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flexible electronics have demonstrated 
extreme bendability.[21,22] Even so, wrinkles 
and folds are inevitable when wrapping 
flexible sheets on 3D surfaces with two 
nonzero principal curvatures. A recently 
developed curved image array demon-
strated that selectively cutting the flexible 
sheet can effectively reduce folding and 
wrinkling when conforming it to a 3D 
surface.[23] On the other hand, stretchable 
electronics enabled by stretchable serpen-
tine interconnects,[24,25] liquid metal,[26] 
nanomeshes[27] and nanoscrolls,[28] or 
intrinsically stretchable conductive and 
semiconducting polymers[29–32] are able 
to not only bend but also expand in-
plane, hence capable of conforming to 3D 
surfaces such as spherical domes. But so 
far, there are limited studies on the con-
forming process, especially when the 
target object has a complex 3D surface. 

Except for conforming planar electronics to 3D surfaces, direct 
printing of electrical components on 3D surfaces has been 
demonstrated.[33] However, only limited materials such as con-
ductive inks and devices such as 3D antenna can be printed so 
far. As a result, simple but versatile transferring techniques are 
in need for conformable electronics.

Water transfer printing (WTP) technology, also known as 
hydrographic printing, is commonly used to transfer planar 
graphics to 3D surfaces.[34] The process begins by printing 
graphics on a water-soluble substrate, which is then placed 
on water surface. As the substrate gets dissolved by water, 
the ultrathin graphics layer stays floating on water. A solid 

Perfectly wrapping planar electronics to complex 3D surfaces represents a 
major challenge in the manufacture of conformable electronics. Intuitively, 
thinner electronics are easier to conform to curved surfaces but they usually 
require a supporting substrate for handling. The water transfer printing (WTP) 
technology utilizes water surface tension to keep ultrathin electronics floating 
flat without supporting substrate, enabling their conformal transfer on 3D 
surfaces through a dipping process. In many cases, however, the size of the 
microfabricated electronics is much smaller than the target 3D surface. This 
work proposes that such mismatch in size can be overcome by leveraging 
stretchable electronics in WTP. Stretchable electronics are compliant to in-
plane stretch induced by water surface tension, hence can first self-expand in 
water and then be transferred onto 3D objects. Uniaxial and biaxial expansion 
ranging from 41% to 166% has been achieved without any externally applied 
tension. The results demonstrate that expansion-enhanced WTP is a prom-
ising fabrication process for conformable electronics on large 3D surfaces.
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Printed Electronics

1. Introduction

Currently, integrated circuits and microelectromechanical 
systems (MEMS) have to be fabricated on rigid planar wafers 
that cannot fit the shape of a 3D object. Emerging flexible and 
stretchable electronics offer a possible remedy for electronics 
conformable to 3D surfaces.[1–4] In the past few years, flexible 
and stretchable electronics have demonstrated many pos-
sibilities, including wearable and epidermal electronics,[5–11] 
implantable neuro monitors and stimulators,[12–14] soft opto-
electronic devices,[15,16] deformable displays,[17–19] as well as 
conformal photovoltaic devices.[20] On the one hand, ultrathin 
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object is then slowly dipped into water through the floating 
graphics such that the graphics can wrap over and adhere by 
van der Waals force to the object surface, resulting in conform-
able graphical patterns on the 3D surface of the solid object. 
Recently, the field of conformable electronics has been inspired 
by the WTP.[35–37] Instead of printed graphics, ultrathin func-
tional films and devices such as conductive interconnects, 
passive devices (i.e., metal/insulator/metal capacitors), and 
capacitive touchpads can be patterned on water-soluble sub-
strates. When placed on water surface, the substrate dissolves, 
leaving only the functional layers floating on water. Dipping a 
solid object of complex 3D surface such as a model car or a 
donut-shaped object through the floating films results in high-
conformability transfer on to very complex 3D surfaces.[35,38] 
Even though no expensive facility is required and the process 
is easy to implement, such degree of conformability on such 
complex 3D surfaces has never been achieved before. Further-
more, this process is applicable to different types of materials 
as long as they are thin enough. Proper patterning can further 
help eliminate wrinkles and folds after the transfer. Therefore, 
we believe that WTP holds great promise for the manufacture 
of future 3D conformable electronics.

Building upon the previous success, this work tries to apply 
WTP to cover large 3D surfaces by leveraging the expand-
ability of stretchable electronics. Polyvinyl(alcohol) (PVA) is a 
well-known water-soluble polymer that has already been widely 
used in conventional WTP.[34] We will demonstrate that the 
pre-fabricated stretchable pattern on PVA substrate can signifi-
cantly expand while PVA swells and dissolves in water, which 
does not require any external force and hence can be referred 
as water-induced pattern expansion. The expanded circuit can 
be transferred to a 3D surface much larger than the original 
size of the circuit. By combining the advantages of stretchable 
electronics and the WTP techniques, this new process allows 
the transfer of microfabricated wafer-scale electronics on much 
larger 3D objects.

This article is organized as follows. The WTP process will 
be described in Section 2.1 and the mechanism for water-
induced pattern expansion will be explained in Section 2.2. 
Section 2.3 will discuss the control of this process such as pat-
tern immobilization and controlled uniaxial expansion. As a 
demonstration, we patterned serpentine-shaped interconnects 
which expanded by 41% uniaxially before transferred onto a 
curvilinear object without any mechanical failure. Conclusions 
are offered in Section 3 and experimental details are available 
in Section 4.

2. Results and Discussion

2.1. Water Transfer Printing (WTP) Technology

The WTP process begins by fabricating ultrathin functional 
films on PVA. The materials and patterning methods can be 
applied as necessary, e.g., lithography for small-area processing 
with high-resolution or printed electronics for large-area pat-
terning with mediocre resolution.[35] The details of the materials 
and patterning method in this study are described in Section 4. 
Figure 1 shows that 150 nm thick aluminum was patterned 
via a shadow mask into an example radiating pattern with 
eight 15 mm long and 150 µm wide “rays” each terminated by 
two 2 mm × 2 mm squares on the PVA substrate (Figure 1a). 
After gently placing the specimen on water (Figure 1b), the 
PVA dissolved and the planar metal pattern floated on the 
water surface. A 3D object was slowly dipped into the water 
through the floating pattern such that as soon as the object 
contacts the pattern, the water applies a resistance to the dip 
which helps conform the pattern to object surface (Figure 1c). 
Upon full immersion, the whole planar pattern was transferred 
to the object. The pattern-covered object was gently shaken in 
the water and finally extracted out of the water (Figure 1d). The 
whole WTP process is shown in Video S1 in the Supporting 
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Figure 1. The WTP technology: sketches (a–d) illustrate the WTP process and images (e–g) demonstrate the aluminum interconnects are fully func-
tional after transferred to a curved surface. a) Thin film aluminum patterned on PVA substrate; b) Float PVA on water held by a dip tank. c) After PVA 
dissolves, a 3D object dipped into the tank through the pattern. d) The 3D object is gently shaken in the water and then withdrawn from the water. 
e) Aluminum interconnects transferred onto a glass beaker, the inset highlights that interconnects do not contact each other. Optical images f) and 
g) demonstrate that a light emitting diode connected to power supply through the aluminum interconnects can be turned ON and OFF, respectively.
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Information. Figure 1e shows the radiating aluminum pattern 
transferred onto the sidewall of a glass beaker. After the 
transfer, the square terminals of the rays remained separated 
from each other, as shown in the inset of Figure 1e. Figure 1d,f 
highlights that surface-mounted devices such as light emit-
ting diodes can be soldered to the aluminum terminals and 
be turned on afterwards, which verified the conductivity of 
these ribbons after WTP (see Figure S2 and Video S2 in the 
Supporting Information). In the current example pattern, the 
linear rays are not stretchable, and hence the transferred pat-
tern well preserved the original design. If the pattern, however, 
is deformable in-plane, the PVA dissolution process may distort 
the pattern. Therefore, to achieve controlled pattern distortion, 
we first need to develop some basic understanding regarding 
the PVA dissolution process.

2.2. PVA Dissolution–Induced Pattern Expansion

When submerged in water, the mechanism of PVA dissolu-
tion has been investigated experimentally.[39] When PVA film is 
attacked by surrounding water from all directions, swelling and 
dissolution start simultaneously, but swelling can be observed 
much easier than dissolution because PVA is transparent. How-
ever, there is not yet available study on PVA dissolution when 
floating on water surface. The behavior would be different 
because water surface tension will come into play.

As PVA is transparent, to visualize PVA swelling and dis-
solution when floating on water surface, an array of 14 × 14 
square-shaped aluminum islands (1 mm × 1 mm × 150 nm 
each with 3 mm distance) has been patterned on a PVA film 
as markers via a shadow mask (Figure 2a). It is reasonable to 
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Figure 2. a) A schematic of an array of square-shaped aluminum islands patterned on a PVA substrate. When floating on water, the island array would 
undergo radial expansion. b) Snapshots of the square array on PVA on water showing that as PVA dissolves, the array expands. c) Displacement and 
velocity of each island after processing the images in (b). The length of each vector represents the displacement and the color of each vector color 
denotes the velocity. d) Images of the island array transferred on a table tennis ball (diameter 38 mm) before pattern expansion and on a hemispherical 
surface (diameter 80 mm) after pattern expansion. The left and right images show the top and a 45° tilted views, respectively.
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assume that the thermally evaporated aluminum islands are 
perfectly bonded with the PVA film. Upon placing this PVA 
film on water surface, a gradual in-plane dilation of the square 
array can be observed, as shown in Figure 2b and Video S3 in 
the Supporting Information. The corresponding vector maps 
of the displacement (arrow length) and velocity (arrow color) 
of each island are displayed in Figure 2c. Combining Figure 2b 
and 2c, we conclude that the PVA dissolves through the 
following three-stage process. From 0 to 8 s (t = 0 s represents 
the moment that the device was placed on water), in Stage I, the 
PVA film swelled due to water uptake. Wrinkles formed per-
pendicular to the edges of the islands because of the compres-
sive strain generated between the freely swelled PVA film and 
the unswelled part constrained by the stiff islands. From 8 to 
17 s, in Stage II, PVA started obvious dissolving and hence sof-
tened to a point that it can be stretched by the surface tension 
of water at the edges of the film. As the expansion in Stage II is 
significant and controllable, we introduced a physical model to 
explain the mechanism in Notes S2 and S3 in the Supporting 
Information. After 17 s, in Stage III, the PVA film was fully 
dissolved in water and formed PVA/water mixture, which has 
lower surface tension than water.[40] Since the diffusion of PVA 
mixture took time, the PVA concentration was not uniform at 
liquid surface. The region of low PVA concentration close to 
the sidewall of the container would pull the Al islands away 
from the center of the container, where PVA concentration is 
high. It would drive the islands to further spread apart, initially 
at a faster speed than Stage II. As diffusion went on, the PVA 
concentration eventually became uniform in the tank, such that 
the surface tension gradient would eventually disappear. At this 
moment, there would be no more driving force for the island 
array to expand, so the island motion would eventually stop 
after the system reached new equilibrium. Note that if the pat-
tern reaches the sidewall of the container, the pattern expansion 
would terminate before reaching equilibrium.

Optical images in Figure 2d illustrate the capability to 
achieve different transferred patterns in the WTP process from 
the same initial pattern. Two identical island arrays on PVA 
were transferred onto two distinct surfaces: a table tennis ball 
(38 mm in diameter) and a nylon hemisphere (80 mm in dia-
meter). For the nylon hemisphere, a large tank was used in the 
experiments to allow the expansion of the PVA film. Although 
using the same initial pattern, the table tennis ball was dipped 
into water at t = 13 s, before the island array started to expand 
whereas the nylon hemisphere was dipped at t = 27 s, after 
the pattern fully expanded. For the pattern transferred on the 
hemisphere, the space between each square was designed to be 
3 mm initially but became 8 mm ± 0.5 mm, corresponding to 
an increase of 166% ± 10%, after the WTP.

This experiment clearly demonstrates that a soft pattern 
on PVA can expand as PVA swells and dissolves on the water 
surface. Thus, it can enable the transfer of small-scale elec-
tronics to cover much larger 3D curvilinear surfaces. However, 
the expansion velocity is not constant during PVA dissolution 
and the stretching ratio of the film is not a linear function of 
time. Our experiment reveals that the expansion velocity first 
increases and then decreases with time until the expansion 
fully stops. Therefore, future research is required to quantita-
tively predict the pattern expansion process.

2.3. Pattern Control

2.3.1. Pattern Immobilization

As discussed in the previous section, PVA-dissolution-induced 
pattern expansion would distort the original design as time 
goes. It therefore requires a precise control of time in water 
if one hopes to transfer soft patterns with original design. If 
the time is too short, PVA is not fully dissolved. If the time is 
too long, the pattern gets distorted. And often there is no clear 
cut between the two. To preserve the original design during 
PVA dissolution, in our previous study, we added a thin stiff 
layer with mesh design on top of the actual pattern (Figure S4, 
Supporting Information). In this case, the expansion of the pat-
tern can be suppressed but folds and wrinkles would form in 
the stiff layer if the target surface has sharp edges and complex 
geometry (see Figure S5 in the Supporting Information). 
Therefore, we want to propose a new idea for pattern immobi-
lization here.

Figure 3a–c and Video S4 in the Supporting Informa-
tion illustrate WTP under confinement. The 3D schematic in 
Figure 3a shows that the PVA-supported aluminum islands 
were placed on water surface with pre-installed rigid guides. 
The rigid guides were partly immersed in the water and 
kept stationary during the whole process to suppress pattern 
expansion during PVA dissolution.

Figure 3b offers the top view of the island array taken at 
t = 0, 20, and 80 s after it was placed on water surface. These 
snapshots indicate that the island array was fully confined by 
the rigid guides during the whole process. The vector maps of 
the displacement (Figure 3c) confirm that compared with the 
WTP experiments without rigid guides (Figure 2a), the pattern 
was immobilized by pre-installed rigid guides. It signifies that 
rigid guides can inhibit pattern expansion while still allowing 
PVA to dissolve. Thus, the aluminum island array in original 
design can be well preserved and transferred to a small object 
such as the table tennis ball without carefully controlling the 
time in water (see Figure S3 in the Supporting Information).

2.3.2. Controlled Anisotropic Pattern Expansion

Between free expansion and full immobilization, anisotropic 
expansion can also be achieved by installing a pair of fixed 
guides and a pair of mobile guides perpendicular to the fixed 
ones. The 3D schematic in Figure 4a and Video S5 in the Sup-
porting Information illustrate the experimental setup for the 
WTP with anisotropic pattern expansion. At first, the PVA sub-
strate was confined within a square zone defined by the fixed 
and the mobile guides perpendicular to the y and x axis, respec-
tively. The mobile guides were free to move in the x direction. 
The materials and fabrication methods of the mobile guides is 
described in Experimental Section.

The top-view snapshots (Figure 4b) display the island pat-
tern from 0 to 70 s. It is clear that the island pattern preferen-
tially expanded along the x axis. Figure 4c plots the absolute 
island spacing (left axis) and the relative expansion (right axis) 
along the x direction (blue) and the y direction (red) as func-
tions of time. Before 30 s, negligible stretching can be observed 

Adv. Mater. Technol. 2019, 1800600
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in both directions. After 46 s, expansion in the x direction 
dominated and can be approximated to be uniaxial expansion. 
According to the plot in Figure 4c, expansion in the x direc-
tion grew exponentially with time whereas there was almost no 
motion in y axis after 46 s. Moreover, the standard deviations 
of the column/row spacing along both directions are negligible 
(<0.1 mm) compared with the average spacing (>2 mm) before 
66 s. It signifies that the columns stayed as columns and the 
stretching was uniform before 66 s. The misalignment of the 
islands started to appear after 66 s, which indicates the loss of 
controlled uniaxial expansion, as denoted by the shaded zone in 
Figure 4c. A physical model is introduced to explain the mecha-
nism of stretching in Notes S2 and S3 in the Supporting Infor-
mation. The fitted solution is plotted in Figure 4c. As a result, 
we claim that this technique allows the pattern to undergo uni-
form uniaxial expansion up to 200%, allowing the transfer of 
large-scale 3D electronics using a small PVA substrate.

One demonstration for the WTP with anisotropic expan-
sion is offered in Figure 4d,e. Two identical island patterns, 
one fully immobilized and one uniaxially expanded, were 
transferred onto two half cylinders of two different diameters, 
40 and 80 mm in Figure 4d and 4e, respectively. One of the 
two patterns uniaxially expanded by 80% before transferred to 
the larger half cylinder. The side view of the half cylinders in 
Figure 4d,e highlights that pattern can be transferred on the 
curved 3D object without folds or losing alignment.

In addition to the island pattern, we also tested a ribbon pat-
tern as shown in Figure 5. Twelve equally spaced straight alu-
minum ribbons (150 nm thick, 2 mm wide, and 45 mm long) 
were first fabricated on a PVA substrate. Rigid and mobile 
guides were placed perpendicular and parallel to the ribbons, 
respectively. Figure 5a shows the lateral expansion of the rib-
bons as the PVA film dissolved. The average misalignment angle 
after 52, 63, and 67 s are 0.7° ± 0.7°, 2° ± 1.5°, and 5.5° ± 3.5°,  
respectively. Only slight misalignment can be observed up to 

t = 63 s, when the pattern expanded 75% in the direction per-
pendicular to the linear ribbons. The expanded ribbon pattern 
was successfully transferred on a half cylinder (80 mm in dia-
meter) at 60 s (Figure 5b). The expansion appeared to be 80% 
after the transfer, slightly more than 75%, which can be attrib-
uted to dipping-induced additional pattern expansion.

To add interconnects between the ribbons without adding too 
much mechanical resistance to lateral expansion, we propose 
to use a well-known soft and stretchable planar structure—the 
serpentine ribbons.[41,42] A 3D schematic for this experimental 
setup is provided in Figure 6a, where serpentine ribbons were 
aligned with the expansion direction as allowed by the mobile 
guides. Figure 6b and Video S6 in the Supporting Informa-
tion show the water-induce separation of two parallel straight 
ribbons interconnected by serpentine ribbons. Figure 6c offers 
two images (front and back side) of the pattern after transfer-
ring on a hemicylindrical surface (50 mm in diameter). Com-
pared with the original design, 41% uniaxial elongation was 
achieved without mechanical failure in the serpentine ribbons 
(Figure 6d), which was confirmed by the unchanged ohmic 
behavior between the straight ribbons before and after the 
WTP. Finite element analysis (FEA) was performed to estimate 
the local strain experienced by the serpentine ribbon after 
expansion (Figure S6 and Video S7 in the Supporting Infor-
mation). Under 41% end-to-end tensile strain, the maximum 
principal strain in aluminum was found to be 2.52%, which 
is lower than the fracture strain of aluminum film of 150 nm 
thickness (2.68%).[43]

3. Conclusion

Our previous work has demonstrated that the WTP tech-
nology borrowed from hydrographics is capable of wrapping 
complex 3D surfaces with ultrathin flexible electronics. The 
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Figure 3. Pattern immobilization when confined by rigid guides. a) A 3D schematic of the specimen floating on water confined by quadrilateral rigid 
guides. b) Top-down snapshots for the island pattern at 0, 20, and 80 s. c) Displacement and velocity of each island at 20 and 80 s. The vector length 
and the color scale denote displacement and velocity, respectively.
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compatibility with large-area electronics was thus proved as 
hand-sized objects were successfully comformally wrapped. 
In this work, we discovered that the dissolution of the PVA 
substrate induces omnidirectional self-expansion up to 
166% in an island pattern if there is no external confine-
ment. To achieve controlled pattern expansion, we found 
that installing fixed and mobile rigid guides on water surface 
was a simple and effective method. With the rigid guides, 
uniaxially expanded island and ribbon patterns were suc-
cessfully achieved and transferred to hemicylindrical sur-
faces. Through the incorporation of stretchable structures 
such as serpentines, electrically conductive pathways can be 
preserved after the expansion and transfer without mechan-
ical failure. During this process, water plays three different 
but essential roles: floating, expanding, and pressing the 
device pattern. We advocate that this expansion-enhanced 

WTP technique would improve and pave the way to new 
fabrication routes of large-area 3D conformable electronics 
using conventional wafer-based small-area microelectronics 
fabrication processes.

4. Experimental Section
Characterization: Top-view images and videos were obtained by 

PENTAX K70D equipped with a ZOOM macro 50 mm (Pentax). Electrical 
measurements were performed by using a probe station Keithley 2636A 
and Labview. Surface-mounted devices were connected to the aluminum 
terminals by conductive epoxy (reference CW2400; Chemtronics).

PVA Processing: First, photoresist was deposited on glass slide as a 
sacrificed layer to release the PVA substrate at the end of fabrication 
process. Then, a PVA solution (PVA; Mw 9000–10 000, 80% hydrolyzed 
from Aldrich) was prepared by mixing DI water and PVA powder 

Adv. Mater. Technol. 2019, 1800600

Figure 4. Uniaxial stretch–enhanced WTP. a) A 3D schematic showing the specimen confined by bilateral fixed guides which inhibit y-direction expan-
sion and bilateral mobile guides which allow x-direction self-expansion. b) Six snapshots for the island pattern in water from 0 to 70 s. c) The pattern 
spacing and relative expansion in x (blue) and y (red) direction of experimental data (dot with error bar) and fitted solution (curve) plotted as functions 
of time. d) The immobilized pattern transferred to a small hemicylinder (40 mm diameter). e) The uniaxially expanded pattern transferred to a large 
hemicylinder (80 mm diameter).
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(5:1 w/w water/PVA) and filtering it with a 0.4 µm filter. PVA was spin-
coated on the photoresist to form a 50 µm thick layer and baked at 
100 °C for 2 h. The spin-coating was performed at low rotation velocity 
20 rpm and acceleration 10 rpm s−1 for uniform thickness. After that, 
aluminum thin film was deposited and patterned on PVA layer. At last, 
the PVA substrate was delaminated from the glass slide by applying 
acetone to dissolve the photoresist. The described processing above 
is appropriate for small-area electronics. For large-area fabrication 
that requires inkjet printing for instance, the commercial product of 
PVA laminated on polyethylene terephthalate (PET) films (Aicello, 
SOLUBLON—30 µm thick PVA on 75 µm thick PET) performs better.

Thin Film Patterning: WTP technology required that the devices 
must be processed on the water-soluble substrate. Many approaches 
to solve this issue was already proposed.[35] In this study, a 150 nm 
thick aluminum film was deposited by thermal evaporation using a 
homemade equipment. Shadow mask or reactive ion etching (RIE) 
method was used to pattern the aluminum layer. After the classical 
lithographic process using S1818 photoresist, the aluminum pattern 

was etched in inductive coupled plasma (ICP)/RIE equipment with 
the experimental settings of 5 mTorr working pressure, 100 W plasma 
power, and chlorinated gas flow of 30 sccm.

Inkjet Printing of Polymeric Mesh: The inkjet printing was performed 
using CERADROP X-series printer. Inks were used without filtering. 
Epoxy-based ink (Su8-2000 series; MicroChem, Westborough, MA, USA) 
was printed using a 16-nozzle cartridge (Dimatix) with the experimental 
settings already reported.[44] The sample was baked at 95 °C for 5 min in 
an oven, followed by UV (λ = 365 nm) exposure, and baked again in an 
oven at 95 °C for 5 min.

Dipping and Transfer Steps: PVA film was placed on the water surface 
and dissolved. Then the object was dipped through the floating 
pattern into the water. After that, the object was withdrawn and dried. 
Van der Waals force allowed the pattern sticking to the 3D object. In 
this study, the adhesion forces were not quantified as they should be 
part of an independent study. However, after the object withdrawals, 
no delamination was ever observed, suggesting the robustness of the 
process. Moreover, the dipping velocity (2 mm·s−1) was kept constant 

Figure 5. a) Snapshots of aluminum ribbon pattern uniaxially expanded from 0 to 67 s. b) The expanded ribbon pattern transferred onto a hemicylindrical 
surface of 80 mm diameter.

Figure 6. WTP process for serpentine-shaped interconnects. a) A 3D schematic of the setup with confining guides and mobile guides similar to 
Figure 4a. b) Snapshots of the uniaxial self-expansion of the serpentine ribbon. c) The serpentine ribbons transferred onto a hemicylindrical surface of 
50 mm diameter. d) Zoomed in view. e) Electrical characteristics (I = f(V)) measured between the two straight ribbons interconnected by the serpentines 
after transfer.
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for all the experiments. This velocity was fixed to minimize patterns 
distortion induced during the object dipping step as Zahng et al. did 
for hydrographic printing.[34] Furthermore, Zhang et al. developed an 
analytical model to calculate the pattern distortion for hydrographic 
printing a viscous ink layer.[34] However, such model cannot be directly 
applied in the study since the elastic metal structures in the study 
significantly increase the complexity of analytical model, which requires 
further work.

Rigid and Mobile Guides Setup: Rigid guides were made of stiff metal 
plates that were fixed on the side of the dip tank. The space between the 
plates was adjusted to fit the size of the PVA substrate. Mobile guides 
were made of commercial adhesive tapes that were well-aligned and 
attached on two parallel sides of the rectangular PVA substrate.

Serpentine Design: The thickness of aluminum thin film was 150 nm. 
The serpentine inner diameter and width were 600 and 200 µm, 
respectively. The undeformed end-to-end distance of a serpentine unit 
cell was 2000 µm.

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