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With the development of portable and wearable devices, flexible displays have attracted extensive interest

and have become increasingly important in our daily life. In this study, a flexible electrowetting display

(FEWD) was proposed and fabricated. To prevent a short circuit between the top and bottom electrodes,

various types of support pillars were fabricated on the top substrates through a photolithography

technique. The FEWD was measured under positive and negative bending conditions, with the applied

voltage increasing from 0 to 24 V. The aperture ratio and response time were investigated to better

evaluate and understand the performance of the FEWD. The mechanical properties of the support pillars

and the FEWD were evaluated by means of compression force and cyclic bending tests, respectively. The

results showed that the FEWD operated properly at 24 V under a bending curvature of 0.25 cm�1,

achieving the largest aperture ratio of 54.96%. Moreover, the oil movement could be influenced by the

support pillars in the pixel. With the advantages of both optical performance and flexibility, an FEWD with

support pillars is a novel item for future development of reflective transparent displays and provides

a promising strategy for developing flexible, wearable, and visible devices.
1. Introduction

With the accelerating development of electronic and wearable
displays, reective and transparent displays, such as reective
liquid crystal displays and electrophoretic displays, are desired
as promising and attractive components, and widely employed
in daily life.1–3 The electrowetting display (EWD) was rst
fabricated in 2003 by Hayes and Feenstra at Philips Research
Labs,4 and since then, there has been great progress in devel-
oping it among other alternatives. Based on the theory of elec-
trowetting on dielectric, the EWD consists of electrodes,
conductive liquid, colored oil, hydrophobic layer, and hydro-
philic pixel wall, and facilely driven by a suitable applied voltage
between the conductive liquid and the electrode underneath.
Zhou et al. have described in detail the working principle for the
EWD.5 The EWD has potentially presented many signicant
advantages, including energy savings, steady fabrication
process, satisfactory optical performance, fast response for
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video media, and colorful design,6–8 and thus, it is a highly
prospective solution for future displays.

It has been expected that the exible display will play an
increasing role in many applications, such as a newspaper-like
display, wearable display, and others.9 Despite the major
advantages of the EWD described above, there still remain
technical challenges with its exibility in terms of design and
fabrication. In general, when voltage is not applied between the
top and bottom electrodes, oil spreads over the conned elec-
trowetting pixel. When voltage is applied, the oil contracts to the
corner of the pixel. Thus, in order to prevent the oil phase from
overowing from pixels, the present state-of-the-art workmainly
employs an EWD fabrication process based on a glass substrate.
Wu et al.10 simultaneously coated and patterned uoropolymer
lms on indium tin oxide (ITO) glass for an EWD device. Chen
et al.11 also successfully fabricated a poly(imide siloxane)
hydrophobic insulator layer on ITO glass based on screen-
printing technology, and the resulting large-area EWD exhibi-
ted good switch performance and relatively high yield.
Furthermore, the technological barrier of a glass substrate,
instead of a exible substrate such as polyethylene tere-
phthalate or paper, lies in the difficulty of the temperature
limitation during the fabrication process of EWDs because the
curing temperature of traditional hydrophobic material is
higher than 200 �C.10

Kim and Steckl12 built electrowetting structures, including
a metal ground electrode, dielectric layer, and uoropolymer
layer, on Sappi paper. They found that the resulting electro-
wetting device on paper could attain a contact angle change in
Nanoscale Adv., 2020, 2, 4077–4084 | 4077
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ambient oil, with a fast switching time of 20 ms. However, this
type of paper substrate merely remained in the stage of elec-
trowetting on dielectric, and has not been used in EWD appli-
cations. In order to manufacture a exible electrowetting
display, Hsieh et al.13 inserted a SiNx layer and rough surface
into the electrowetting insulator and built a exible electro-
wetting display based on a polyethylene terephthalate (PET)
substrate. They found that lower saturation voltage could be
achieved by changing the surface structure and inserting
a dielectric layer, but the bending characteristics of a exible
display were not presented. Above all, challenges still remain for
the fabrication and investigation of exible electrowetting
displays.

Based upon the analysis above, in order to enhance the
exibility of an EWD, we disclose the strategy of utilizing
support pillars for exible electrowetting display (FEWD)
devices in this study. Polyethylene naphthalate (PEN) with an
ITO layer was selected as the substrate, and the support pillars
(SUN-1901 photoresist), featured with various pitch distances,
were built on the top substrate through the photolithography
technique. The related properties of the support pillars,
including the surface topography and wettability, were charac-
terized by 3D microscope, atomic force microscopy (AFM), and
contact angle analysis. To increase our understanding of the
inuence of support pillars inside a FEWD and achieve themost
optimal optical performance and mechanical properties, it is
also necessary to perform investigations to obtain comprehen-
sive information for design optimization. The current study
may lead to an increased understanding of support pillars and
be important for design and fabrication of novel FEWD devices.
2. Experimental section
2.1 Materials

Polyethylene naphthalate (PEN, purchased from South China
Xiangcheng Science and Technology Co.) with an indium tin
oxide (ITO) layer, featuring a resistance of 6 U,�1, was used as
the substrate in this study. Hyon AD 40HS (purchased from
Solvay Co.) was adopted as the hydrophobic insulator. HN-018N
and SUN-1901 photoresist were obtained from Suntic Co. for
the pixel walls and support pillars, respectively. Potassium
hydroxide (KOH) and tetramethyl hydroxide (TMAH) were
purchased from Aladdin. Deionized water was obtained from an
in-house water purication system (Ultrapure UV, Shanghai
Hitech Instruments Co., Ltd., China).
2.2 Manufacturing method

Fig. 1(a) shows that a hydrophobic layer and pixel wall were
built on the bottom substrate, and colored oil was lled into the
pixel. There were support pillars on the surface of the top
substrate to prevent short circuits between the two electrodes
while the FEWD is being bent. Fig. 1(b) shows the characteristic
parameters of a FEWD while being bent, including curvature K
and curvature radius R. Moreover, there are two states while the
FEWD undergoes bending, positive bending and negative
4078 | Nanoscale Adv., 2020, 2, 4077–4084
bending. Detailed descriptions are shown in the following
section.

Fig. 1(c) shows a schematic diagram of the manufacturing
process for the FEWD. The entire process mainly consists of
three steps: bottom substrate preparation, top substrate prep-
aration, and plate sealing. In detail, the bottom substrate was
treated as follows. Initially, the PEN lm with an ITO layer was
cleaned by ultrasound in ethanol solution for 10 minutes. UV
irradiation was used to treat the ITO surface, with a water
contact angle less than 10�, as can be seen in Fig. S1(a).† Then,
the PEN lm was xed on rigid glass to ensure a level surface.
Subsequently, the Hyon material was spin-coated on the ITO
surface, while the thickness was controlled at approximately
800 nm. Aer precuring on a hot plate (EH20B Lab Tech, China)
at 85 �C, the entire bottom plate was cured in a furnace with
a higher temperature, so that the uorocarbon solvent could be
evaporated accordingly. Due to the low surface energy of the
Hyon material, it was difficult to coat photoresist on the
surface. Thus, plasma was used to modify the wettability of
Hyon so that it was hydrophilic in advance, by means of
reactive ion etching equipment (ME-6A, Chinese Academy of
Science, China). Next, an HN-018N pixel wall was fabricated on
the surface by photolithography. Then, the substrate was heated
so that the Hyon surface would recover the hydrophobic state.
The wettability of the Hyon surface is shown in Fig. S1(b).† In
the next step, colored oil was uniformly lled into the pixel
through raster lling at low speed (1 mm s�1).

For the top substrate preparation, the PEN substrate was also
removed by rinsing. Then, a SUN-1901 photoresist was spin-
coated on the surface. Support pillars were fabricated by
means of photoetching. To enhance the strength of the support
pillars, a curing process was used to completely remove the
solvent. Before assembling the two substrates, the top substrate
was treated with ozone for 5 min to provide hydrophilic support
pillars, as shown in Fig. S1(c).† Finally, these two electrodes
were sealed with pressure-sensitive adhesive by an automatic
alignment machine.

Fig. 1(d) illustrates the dimensions of the FEWD tested in
this study, with a diagonal of 1.4 inch. Fig. 1(e) shows the
exibility of the FEWD, which is compressed by the xture. The
response performance of a 1.4-inch FEWD can be found in
Movie S1,† and the color of the FEWD was able to quickly switch
in response to being controlled by the applied voltage. The
patterned words were clearly seen while the FEWD was bent.
Fig. 1(f) shows a photograph of the 4-inch FEWD, which was
produced according to the above fabrication process. The
dynamic bending process of the 4-inch FEWD is shown inMovie
S2.† The thickness of the FEWD is 350 mm, as shown in Fig. 1(g).
2.3 Experimental setup

To evaluate the optical properties and response time of the
FEWD, the experimental system consisted of two parts, a test
section and a data acquisition system, respectively. For the test
section, a moving stage was used to x the two FEWD edges.
During testing, the distance between the two edges was
controlled by the moving stage, so that the curvature of the
This journal is © The Royal Society of Chemistry 2020



Fig. 1 (a) Schematic diagram of the FEWD; (b) characteristic parameters; (c) schematic diagram of the fabrication process; (d) photograph of the
FEWD sample with a diagonal of 1.4 inch; (e) flexibility of the FEWD; (f) photograph of the FEWD being bent, with a diagonal length of 4 inch; and
(g) thickness of the FEWD.
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FEWD could be accordingly adjusted. Additionally, a controller
was used to accurately maneuver the positions of the moving
stage. A wave generator (Agilent 33500B Series, Loveland, CO,
USA) was used to provide the applied voltage between the top
and bottom electrodes, while the frequency was maintained at
approximately 5 Hz. It is noted that the applied voltage was
increased from 0 to 24 V, with an interval of 1 V, in this study.

For the data acquisition system, two different instruments
were used to test the aperture ratio of the pixel and the response
time. In general, in order to measure the aperture ratio of the
pixel during testing, a high-speed camera (Phantom MiRO
M110, Vision Research, USA) together with a microscope
(CKX41, Olympus, Japan) was adopted to observe the switching
process of pixels and capture the visual images through
a computer. The automatic process was driven by LABVIEW
soware. A lamp was used in this experiment to provide suffi-
cient light for viewing the FEWD under a microscope. A box was
used to cover the outside of the test section, and the box was
covered with a black cloth as well to reduce the disturbance of
external light. The aperture ratio was evaluated by measuring
the average white area fraction percentage (3) in each pixel
during a certain applied voltage, which can be expressed as
follows,

3 ¼
�
1� SoilðVÞ

Spixel

�
� 100% (1)
This journal is © The Royal Society of Chemistry 2020
where Soil and Spixel are the sizes of the occupied oil area and
pixel area, respectively; and V is the applied voltage. To char-
acterize the relationship between voltage and aperture, images
were identied and processed by Matlab R2015b soware. The
experiment was conducted under ambient temperature of
25 �C.

In order to measure the response time, an optical colorim-
eter (Arges 45, Admesy, Ittervoort, The Netherlands) was rmly
attached to the upper surface of the FEWD. The optical
response curve of the FEWD is shown in Fig. S2.† The lumi-
nance sharply increased while voltage was initially applied, and
then subsequently steadied, indicating that the pixel was in the
switching-on phase. Here, the response time was dened as the
time from luminance zero to the time with a luminance of 90%.
In Fig. S2,† the response time was 24.77 ms. It should be noted
that the experiments were performed in the dark.
2.4 Characterization

The surface structures of the support pillars were measured
using a super deep scene microscope (VHX-2000, Keyence). The
thickness of the support pillar wasmeasured with a step proler
(Dektak XT, BRUKER, Germany). The 3D morphology of the
support pillars was characterized by a 3D proler (DCM 3D,
Leica, and Germany) and a eld emission scanning electron
microscope (ZEISS Gemini 500, Carl Zeiss). The surface rough-
ness of the top of the support pillar was measured by an atomic
Nanoscale Adv., 2020, 2, 4077–4084 | 4079
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force microscope (Asylum Research MPF-3D). The wettability of
the materials used in this study was measured by a contact
angle measurement instrument in an ambient environment.
3. Results and discussion
3.1 Optical performance of the FEWD

Fig. 2 shows the basic optical performance of the FEWD with
a pitch distance of 510 mm. As can be seen in Fig. 2(a), the
aperture ratios of the pixels were measured at various voltages
under different radii of curvature. As the curvature changed
from �0.25 to 0.25 cm�1, and the aperture ratio of the pixels
exhibited a gradual upward trend. In particular, the FEWD with
the curvature of 0.25 cm�1 had the largest aperture ratio of
54.96% when the applied voltage was 24 V. This result is
consistent with the ndings of Dou et al.,5 who also found that
the aperture ratio of an EWD could reach approximately 50%.
Additionally, it was found that an FEWD in a positive bending
state exhibited a higher aperture ratio than that in a negative
bending state. This phenomenon may be attributed to the
difference in the thickness of the oil lm. For the positive
bending state, there was additional distance at the top of the
pixel wall, resulting in the thinning of the oil lm, as can be
seen in Fig. 2(e). Thus, as the voltage applied on the oil phase
increased, the voltage on the water and Hyon layer
Fig. 2 Optical performance of a FEWDwith a pitch distance of 510 mm. (a
various applied voltages; (c) response time for devices with various c
schematic diagrams showing the positive and negative bending states; (f
started to illustrate the “on” state at 16 V.
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correspondingly decreased based on the principle of voltage
distribution. Then, the Hyon surface became hydrophilic
according to the Young–Lippmann equation, which can be
expressed as,

cos qðVÞ ¼ cos qð0Þ þ 1

2g
CV 2 (2)

where q(V) and q(0) are the contact angles between water and the
Hyon interface with applied voltage of V and without voltage; g
denotes the interfacial tension, and C denotes the capacitance
of the Hyon material. It can be seen that the contact angle
between the water and Hyon gradually decreases with
increasing voltage. Therefore, it is more attractive for the
movement of the water phase to push the oil aside, thereby
inducing the larger aperture ratio.

The aperture ratio is also inuenced by the applied voltage,
as can be seen in Fig. 2(b). When the applied voltage ranged
from 16–24 V, there was a good linear relationship between the
voltage and the aperture ratio. The higher the applied voltage,
the larger the aperture ratio that can be attained. This result is
reasonable and can also be explained according to eqn (2).
Under a certain curvature, when the applied voltage between the
electrodes is increased, the voltage on the Hyon layer subse-
quently increases. Hence, the contact angle between the Hyon
) Aperture ratios under various curvature radii; (b) aperture ratios under
urvature radii; (d) response time under various applied voltages; (e)
) magnified pixels under the operation voltages of 14–20 V. The device

This journal is © The Royal Society of Chemistry 2020
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surface and water becomes larger, which leads to the increase in
the aperture ratio.

The bending characteristics of the FEWD device also present
great importance for the switching-on response time of the
pixel. Fig. 2(c) shows the relationship between the curvature of
the FEWD device and response time. Generally, the measured
response time shows a slightly downward trend with increasing
curvature. For instance, when the curvature is �0.25 cm�1, the
response time of the pixel is 63.45 ms at 16 V voltage, followed
by the times of 62.63, 61.56, 60.44, 59.39, and 58.66 ms. Simi-
larly, it is worth noting that the response time is signicantly
dominated by applied voltage. For the larger curvature, the
voltage is relatively higher on the hydrophobic Hyon layer, in
accordance with the explanation given in the above section,
resulting in a higher moving velocity for the interface of the
phase contact line.14 It is faster for FEWD devices with a larger
curvature to achieve a steady state as compared to those with
a smaller curvature. As can be seen in Fig. 2(d), it is also ex-
pected that the response time will quickly decrease with
increasing voltage. In comparison, Dou et al.5 also tested the
starting performance for an EWD, but the response time was
approximately 33.7 ms, which is approximately equal to the
results in our study (t ¼ 36.65 ms for curvature 0). Two reasons
may contribute to the above phenomenon in the measurement.
First, the hydrophobic material used in their study was AF
1600X, which possesses slightly different dielectric properties as
compared to the Hyon material. Second, the thermal reow
temperature used in our study was approximately 165 �C, which
is lower than the conventional temperature. Therefore, the
hydrophilic performance is relatively degraded for the move-
ment of a liquid phase, and the response time is longer.

Fig. 2(f) shows magnied optical microscope images of
FEWD devices. The voltage varies from 14 to 24 V. When the
voltage is 14 V, the pixel is fully occupied by the oil phase.
However, the oil lm is pushed aside as the voltage rises to 16 V.
Then, the aperture ratio continuously increases with the growth
of the applied voltage of 16–24 V.
3.2 Characterization of the support pillars

As one of the most important components in a FEWD, the
support pillars exert a signicant inuence on the exibility. To
reveal the microscopic mechanism, the 3D features and surface
topography of the support pillars were analyzed. Microscope
photographs are shown in Fig. 3(a), (b) and (c), indicating pitch
distances of 170, 340 and 510 mm, respectively. The larger the
distance, the less the intensity of the support pillars. Fig. 3 also
illustrates the 3D structures of the support pillars. The heights
of the support pillars were nearly the same for all samples, at
approximately 35 mm, as shown in Fig. 3(d). The corresponding
surface roughness of the top of a support pillar is shown in
Fig. 3(e), which can achieve approximately 23 nm. A scanning
electron microscopy (SEM) image of the fabricated support
pillars is shown in Fig. S3,† with a pitch distance of 170 mm and
diameter of approximately 30 mm.

Two types of support pillar locations are shown to evaluate
the effect of the support pillars on oil motion. One type is the
This journal is © The Royal Society of Chemistry 2020
support pillars inside the pixel area, and the other type is the
support pillars on the pixel wall, as can be seen in Fig. 4. It
should be noted that the size of the pixel area is 170 � 170 mm2.
Fig. 4(a) illustrates the switching-on state for support pillars
located inside the pixel area, and shows that a water phase
occupies the area beside the support pillars, once the applied
voltage is large enough to drive the liquid. This can be attrib-
uted to the fact that the wettability of the support pillar is
hydrophilic aer the ozone treatment. Then, water would ow
along the wall of the support pillar, while the oil moves to the
opposite direction. It was also found that if there were no
support pillars in the pixel area, the oil motion exhibited
random phenomena. However, when the support pillars are on
the pixel wall, the phenomenon for oil motion is totally
different, as can be seen in Fig. 4(e). When the FEWD is bent at
this moment, the support pillars make direct contact with the
pixel wall, and merely prevent contact between the two elec-
trodes. The oil motion cannot be inuenced, and the directions
of the pixel openings are random as well, as can be seen in
Fig. 4(f)–(h). Therefore, the support pillars are benecial for the
regular movement of the oil phase in the pixel.
3.3 Mechanical properties of the FEWD

The mechanical properties of the support pillars were tested,
and Fig. 5(a) shows that the strength was evaluated by applying
compression force on the support pillars. The radius of the
loading head was 0.25 mm, while the loading force was
controlled within 60 N. Fig. 5(b) showsmicroscope photographs
of support pillars before and aer the force loading. Two types
of failure modes for support pillars occurred, consisting of
falling off and attening. When the pitch distance of the
support pillars was larger (510 mm), the pillars were more likely
to be destroyed.

As a exible device, the ability to withstand repetitive
bending is of importance for the mechanical properties of the
FEWD. To evaluate the inuence of bending behavior, the
response time and capacitance of the FEWD aer a cyclic
bending test were measured and compared. Fig. 5(c) shows that
while the number of bending repetitions ranged from 100 to
400, it is expected that the response time of the FEWD will also
increase between 59 ms and 65 ms.

Fig. 5(d) shows the capacitance of the FEWD before bending.
When the applied voltage was varied from 0 to 20 V, the
capacitance curves for all three different pitch distances were
nearly maintained at the same value (4000 pF). With 100
bending repetitions, the capacitance curves were almost at
a constant level. However, with 300 repetitions, there was a clear
difference in the various support pillars. The capacitance curves
for FEWD with pitch distances of 510 mm and 340 mm clearly
increase.

Two reasons may contribute to the above tendency. First,
because the base PET substrate is a exible material, small
deformations may occur in the area between two support
pillars. In other words, the distance between the top and bottom
electrode is decreased, which causes increased capacitance.
Second, it may be inferred that the bending behavior causes
Nanoscale Adv., 2020, 2, 4077–4084 | 4081



Fig. 3 Characterization of the fabricated support pillars with various pitch distances. Microscope photographs and 3D surface profiles for
support pillars with (a) p¼ 170 mm, (b) p¼ 340 mm, and (c) p¼ 510 mm (“p” is the distance between two adjacent pillars). (d) Height of the support
pillar. (e) AFM images of the top surface of the support pillars.
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damage to the dielectric layer. In comparison, support pillars
with smaller pitch distance can effectively prevent deformation
of the FEWD device during bending, thus reducing the risk of
physical damage to the dielectric layer.
Fig. 4 (a) Schematic diagrams of relative locations of support pillars in the
p ¼ 340 mm, and (d) p ¼ 510 mm. (e) Schematic diagrams of relative locat
mm, and (h) p ¼ 510 mm.

4082 | Nanoscale Adv., 2020, 2, 4077–4084
Fig. 5(g)–(i) show the capacitance of FEWDs with different
curvatures, that were repetitively bent 100 times. When the
curvature gradually increased from 0 to 0.25 cm�1, there was
little change in the capacitance of the FEWD with a pitch
pixel. Effect of support pillars for oil movement, with (b) p¼ 170 mm, (c)
ions of support pillars on the pixel wall, with (f) p ¼ 170 mm, (g) p ¼ 340

This journal is © The Royal Society of Chemistry 2020



Fig. 5 (a) Schematic diagram of the experimental setup to measure the strength of the support pillars. (b) Microscope photographs of the
support pillars before and after the application of 40 N loading force. (c) The response time of the FEWD devices that underwent repetitive
bending for different numbers of repetitions. Capacitance of FEWD devices that were repetitively bent with differing repetitions: (d) n¼ 0, (e) n¼
100, (f) n ¼ 300. (“n” denotes the number of times that the FEWD was bent). Capacitance of FEWD devices with different curvatures after being
bent 100 times, (g) K ¼ 0.17 cm�1, (h) K ¼ 0.2 cm�1, (i) K ¼ 0.25 cm�1.
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distance of 170 mm. However, there were obvious uctuations
for the other two types of FEWDs. This is reasonable because
the dielectric layer is forced to be deformed during the bending
process, which may inuence the distance between the two
electrodes. In addition, it is interesting that in Fig. 5(h) and (i),
the capacitance curve for the FEWD with a 510 mm pitch
distance gradually increases during testing. The possible reason
for this may be that there are small cracks on the dielectric lm
during the cyclic bending test that would affect the stability.
4. Conclusions

In this study, we present the methodology for fabricating
a exible, transparent electrowetting display. It was vital to
create support pillars so that the FEWD could bend. These
support pillars were built on top of a substrate through photo-
etching technology, and measured with AFM, SEM, and a 3D
proler. Three different pitches of the pillars were conducted,
and the effect on the oil motion was examined. The electro-
optical response performance of the FEWD in the bent state
was evaluated based on experiments. The mechanical proper-
ties of the support pillars were measured and analyzed as well.
The main conclusions can be summarized as follows. The
This journal is © The Royal Society of Chemistry 2020
aperture ratio increased with increased bending curvature, and
it reached the largest aperture ratio of 54.96% with the applied
voltage of 24 V at a curvature of 0.25 cm�1. The response time of
the FEWD evidently decreased with increasing voltage. The time
also showed a downward trend when the bending curvature
increased. This phenomenon was attributed to the change in
the thickness of the oil lm. The resulting voltage change on the
insulator surface led to the variation of the contact angle
between the insulator surface and the water phase during the
electrowetting process. The oil motion direction in the pixel
could be effectively and accurately driven according to the
support structures. However, when the support pillars made
contact with the pixel walls during the bending process, the oil
would be randomly pushed away. This is greatly due to the fact
that the surface of the support pillar was adequately hydrophilic
aer the ozone treatment. The mechanical properties of the
support pillars were evaluated as well. Falling off and attening
were the two common pillar failure modes aer the compres-
sion test. Aer the cyclic bending test, the response speed of the
FEWD slowed, and the capacitance would be correspondingly
affected.

Further studies should be conducted to optimize the
performance of the FEWDwith support pillars. Further research
Nanoscale Adv., 2020, 2, 4077–4084 | 4083
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is still necessary to investigate the effect of the support pillars
(e.g., geometry, pitch) and manufacturing parameters (e.g.,
ozone treatment, curing temperature) for future industrial
applications.
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