3. The measured generated power, Pmax, of the three
strings, the horizontal irradiances, and the sun positions at
different representative times are shown in Fig. 4b, c for the
horizontally installed case, and in Fig. 5b, c for the 30°-inclined

case (The time variation for each parameter is as shown in
Supplementary Figs. 5, 6). Direct horizontal irradiance (DHI) was
calculated using the measured DNI and sun’s positions at the
time of the day. Thereafter, the diffuse irradiance, which has a
wide range of incidence angles on the horizontal surface, was
defined as GHI–DHI. Given that the concentrator optics
exhibited incidence-angle dependence, as shown in Supplemen-
tary Fig. 7, the generated power varied with changes in the
irradiance composition (ratio of direct and diffuse irradiances),
i.e., the angular irradiance distribution on the module aperture.
The current output of the strings (series-connected solar cells) at
each time was limited to the minimum value of the connected
cells, and this depended on the incidence angle at each position
on the hemispherical dome; hence, there were differences in the
generated power of three strings. The enhancement of power
generation by concentration (i.e., ratio of generated power of w/

Fig. 4 Outdoor power-generation performance at representative times (prototype modules atop the hemispherical domes were installed on a
horizontal surface). a Magnifications of the prototype modules in the experimental setup. b, c Measured Pmax and irradiances (direct horizontal irradiance
(DHI), diffuse irradiance) as a function of the sun’s position on May 17, 2019 (Nagaoka city, Japan). String directions were (b) east–west in AM and (c)
north–south in PM. String 1 lay on the northern side in AM (black bar referred to as “N”) and on the western side in PM (black bar referred to as “W”);
string 2 lay on the center line of the hemispherical dome (blue bar referred to as “C”); and string 3 lay on the southern side in AM (yellow bar referred to as
“S”) and on the eastern side in PM (yellow bar referred to as “E”). For the solar altitude, 90° corresponded to the zenith, and for the solar azimuth, −90°,
0°, and 90° corresponded to the east, south, and west, respectively. (w/ lens, with lens; w/o lens, without lens).
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lens to that w/o lens) was 1.8–2.0 times during the daytime, and
early in the morning or in the evening, it was significantly lower
(e.g. 7:00 in Fig. 4b and 16:30 in Fig. 5c). This is because the
incidence angles to some or all the lens apertures were greater than
the acceptance half angles of the optics50, resulting in a reduced
concentration of sunlight on the solar cells. By attaching the
prototype module to the hemispherical dome (3D curved surface),
the acceptance half angle of each string became smaller relative to
horizontal surface installation. Nevertheless, the peak optical
efficiency could be maintained provided the incidence angle to
the zenith of the dome is below 50° (see Supplementary Fig. 7).

Discussion
From the outdoor testing results, the accumulated generated
electricity per module area (for the three strings: 8 mm × 8mm ×

15 lenses) during the measurement period was calculated
assuming that the three strings investigated were connected in
series and in parallel, i.e., the overall current and voltage at each
time was limited to the minimum value associated with the three
strings. To compare the generated electricity based on the dif-
ferent positions on the spherical surface (i.e., between horizontal
and 30°-inclined installations), the calculated electricity was
normalized using the total GHI energy accumulated over the
corresponding measurement period. Additionally, for the
stretchable PV module (w/o lens), a practically impossible and
ideal configuration, in which the module area was fully covered
by an active solar-cell area, i.e., no interval between the solar cells,
was assumed (hereafter referred to as gapless case). For the
gapless case, the accumulated generated electricity was approxi-
mated as the product of that generated by the stretchable
PV module (w/o lens) and the geometrical concentration ratio

Fig. 5 Outdoor power-generation performance at representative times (prototype modules atop the hemispherical domes were installed on a 30°-
inclined surface). a Magnifications of the prototype modules in the experimental setup. b, c Measured Pmax and irradiances (direct horizontal irradiance
(DHI), diffuse irradiance) as a function of the sun’s position on May 19, 2019 (Nagaoka city, Japan). The string directions were (b) east–west in AM and (c)
north–south in PM. String 1 lay on the northern side in AM (black bar referred to as “N”) and on the western side in PM (black bar referred to as “W”);
string 2 lay on the center line of the hemispherical dome (blue bar referred to as “C”); and string 3 lay on the southern side in AM (yellow bar referred to as
“S”) and on the eastern side in PM (yellow bar referred to as “E”). For the solar altitude, 90° corresponded to the zenith, and for the solar azimuth, −90°,
0°, and 90° corresponded to east, south, and west, respectively. (w/ lens, with lens; w/o lens, without lens).
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(Cg= 3.5×). Figure 6 shows the accumulated electricity per
module area / accumulated GHI ratio (ζ) for each of the cases
shown in Figs. 4, 5. The time ranges of the integral were
7:00–12:00 and 12:30–17:30 for the string directions oriented
east–west (AM) and north–south (PM), respectively. For the
series- and parallel-connected cases, ζ varied in the range
8.6–16.0% and 9.7–16.3%, respectively, depending on the dome
inclination angle (i.e., the position on the spherical surface) and
the string direction. Basically, the current output of the solar cells
was directly proportional to the received irradiance; hence, the
effect of current mismatching was more significant in the series-
connected cases. Nevertheless, comparing both connection cases,
ζ practically showed the same values for the same installation
modes, and it was obviously different with respect to the different
installation modes (i.e., horizontal and 30°-inclined surface
installations) for the same string directions (W–E or N–S).
However, comparing the w/ lens and w/o lens cases, the
improvement factor of ζ, defined as ζ (w/ lens) / ζ (w/o lens), was
approximately constant (1.63–1.89), i.e., the difference between
the ζ of the different installation modes was mainly caused by the
irradiance distribution on the spherical surface rather than the
performance of the concentrator optics. It is important to note
that the concentrator lens was designed so that the annual elec-
tricity yield can be maximized in the horizontal installation case
(see “Lens design optimization and ray-tracing simulation” in the
“Methods” section and Supplementary Fig. 8); therefore, to

compare fairly the electricity yield between the installation modes,
it needs to be verified throughout the year. Considering the
above-mentioned sun-tracking condition, where the differences
among the incidence angles to the unit lenses are minimum, the
improvement factor was 1.88, indicating that the prototype
module could maintain more than 86.7% of the performance
associated with the sun-tracking case, even under the unique
condition that the time variation of the incidence angle to the
module aperture and the differences among the incidence angles
to the unit lenses were combined. Furthermore, the ζ of the
prototype CPV module (w/ lens) showed a performance that was
46.6–54.0% that of the ideal gapless case, i.e., with the prototype
module, the daily generated electricity yield was maintained at
~50%, even though the solar-cell usage had decreased by 71%
relative to the gapless case, demonstrating better cost per unit of
electricity yield. Furthermore, the additional advantage would be
obtained by effectively utilizing the sunlight that is not con-
centrated on the solar cells. For example, although in this study,
we used the less transparent TPU sheet because the electrode
pattern can be easily formed by screen-printing, substituting
highly transparent and stretchable materials (e.g., poly-
dimethylsiloxane: PDMS) improves the module transmittance to
the sunlight; consequently, unutilized sunlight for power gen-
eration can be transmitted under the module while generating the
power comparable to the Si module. Therefore, also given the
stretchability to be fitted to 3D curved surfaces with sharp

Fig. 6 Accumulated electricity per module area / accumulated GHI ratio. a, b Results obtained from the three strings in the series- and parallel-connected
cases, respectively. For the module without lens (w/o lens), the projected total electricity for a gapless case is also shown. The improvement factor was
defined as ζ(w/ lens) / ζ(w/o lens). Global horizontal irradiance (GHI) is sum of direct horizontal irradiance (DHI) and diffuse irradiance. c Schematic of
the top view of the three module configurations (w/ lens, w/o lens, and w/o lens (gapless)) in the same module area. String connections are also shown
(series connection, red; parallel connection, blue).
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curvature, this upgraded concept would be a promising tech-
nology for efficient dual-land use (i.e., semi-transparent CPV
module51–53).

The relative importance of the module cost and the power-
generation performance are determined by considering the quan-
tity of electricity required and the constraint of the installation area.
As another design example, a CPV module with Cg= 2.0× and the
same lens aperture area as the present design (8.0mm × 8.0mm
per unit) was considered. A ray-tracing simulation showed that the
optical efficiency for normal-incident light as well as the acceptance
half angle increased by 21.3%abs and 7.5°, respectively, compared
with the present design (see Supplementary Fig. 8b). Consequently,
this module, for example, can collect 73.3% of the annual irra-
diance on a car roof onto the solar cell (cf. 46.6% for the present
design of Cg= 3.5×, 100% for gapless case). Therefore, even though
decreasing Cg from 3.5× to 2.0× resulted in a 1.75-fold increase in
cell usage, the annual generated electricity on a car roof increased
1.57-fold (see Supplementary Fig. 8c).

This module concept can be applied to various curved surfaces.
The sizes of the solar cells and the gaps between them can be
arbitrarily selected based on the shape of the curved surfaces, i.e.,
the required stretchability. The optical characteristics of the
concentrator lens can be tailored for an angular irradiance dis-
tribution on the targeted attachment surfaces, offering a large
degree of freedom for the module design. Considering the pro-
posed module design, basically any type of solar cell, regardless of
the material from which it is made, can be applied. In this study,
commercially available III-V triple-junction cells optimized for
high-concentration (500–1000×) CPV (HCPV) were employed
because the present design required the use of small-size solar
cells. Under one-sun irradiation, the determined power conver-
sion efficiency of the triple-junction cell was 29.8%; thus, the
same level of performance would be obtained even if the Si cells
with the highest reported efficiency (26.7%)3 were used. Addi-
tionally, given that the heat generation density of the solar cells is
smaller than that of conventional HCPVs by more than two
orders of magnitude, and that the aspherically shaped lens con-
tributes to better heat dissipation owing to a larger surface area as
with the fins, the temperature rise of the solar cells could be
mitigated to the same level as that in conventional flat PV
modules (~80 °C even under possibly higher temperatures, see
Supplementary Fig. 9). Furthermore, with respect to weather
durability, solar cells could be effectively utilized by integrating
this lens-encapsulating design, and the use of thin-film solar cells
would enable adaptation to more complicated curved surfaces.

In summary, in this study, a stretchable micro-scale CPV
module (Cg= 3.5×), which allows high areal coverage on 3D
curved surfaces with sharp curvature for static (non-sun-tracking)
operation, was developed and investigated. The results showed
that the prototype module could fit perfectly on spherical surfaces
with a curvature radius of 100 mm, and under outdoor one-sun
irradiation, the module showed a power conversion efficiency of
15.4%. Additionally, relative to the non-concentration stretchable
PV module, the CPV module yielded an enhancement of the total
daily generated electricity by a factor of 1.63–1.89, which
depended on the position of the spherical surface and the mode of
electric connection (i.e., series or parallel). The solar-cell usage
associated with this CPV module decreased by 71%, which is
indicative of a lower cost per unit of electricity generated, while
the electricity yield throughout the day was ~50% that of the ideal
gapless case, in which the solar cells fully occupy the module
aperture. Nevertheless, there is still room to improve the module
efficiency and daily generated electricity to achieve cost
competitiveness.

Our future studies will focus on a more detailed examination of
the prototype module with respect to practical use and further

optimization of the module design for enhancement of power
generation and stretchability. For module-size expansion, the
large-area module can be divided into submodule operational
units with appropriate sizes so as to minimize the current mis-
matching loss resulting from irradiance distribution on the
curved installation surface; thus, an optimal circuit design and
control strategy are important. Additionally, given the impor-
tance of long-term reliability and lifetime issues, their con-
sideration is also important. The effect of the periodic thermal
deformation of the lens material on the mechanical stress of the
encapsulated electrical components, such as bonding wires, needs
to be clarified. It is also necessary to investigate the durability of
the lens material against humidity, soiling, and debris. Finally, the
development of coatings that do not degrade transmittance in the
power-generation sensitive spectral range is an option to improve
the resistance of the module to such negative factors.

Methods
Lens design optimization and ray-tracing simulation. The concentrator lens was
designed considering the incidence-angle characteristics of annual solar radiation
on the horizontal surface, modified by assuming a car-roof-specific environment.
The reported angular irradiance model38 was used in the simulation (see Supple-
mentary Fig. 8c, referred to as “car roof”). To obtain this angular irradiance model,
the average 20-year (1990–2009) solar irradiance of 47 major Japanese cities
extracted from a meteorological database (METPV-11, New Energy and Industrial
Technology Development Organization (NEDO)), including both direct and dif-
fuse sunlight on a horizontal flat surface, was modified by statistically accounting
for the car-roof specific shading condition resulting from surrounding objects. For
car-roof specific conditions, the following assumptions were made: the heights of
the shading objects are distributed in accordance with a function in which the
probability linearly decreases from 100% (at 5°) to 0% (at 60°); the angular irra-
diance is independent of the orientation angle, i.e., the car direction.

An optimum lens was defined as that which can maximize the annual solar
energy reaching the solar cell, and its geometric parameters were determined via
optical analysis using ray-tracing simulation and an in-house macro program with
an optimization algorithm, which are both incorporated in a commercial software
(LightTools 8.4.0, Synopsys, Inc., California, USA). Supplementary Fig. 8a shows
the 3D ray-tracing simulation model. To facilitate the consideration of the cross-
talk effect resulting from adjacent lenses, a 3 × 3 lens array was employed, and the
solar cell was placed at the center of the array. The light irradiation area (16 mm ×
16 mm) was irradiated using AM1.5G standard spectrum rays (300–2000 nm)54

and a divergence angle of the rays emitted from the hemispherical light source was
± 0.265° (half angle of solar disc). The angular intensity of the rays was weighted
based on the above-mentioned angular irradiance distribution on a car-roof. The
chromatic dispersion of the optical properties of the module components was
considered, and the solar cell was assumed to be a black body (ideal absorber). The
Fresnel reflection loss at the interface between dissimilar materials and the
absorption loss in the lens materials were also considered. Details regarding the
resultant lens geometry have been presented in the literature39.

Module prototyping. A step-by-step module prototyping process is illustrated in
Supplementary Fig. 10. (Step 1) A stretchable conductive paste (XE181A, NAMICS
Corp., Niigata, Japan) was screen-printed on a 0.1-mm thick thermoplastic poly-
urethane (TPU) sheet (SILKLON® ES85, Okura Industrial Co., Ltd., Kagawa,
Japan) to form the electrode pattern. (Step 2) Commercial GaInP/GaInAs/Ge
triple-junction solar cells (High Efficiency 4×4 CPV Solar Cell, TaiCrystal Inter-
national Technology Co., Ltd., Taoyuan City, Taiwan) were mounted on the
printed electrode pattern via die-bonding. The solar cells were adhered to the
electrode pattern via a conductive epoxy adhesive (EPO-TEK® EE129-4, Epoxy
Technology, Inc., Massachusetts, USA) that was cured at room temperature
(23 °C). Copper pieces with dimensions of 1.0 mm × 2.0 mm (area) × 0.1 mm
(thickness), which were coated with Ni/Au thin films to improve the bondability
with the wire, were also mounted on the printed electrode pattern by using the
same process for the triple-junction cells. (Step 3) The electrode pads on the triple-
junction cells and the copper pieces on the printed electrode pattern were elec-
trically connected via wire bonding. An aluminum wire with a diameter of 25 μm
containing 1% Si was used, and the wire bonding was performed at room tem-
perature (23 °C). (Steps 4–6) The silicone concentrator lens was formed on the cell-
mounted TPU sheet (i.e., CPV receiver) via injection molding as follows: (1) well
mixed and deformed liquid-state addition-curing RTV-2 silicone resin (ELAS-
TOSIL® RT 601; Wacker Asahikasei Silicone Co., Ltd., Tokyo, Japan) was poured
into a polymethyl methacrylate (PMMA) female mold, on which the geometry of
the designed lens was carved via machining; (2) the CPV receiver was aligned into
the designated position on the female mold and placed; (3) the integrated module
components were cured at 20 °C for 24 h in a thermostatic chamber; (4) after
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curing, the female mold was released, and finally, the formation of the CPV module
shown in Fig. 1 was completed.

Outdoor experiment. Current–voltage (I–V) characteristics were recorded using a
two-channel source/measure unit (B2902A, Keysight Technologies, California,
USA) that minimizes series resistive losses by performing four-terminal sensing.
GNI, GHI were measured using pyranometers (MS-602, EKO Instruments Co.,
Ltd., Tokyo, Japan), while DNI was measured using a pyrheliometer (MS-54, EKO
Instruments Co., Ltd., Tokyo, Japan). Both instruments were mounted on a sun
tracker (STR-22, EKO Instruments Co., Ltd., Tokyo, Japan) installed close to the
prototype modules. Direct horizontal irradiance (DHI) was calculated using the
measured DNI and the position of the sun based on the time of day. The diffuse
irradiance on the horizontal surface was then calculated using the expression:
GHI–DHI.

On-tracker measurements were made under a steady clear-sky condition and
two source/measure units were used to simultaneously and separately record the
I–V characteristics of the three strings. The measurement of the I–V characteristics
of the prototype CPV module was first conducted. Thereafter, the CPV module was
replaced with the no-lens module, and the same measurements were performed. To
prevent output voltage degradation owing to temperature rise, the test modules
were shaded for one-minute after mounting on the sun-tracker, and then I–V
measurements were started immediately after removing the sunshade. The
variations of irradiance during the series of measurements were ± 1Wm−2 for
both GNI and DNI.

During the continuous measurements throughout the day, three source/
measure units were used to simultaneously and separately record a total of six
strings for the modules with and without lenses. I–V data and irradiance data were
obtained at intervals of 5 and 1 s, respectively. The total generated power of the
three series-connected strings was approximated as min(Isc_1, Isc_2, Isc_3) × (Voc_1 ×
FF1+Voc_2 × FF2+Voc_3 × FF3), while that of the three parallel-connected strings
was approximated as min(Voc_1, Voc_2, Voc_3) × (Isc_1 × FF1+ Isc_2 × FF2+ Isc_3 ×
FF3). Here, min(Isc_1, Isc_2, Isc_3) and min(Voc_1, Voc_2, Voc_3) represent the
minimum values of Isc and Voc among the three strings, respectively; and the
subscripts 1, 2, and 3 represent strings 1, 2, and 3, respectively.

Indoor experiment. The I–V and P–V characteristics under relax and stretch states
were measured using a solar simulator (HAL-320, Asahi Spectra Co., Ltd., Tokyo,
Japan) at 1-sun (1000Wm−2) irradiation and room temperature (~25 °C). The
irradiance was calibrated so that the Isc under the 1-sun irradiation with AM1.5G
standard spectrum can be yielded for the triple-junction cell used in the prototype
module.

The dependence of optical efficiency on the incidence angle was measured
under a highly collimated artificial sunlight setup constructed by one of the
authors55. This artificial sunlight setup had an irradiance of 0.01 sun (10Wm−2)
and a beam collimation angle below 0.2°. The prototype module attached on the
hemispherical dome with a curvature radius, R= 100 mm, was mounted on a dual-
axis angle adjuster, and the optical efficiencies of the three strings were measured
every 5°, while rotating the module around each axis in three directions (see
Supplementary Fig. 7a, b). This series of measurements were repeated three times,
and the optical efficiency at each incidence angle was calculated as ηopt= Cf / Cg=
Isc (w/ lens) / Isc (w/o lens) / Cg, using the measured Isc values obtained with the
lens (i.e., under concentration) and without the lens (i.e., under no concentration).
Here, Cf [-] represents the flux concentration ratio, i.e., current gain, while Cg [-]
represents the geometrical concentration ratio (3.5×). The incidence angle to the
zenith of the hemispherical dome was determined as a representative incidence
angle at each rotation angle because incidence angles are different among the unit
lenses, i.e., the position of the hemispherical dome.

Finite element method (FEM) and ray-tracing simulations. To simulate 3D
mechanical deformation and heat transfer, a commercial software based on FEM
analysis (ANSYS 17.0, ANSYS, Inc., Pennsylvania, USA) was used. The simulation
model comprised a single unit module fabricated from a silicone lens, a solar cell—
which was simply assumed to be germanium (Ge) because the Ge subcell is con-
siderably thicker than the GaInP and GaInAs subcells and has a dominant effect on
the mechanical deformation and heat transfer in the triple-junction cell used in this
study—and a TPU sheet. The details of the boundary conditions in mechanical-
deformation and heat-transfer simulations are provided in Supplementary Figs. 2,
9, respectively. The lens shape obtained from the mechanical-deformation simu-
lation was imported into the ray-tracing simulation model and the effect of module
elongation on the concentrated power on the solar cell was analyzed using a
commercial software (LightTools 8.4.0, Synopsys, Inc., California, USA). The ray-
tracing simulation conditions were the same as those mentioned in the “Lens
design optimization and ray-tracing simulation” section. In the heat-transfer
simulation, steady-state module temperature was simulated assuming a possible
higher temperature case.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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