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Adaptive optical beam steering and tuning system
based on electrowetting driven fluidic rotor
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Reconfigurable beam steering components are indispensable to support optical and photonic
network systems operating with high adaptability and with various functions. Currently,
almost all such components are made of solid parts whose structures are rigid, and hence
their functions are difficult to be reconfigured. Also, optical concentration beam steering is
still a very challenging problem compared to radio frequency/microwave steering. Here we
show a watermill-like beam steering system that can adaptively guide concentrating optical
beam to targeted receivers. The system comprises a liquid droplet actuation mechanism
based on electrowetting-on-dielectric, a superlattice-structured rotation hub, and an
enhanced optical reflecting membrane. The specular reflector can be adaptively tuned within
the lateral orientation of 360°, and the steering speed can reach ~353.5° s—!. This work
demonstrates the feasibility of driving a macro-size solid structure with liquid microdroplets,
opening a new avenue for developing reconfigurable components such as optical switches in
next-generation sensor networks.
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functional sensing networks, swift signal transmission

systems, and advanced wireless communication techni-
ques has grown rapidly. Their applications are ubiquitous in our
daily lives, ranging from optical switches!—3, laser beam security
networks?, in-home WiFi antenna networks®, global positioning
systems (GPS)® to autonomous vehicle remote control’. To make
these advanced sensing and telecommunication networks feasible
in a more complex environment, a higher level of beam signal
transmission standards, e.g., avoidance of signal mitigation over a
longer transmission distance and alleviation of the multi-path
fading phenomenon, needs to be carefully addressed. In this
regard, adaptive beam steering technology has been highly
demanded as it can effectively guide the concentrating beams to
the desired paths and protect the network from noise disturbance.

Compared with radio frequency (RF)/microwave beam steering
via various antenna techniques, optical beam steering is still a
very challenging problem. A high-performance optical beam
steering system with comprehensive merits such as low insertion
loss, fast steering speed, wide steering range, high steering reso-
lution, less system complexity, and compact platform size is
highly demanded. During recent years, several novel fluid-based
beam tuning mechanisms have been developed especially for
optical beam steering. Among them, the beam tuning system
driven by electrowetting on dielectric (EWOD)8-19, which is
defined as the change in the contact angle between an electrolyte
and a dielectric surface owing to an applied electric potential
between them, shows distinct advantages. EWOD-based digital
operations!! have demonstrated great potential in actuating and
manipulating liquid droplets owing to EWOD’s unique char-
acteristics of prompt response (tens of ms), low power con-
sumption ({WW—mW), and programmable operations. Based on
EWOD, tunable liquid prisms can reflect incident beams to the
desired direction by controlling the orientation of a reflecting
membrane located on a droplet surface or embedded at a
fluid-fluid interface!>-17. The maximum tilting angle among
these tunable prism configurations has reached ~22°18. As a
comparison, a functional dielectrophoresis-driven liquid prism
was shown to steer beams only within +0.87°1°, Furthermore, a
liquid-liquid light steering device actuated by dielectrowetting
was developed and its maximum beam steering angle can reach
+22.7°20. In addition to the liquid prism-based steering
mechanism, an EWOD-driven rotating shaft device was devel-
oped to modulate a membrane reflector within a range of +30°21,
indicative of an apparent improvement over the liquid prism
modules. Generally, liquid-based beam tilting and steering sys-
tems driven by EWOD require high stability of the fluid-fluid
interface or the bulk fluids. In this respect, modulation of the
embedded reflector at the fluid-fluid interface usually has a
relatively low stability and is consequently hard to achieve full-
range tracking and agile steering. Therefore, tuning devices cap-
able of achieving fast, stable, and accurate responses for adaptive
and wide range beam steering are still desired.

Inspired by capillary rotors with annular-shaped electrode
designs!®, we put forward an optical concentrating beam steering
system based on EWOD. The whole system comprises an annular
EWOD platform with an open-plate configuration, a superlattice-
structured rotation hub, and an enhanced optical reflecting
membrane attached to the hub as the beam reflector. The EWOD
platform is fabricated by sequentially depositing an annular array
of Au electrodes, a thin film of Si;N, dielectric, and a thin layer of
hydrophobic fluoropolymer on a glass substrate. The rotary hub
is made of silicone oxycarbide (SiOC) ceramic with an octet-truss
superlattice structure of ultralight weight (~8 mg), ultrahigh
strength (9 MPa) and ultrahigh stiffness (950 MPa), which is
additively manufactured by scanning optics projection micro-

D uring the past two decades, the development of multi-

stereolithography (SOPpSL)?2. A low frequency alternative cur-
rent (AC) voltage is applied to actuate a liquid microdroplet via
EWOD along the annular loop to activate the specular reflector,
to which the liquid droplet is adhered. A resistor-capacitor (RC)
circuit network analysis of the EWOD system indicates that the
EWOD driving force is in the order of hundreds of puN and its
power consumption is ~10~°—10"*W. As such, the annular
array of EWOD electrodes can be programmably activated to
circulate a liquid droplet for digitally actuating the membrane
reflector. Importantly, this EWOD-driven “watermill” is able to
laterally rotate the reflector by 360° without the constraint of
contact angle saturation?3-2>, which outperforms most existing
liquid-based actuation devices reported in the literaturel2-16:19:21,

In this paper, the general setup of the rotary EWOD steering
system and the fabrication of the superlattice hub are first
introduced; then, a theoretical analysis of the EWOD driving
force and the resistant force are discussed for feasibility valida-
tion. At last, the adaptive optical beam tuning on the rotary
EWOD system is experimentally demonstrated. In particular, the
testing results of optical beam steering range, tuning speed, beam
tuning repeatability, and the specular reflectance of the reflector
are reported.

Results
Superlattice rotary hub design. The overall EWOD-based optical
beam steering system consists of an annular EWOD substrate, a
rotational hub, and a reflecting membrane as shown in Fig. la.
The adaptive beam steering is achieved by tuning the reflecting
membrane through the EWOD-actuated liquid droplet. To enable
smooth and facile rotation of the reflecting membrane, the 3D
printed superlattice structure as illustrated in Fig. 1b was adopted
as the rotary hub with ultralow weight and superior mechanical
properties. Thus, a stretch-dominated cellular structure of the
octet-truss superlattice?®?” was fabricated using the SOPuSL
system as shown in Fig. 1c?®2%, which is capable of fabricating
large-volume, high-resolution complex superlattice structures.
The ultraviolet (UV)-curable siloxane resin was formulated based
on previous work?8 and was added into the resin bath to form the
pre-ceramic parts. The 3D hub design was sliced into a sequence
of 2D patterns, which were sequentially transmitted to a spatial
light modulator and were illuminated with UV light from a light-
emitting diode (LED) array. The exposed resin formed a cured
layer imaging the shape of the 2D slice, and then the z axis
elevator was lowered to recoat a thin film of the liquid resin for
the subsequent 2D slice exposure. The 2D image projection step
was then repeated to form the whole 3D structures as designed.
Pre-ceramic parts were subsequently pyrolyzed in a tube furnace
at 1000 °C with ultrahigh-purity Argon gas to form the super-
latticed SiOC ceramic, as shown in Fig. 1d, e.

The relative density, p, of the octet-truss lattice can be

calculated as p = 6v/2 (%)2, where b is the strut thickness of the
lattice and [ is the node-to-node length. Therefore, the relative
density of the as-formed lattice structure is 14%. Based on the
volume of the hub (~24 mm?3) and the density of the base material
(2.2 gem ™3 for SiOC), the weight of the latticed hub is ~7.4 mg.
The strength of the hub 0,5 ~ apo, and its stiffness E 5 ~ BpE,,
where o; and E, are the strength and the Young’s modulus of
SiOC, respectively; a and f are pre-factors®0. Therefore, the
superlatticed rotary hub printed by SOPpSL has a high strength
0.=9 MPa and an ultrahigh stiffness E.z= 950 MPa.

Electrowetting driving force and resistant force analyses. The
EWOD driving force versus the resistant force, which mainly
includes the hub-shaft rotating friction and the droplet liquid-
substrate friction, were analyzed to verify the feasibility of the
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droplet actuation. In this work, an AC voltage was applied to
manipulate the droplet transport as it can effectively mitigate
dielectric polarization and prevent liquid electrolysis, as demon-
strated in our previous work3l. To analyze the EWOD driving
force, a water droplet straddling two electrodes on the EWOD
platform as shown in Fig. 2a, b was studied. Each trapezoidal
electrode element with teeth (as shown in Supplementary Fig. 1
and Supplementary Note 1) is simplified as a sector-shaped unit
in this analysis. One of the co-planar electrodes was activated
with the leading edge of the droplet formed on it, and the adja-
cent electrode was assigned as the ground. Phenomenologically,
the electrostatic energy stored in the dielectric layer under the
droplet leads to a change in the apparent contact angle, inducing
electrohydrodynamic force inside the droplet to drive it toward
the activated electrode. On the other hand, the EWOD driving
force can be analyzed via the lumped-parameter method based on
an equivalent RC circuit of the EWOD system3? as shown in
Fig. 2a.

The area of the droplet on the actuated electrode, A,, and that
on the grounded electrode, A, can be determined by the droplet
position angle 6, which is formed between the center of the
droplet and the gap of the two electrodes. As illustrated in Fig. 2b,
A, and A, are calculated as:

2cos ! (Reind 2cos ! (Rsind
A,(6) :#rz—RsinG-r-sin # (1)
“ 2 2

Ag(0) = mr’ — A, (0) (2)

where r is the droplet radius and R is its radial distance from the
shaft. In the lumped-parameter method, each dielectric part
including the water droplet itself is considered as a RC
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component or RC group. For the co-planar configuration of
EWOD, the RC circuit model consists of five RC components
connected in series as shown in Fig. 2a. The resistances and
capacitances of each RC component, which are dependent of A,
and A, are needed in order to calculate the equivalent total
capacitance of the RC network (Supplementary Note 2 and
parameter data are given in Supplementary Table 1).

The five RC groups are connected in series, so the total
impedance Z;, is the summation of the impedances of five
components (Zg, Zga> Zsgy Zsar and Z,,):

Loy = ng + Zfa + ng +Z,+2,= Ril (3)

ot 1 jwCyy

By expressing the total impedance Z,,, with the capacitances
and resistances of each component, the equivalent total
capacitance of the RC network, C;,, can be derived. With the
value of C,,, and Z,,, obtained, the total electrostatic energy stored
in the RC network E = 1 C,, V3, and the power consumption of

2
the EWOD system P,,, = Yiws can be estimated, where Veums =

th
%Vpkfpk is the root-mean square of the applied square-wave AC
voltage, and V,,_ is the peak to peak voltage referring to the
amplitude of the square wave. We applied V,,_,, = 40V at 20 Hz
in the experimental tests, so Vips =20V in the force analysis.
Therefore, the electrostatic energy stored in the system increases
with the square of the applied voltage magnitude. As the
equivalent total capacitance is a function of the droplet position
angle 6, which is formed between the droplet centroid and the
electrode gap, and the angular frequency w of the AC voltage, i.e.,
Cior ~ fl6, w), the EWOD driving force on the droplet can be
calculated by taking the derivative with respect to 0, ie,
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Fig. 1 Schematic of rotary electrowetting on dielectric (EWOD) optical beam steering system. a The assembled EWOD rotor system. b The superlattice
hub design with elliptical contact on the base. ¢ The scanning optics projection micro-stereolithography (SOPuSL) system?28. d The pre-ceramic hub. e The
pyrolyzed silicone oxycarbide (SiOC) hub. The SOPuSL system is employed for reducing the weight of the hub while maintaining its ultrahigh stiffness.
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Fig. 2 Electrowetting force analysis via lumped-parameter method. a Side view and b top view of a droplet straddling two electrodes with an applied
potential difference. The whole electrowetting on dielectric (EWOD) system can be considered as a resistor-capacitor (RC) circuit network for EWOD
force analysis. For simplicity, the effect of interdigitated teeth structures along the radial edges of each electrode is ignored in this analysis. ¢ EWOD driving
force versus droplet transport angle 6. d EWOD system power consumption versus droplet transport angle 6.

Fewop = d};—(:). The EWOD driving force on the droplet and the
power consumption are plotted against the position angle 6 in
Fig. 2¢, d, respectively. As the fan angle of each electrode sector is
15°, Fig. 2¢, d are plotted in the range of —7.5° to 7.5°
corresponding to a full step of the droplet movement.

As shown in Fig. 2¢, the RC network analysis indicates that (1)
the magnitude of EWOD driving force is in the order of hundreds
of uN; (2) the EWOD force is always directed toward the central
gap between the two straddled electrode units; and (3) the
magnitude of EWOD force barely changes with the low AC
frequencies (<25 Hz). From Fig. 2d, it can be concluded that (1)
the power consumption of the EWOD system increases with
increasing AC frequency; (2) the magnitude of the power
consumption is in the order of ~10~°>—10~*W; and (3) the
maximum power consumption during each step of droplet
actuation happens at the central gap between the two straddled
electrode units. This RC network analysis elucidates the observed
droplet movement characteristics actuated by EWOD and the
power consumption of the EWOD system.

To calculate the required driving force to rotate the membrane
reflector, we denote the inner diameter of the hub as d;, the outer
diameter of the hub as d,, the distance between the droplet and
the axis of the shaft as R, the moment of inertia of the hub as J,,;,
and the torque induced by the rotational friction between the
shaft and the hub as 7z As the droplet drags the reflecting
membrane, which is attached to the hub, the rotation angle of
the hub is equal to the droplet position angle 6. Assuming the
moment of inertia of the thin reflector membrane is negligible,
we can apply the following governing equation for the rotation

of the hub:
Thua® + Tr = FropaR =0 (4)

where Fyopie; is the driving force on the reflector exerted by the
water droplet. The friction torque 7y can be derived from the
following:

2n
Fid,
g:/{rw (5)

where Fp = &G is the friction between the shaft and the rotation
hub, €= 0.1 is the friction coefficient between the steel shaft and
the ceramic hub (Supplementary Note 3)33, and G is the gravity
of the rotary hub and the reflector membrane. Combining Egs.
(4) and (5), we estimated the required minimum driving force
exerted by the EWOD-actuated droplet on the membrane
reflector as Fyyopier = 2.5% 107> N.

The other resistant force owing to the pinning force between
the droplet and the EWOD platform can be scaled as:

Fliquidfsolid ~ ﬂr))(coseadv - COSG,EC) (6)

where y =0.072 N m~! is surface tension of water, r =3 mm is
the droplet radius, 6,4, = 130° is the droplet advancing contact
angle owing to electrowetting, 0,..~ 105° is the droplet receding
contact angle on the substrate. Substituting these parameter
values into Eq. (6), the droplet-substrate friction force
Figuid—sotia = 1x107°N. As the EWOD driving force Frwop
from the droplet can be as high as 3 x 107#N, which is an order
of magnitude higher than the force needed to rotate the hub (i.e.,
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Fewop > Frapier + Fliguid—soiia)> We are certain that the EWOD-

actuated water droplet can facilely drive the reflection plate
toward the specific orientation as desired.

Steering speed, range, and insertion loss. The EWOD rotary
steering system was assembled after the fabrication of each
component such as the EWOD platform and the superlattice
rotary hub. Then, the steering speed and range of the EWOD-
driven reflecting membrane were tested on this EWOD rotary
system. As water is one of the most widely used electrowetting
fluids, we adopted deionized (DI) water in this work for
demonstrating the feasibility of actuating a macroscale reflecting
membrane by a liquid microdroplet as the proof of concept. To
slow down the evaporation process of a water droplet, a proper
amount of glycerol can be added in to water to form
glycerol-water mixture. For practical applications, ionic liquids
are good alternatives owing to their extremely low vapor pressure
(as low as ~10~12 mm Hg), negligible evaporation rate, and high
electrical conductivity>4. Fig. 3a shows the setup of the EWOD
beam steering system, including the annular array of EWOD
control electrodes, the superlattice rotary hub, the membrane
reflector, and a DI water droplet as the actuation medium. The
assembled rotary device has the dimension of 5 cm x 7.5 cm x 2.5
cm, which can be made more compact by further condensing
electrode elements and leads. In the open-plate configuration of
EWOD, the footprint of the droplet is required to span at least
three electrode units so that the droplet can be continuously
actuated forward3!. According to this actuation criterion and the
electrode unit size, a DI water droplet of ~50 uL. was adopted by
us for EWOD actuation. A square-wave AC voltage of 40 V¢
with a low frequency of 20 Hz was applied to actuate the droplet
while preventing dielectric layer polarization. The droplet was
consecutively driven forward by successively powering the elec-
trode elements under the leading edge of the droplet. For beam
steering purpose, the droplet was attached to the reflector and
dragged the reflector to rotate to the desired orientation via the
digital actuations of EWOD, as illustrated in Fig. 3b and Sup-
plementary Movie 1. By sequentially turning on the electrode
units in a clockwise direction, the whole rotating (steering) pro-
cess of the reflection plate was captured by a camera (Canon
VIXIA HF R700) as shown in Supplementary Movie 2.

The real time steering speed was obtained by post image
processing of the captured movie. Assuming the initial orienta-
tion of the reflection plate is 0° at t = 0 s, Fig. 3c—f show the time-
lapse snapshots of the droplet with the reflecting membrane in
four different orientations owing to the EWOD digital actuations.
Accordingly, Fig. 3g displays both the angular velocity and the
linear velocity of the membrane corresponding to the synchro-
nized input square-wave AC signal. The experimental results
show that (1) the reflector can be stepwise tuned with a pace of
15° in each EWOD actuation, which is mainly contingent on the
electrode element fan angle; (2) the actuation manner of the
droplet and hence the reflecting membrane is pulse-like with the
maximum transient angular steering velocity as high as 353.5°s71
(the maximum droplet linear velocity is 33.9 mms~!) and the
average angular steering velocity during a full circle of trail is
~21.7°s71; (3) the dynamic response of the droplet lags behind
the input AC signal ~ 0.02 s because of the droplet inertia; and (4)
the EWOD rotary device enables 360° lateral steering of the
reflector around the shaft without contact angle saturation effect.
It is noteworthy that the water droplet oscillates in response to
the AC input signals during each step of EWOD actuations. Such
droplet oscillations can be effectively mitigated by applying a
higher frequency AC voltage in EWOD with compromised power
consumption. The angular steering resolution can be further

improved by designing finer electrode elements with a smaller
sector angle, i.e., <15°.

Another vital factor of a beam steering system is the insertion
loss of the system. Insertion loss is the signal power loss that
arises as a result of inserting a certain device (e.g., reflecting
membrane) in to the signal transmission path3>. Mathematically,
it is the logarithmic ratio of the power entering, P;,, to the power
coming out of the beam steering system, P,,,;, expressed in dB:

p.
Insertion loss(dB) = IOlogPi (7)

out

Any beam steering system with substantial amount of
transmission power loss can significantly degrade the overall
performance of the system. Furthermore, lower insertion loss
implies lower energy requirements, leading to enhanced energy
efficiency of the system. The signal transmission performance of
our EWOD rotary system mainly depends on the specular
reflectance of the reflecting membrane (3 M Vikuiti enhanced
specular reflector). In order to prevent the droplet spreading over
the reflecting membrane, the reflecting membrane was coated
with a thin hydrophobic layer of fluoropolymer (FluoroPel
PFC1101V-FS, Cytonix) during the experiment. The specular
reflectances of the reflecting membrane with and without the
fluoropolymer coating as shown in Fig. 3h were measured in a
broadband wavelength of 200 nm to 1000 nm using the spectro-
photometer (Cary 5000 UV-vis-NIR).

The measured specular reflectance indicates that the optimum
wavelength of this reflecting membrane is in the range of
~400-800 nm. In this optimum spectrum, the average specular
reflectance of the membrane without the fluoropolymer coating
©no coating €an reach as high as 98.2%. In comparison, the average

specular reflectance of the membrane with coating (O oun, is

~86.8%. Therefore, the reflecting membrane without any coating
has a superb intrinsic reflectance, whereas the hydrophobic
coating slightly degrades the specular reflectance of the reflector.
It is thus concluded that the insertion loss of this rotary EWOD
beam steering system is ~1.5dB in the broadband spectrum of
400-800 nm. To have a better performance of signal transmission
and even lower insertion loss, we can apply a thinner coating of
fluoropolymer on a high specular reflectance membrane or make
a hydrophobic-hydrophilic hybrid surface treatment.

Optical beam tuning tests. Based on the EWOD rotary device,
we conducted beam steering tests by adaptively redirecting an
incident laser beam to the target photodetectors located at three
different directions, as shown in Fig. 4a. The red laser beam with
an intensity of 1.18 mW at A = 635 nm was adopted as the signal
source. Three photodiodes, i.e., PD1 (ThorLab DET100A), PD2,
and PD3 (ThorLab S120c), were used as the signal detectors with
the aperture size of 9.5 mm in diameter and the light detecting
resolution of 0.001 mW, and they were placed 25 cm away from
the EWOD rotary hub at the directions of 96°, 127°, and 221°,
respectively (the incident direction of the laser beam was set as
0°). To deduct the ambient light influence, the three photo-
detectors were first calibrated to filter out the effect of the
background light. The reflecting membrane in contact with the
droplet was tuned clockwise to steer the incident beam to PD1,
PD2, and PD3 in sequence. The illumination lasted for ~1s on
each receiver, as reflected by the three pulses in Fig. 4b. Driven by
the square-wave AC voltage (40 V¢, 20 Hz), the EWOD rotary
system fulfilled the desired beam steering via adaptively mod-
ulating the orientations of the rotating membrane.

In general, the main quantities defining the performance of a
liquid-based beam steering system are the maximum steering
angle, the maximum steering angular velocity, and the magnitude
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Fig. 3 Experimental test of rotary electrowetting on dielectric (EWOD) beam steering system. a Rotary electrowetting on dielectric (EWOD) beam
steering system. The dashed white parallelogram indicates the reflecting membrane. b Side view of the droplet adhered to the reflecting membrane.
c-f The snapshots of the reflecting membrane at different orientations. The dashed line in each snapshot indicates the top edge of the reflecting membrane.
g Steering speed of the reflecting membrane driven by EWOD in response to the intermittent and synchronized square-wave alternating current (AC)
signals. The dashed line indicates the average angular velocity and the average linear velocity. h Experimentally measured specular reflectance of the

reflecting membrane with and without the fluoropolymer coating.

of actuation voltage (or power consumption). The experimental
results of our EWOD rotary beam steering system are compared
with the state-of-the-art liquid-based beam steering devices as
shown in Table 1. (Herein, the aperture size in a beam steering
system refers to the effective area for receiving the incident optical
beam. In this work, the aperture size is the area of the reflecting
membrane that can be modified according to various application
requirements.) Our rotary EWOD system is unique and provides
outstanding performance over the existing liquid-based beam
steering systems, most of which are based on light refraction to
achieve beam steering with a relatively high insertion signal loss, a
high actuation voltage, a limited steering range and steering

speed. The main merits of our rotary EWOD system are
summarized as (1) The rotary EWOD actuation mechanism is
integrated with a low friction superlattice hub to achieve adaptive
beam steering by reflection with low insertion loss. In contrast to
beam steering by light refraction, the beam steering by tuning the
reflecting membrane orientation via EWOD can significantly
mitigate the dispersion and aberration of optical signals during
transmission, leading to an insertion loss as low as ~1.5dB. (2)
Innovative rotary electrodes are designed for EWOD actuation
and hence hub rotation with a large beam steering range. The
annulus-shaped EWOD electrodes enables the reflecting mem-
brane fulfill a full loop of rotation without the limitation of
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Fig. 4 Optical beam steering tests. a Beam steering setup based on the rotary electrowetting on dielectric (EWOD) platform. b Steered beam signals

detected by the three distributed photodiode receivers.

Table 1 Comparison with the state-of-the-art liquid-based beam steering devices.

Reference Working principle Steering range (°) Max steering speed (°/s) Voltage requiring (V) Aperture size (mm)
Cheng et al.® Electrowetting 0-~15 23 44 10 by 10

Lin et al.’® Dielectrophoresis +0.87 — 180 15 by 15

Liu et al.2! Electrowetting +30 16.8 65 3.6 by 3.6

Luo et al.18 Electrowetting 0-223 63.7 90 4 by 4

Kim et al.20 Dielectrowetting £22.7 — 450 —

This work EWOD 0~360 353.5 40 6 by 6

contact angle saturation?3. So far, there is no other liquid-based
beam steering systems that can achieve 360° full-range beam
steering as this work. (3) Optimum design of the electrode shape,
size, and gap, and the dielectric layer thickness leads to low
actuation voltage and power consumption. By comparing the
droplet actuation performances with different dielectric layer
materials and various designs of the electrode unit, the rotary
EWOD system is optimally designed using the trapezoid
electrode unit with interdigitated teeth (Supplementary Fig. 1b)
and using SizNy as the dielectric layer, leading to a low actuation
voltage of 40 V¢ and a low power consumption on the order of
~107°—10"4W.

Discussion

Beam steering is a widely investigated and used technology in optics,
RF/microwave transmission and wireless communications’%3’. In
recent years, there has been a resurgent interest in this area because
of the demanding needs from many critical future photonics
applications such as lidar for automated driving and 3D sensing for
virtual reality (VR). As such, there have appeared numerous tech-
niques to solve the problems associated with current beam steering
schemes based on bulk optics33-41, However, most of these schemes
still suffer from limited angular range, low speed and high optical
loss, in contrast to the standard bulk-optic solutions that can cover
almost all angles with very low loss.

In this work, we demonstrate an adaptive optical beam steering
system based on the digital operations of an EWOD-driven
fluidic rotor. Compared with other liquid-based beam steering
devices, the EWOD rotary platform integrated with the 3D
printed superlattice hub endows the system with the widest lateral
steering range (360°), the fastest response (~353.5°s71), the
lowest voltage requirement (~40 V), and the lowest power con-
sumption (~107>W). Via the specular reflection mode of beam

steering, there is no optical aberration incurred during the beam
transmission. Importantly, the full-range steering is not con-
strained by the contact angle saturation effect of EWOD, which
generally plays an inextricable role in conventional EWOD sys-
tems. Actually, by integrating EWOD-controlled liquid prism in
to the system, the beam can be guided not only laterally but also
omnidirectionally.

Moreover, the employment of this high-performance EWOD-
controlled fluidic rotor instead of the conventional motor-driven
techniques will facilitate the next-generation development of
reconfigurable electronic systems*>43 and optical switching sys-
tems (as shown in Supplementary Fig. 2 and Supplementary
Note 4) with high adaptability. As such, this EWOD-driven beam
steering system can be used for photonic synthetic aperture radar
(SAR)*+*> applications. The typical setup of photonic SAR sys-
tems requires the steering of the optical beam around the target.
Owing to the bulky setup of the state-of-the-art photonic systems,
it is very difficult to achieve this goal using conventional optical
components and schemes. Inspiringly, the compact EWOD beam
steering devices can be easily integrated into the photonic SAR
system to achieve adaptive optical beam steering for photonic
SAR measurements. Therefore, it is our belief that this EWOD-
based work could contribute to the photonics community by
offering an alternative solution to beam steering.

Methods

Fabrication of rotary EWOD substrate. This rotary EWOD platform fabrication
process mainly includes the following sequential steps: electrode array deposition,
dielectric layer coating, hydrophobic layer spin-coating, and flex cable attachment.
The annular array of EWOD electrodes were fabricated on a glass slide (Corning
26005, Ted Pella). First, a thin layer of S1813 photoresist (Dow Electronic Materials
MICROPOSIT) was spin-coated on the glass substrate, and then the photoresist
layer was hardened by soft baking at 115 °C for 1 min. Next, the annular array of
electrodes was patterned in the photoresist by exposing UV light through the
electrode mask in a photolithography system (Karl Siiss MA6). Thus, the electrode
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pattern was presented by dipping the substrate into the developer solution (AZ 400
K). After patterning the electrode array via photolithography, the three layers of 5-
nm-thick Ti, 120-nm-thick Au, and 5-nm-thick Ti were successively deposited on
the patterned substrate using electron beam evaporation (Kurt J. Lesker PVD 250).
A 120-nm-thick Si;Ny dielectric layer was subsequently deposited on the top of the
electrode array by PECVD (Trion Orion III). With a low deposition rate of 49 nm/
min, the chemical vapor deposition process can effectively mitigate the formation
of pinholes in the dielectric layer, which would otherwise lead to undesired liquid
electrolysis during EWOD operations. Then, a 50-nm-thick fluoropolymer
(FluoroPel PFC1101V-FS, Cytonix) was spin-coated on the dielectric layer. The
hydrophobic coating gives rise to a larger contact angle of ~112° for the water
droplet and smaller contact friction, which is desirable for EWOD droplet
manipulation. Finally, the 24 leads of the electrodes were bonded with the flex cable
using a hot bar soldering system (PHM 1-1, Fancort Industries). For EWOD
operations, the EWOD rotary device was connected to a custom-designed, multi-
channel controller, which provides 0-50 V of DC/AC voltages on 128 channels®!.

Data availability

All essential data are available in the manuscript. Additional data are given in
Supplementary Table 1. Further supporting data can be provided from the corresponding
author upon request.
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