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Electrowetting-based beam scanner
with controllable field of view
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A beam scanner based on electrowetting with controllable field of view is designed. Depending
on the first-order paraxial approximation, the scanning path and scanning radius of the beam scan-
ner are derived. Its physical model and properties are established and analyzed with the help of by
using the COMSOL and MATLAB. The results show that the scanning beam emitting from the
beam scanner realizes 360° scanning freely, and its controllable field of view varies from 0 to 65.3 m
successfully under the action of working voltage. The two liquid interfaces in the beam scanner
can rotate clockwise or counterclockwise independently, and their inclination angle ranges from
0° to 45°. When the two liquid interfaces turn in the same direction, the scanning effect of edge
field is better than that of the central zone. While the scanning effect of the central area is greatly
improved and better than that of the edge field when the two liquid interfaces turn in the different
direction. In addition, the rotation frequencies of the two interfaces affect the performance of the
beam scanner.

Keywords: beam scanner, electrowetting, controllable field of view, COMSOL, MATLAB.

1. Introduction

Beam scanning technology has been widely used in laser communications, medical de-
tection, thermal imaging and other fields [1-3]. The universal joint and scanning gal-
vanometer system such as Risley prisms and MEMS mirror are employed to achieve
beam scanning in traditional mechanical beam scanners [4-6]. However, the beam
scanners mentioned above have the problems of large size, complex structures, large
mechanical inertia and poor scanning accuracy limiting the application of beam scan-
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ners. More importantly, their scanning radius cannot be changed once the structure of
the traditional beam scanner is determined. Therefore, a non-mechanical beam scanner
with controllable field of view, simple structure, easy miniaturization and high mod-
ulation precision is desirable.

Since electrowetting has the advantages of non-mechanical operation, fast re-
sponse speed, and no electromagnetic interference, electrowetting-based beam scan-
ners have been proposed recently [7,8]. In2016, Kopp et al. designed an electrowetting
driven optofluidic system as a two-dimensional laser scanner, whose inclination an-
gle of the liquid interface varies from —6.4° to 6.4°, and the liquid interface can be
rotated 360° [9]. In 2018, SUPEKAR et al. integrated a liquid prism into a traditional
two-photon microscope for beam scanning, which can provide a scanning range
of £2° at 950 nm wavelength, and the scanning speed can reach 21°/sec [10]. In 2020,
LM et al. has demonstrated a method for electrowetting-based beam scanner to im-
prove mean positional accuracy [11].

In this paper, an electrowetting-based beam scanner with controllable field of view
is designed. The operating mechanism and scanning performance are simulated by
COMSOL and MATLAB. The results show that our proposed system achieves 360°
rotation scanning freely, and its controllable scanning radius can vary from 0 to 65.3 m
successfully under the action of working voltage. The system will promote the devel-
opment of Laser Radar and has a wide range of applications.

2. Structure design and working principle

The electrowetting-based beam scanner shown in Fig. 1(a) is filled with two different
liquids, whose cavity is designed as a hexadecagonal cylinder. In the cavity, the top
and bottom liquid are both conductive liquid (1 wt% SDS deionized liquid, refractive
index n; = 1.33), while the middle liquid is insulating liquid (mixed liquid of 5 wt%
dodecane and 1-chloro-naphthalene, refractive index n, = 1.617), whose correspond-
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Fig. 1. Schematic diagram of electrowetting-based beam scanner.
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ing height is 2.5, 5, and 2.5 mm, respectively. The sidewall of the beam scanner is di-

vided into upper and lower parts by ITO electrode separation. The inner surface of the

cavity is coated with dielectric layer and a hydrophobic layer shown in Fig. 1(b).
The working voltages U, and U/ are applied on the sidewall of cavity, where U,

and U, , ¢, U] and U/, ¢ are pairs of electrodes, i = 1, 2...8 [12]. The inclination an-

gles of two liquid planar interfaces a, and a| are determined by contact angle 8; shown
in Fig. 1(b), where 6, is calculated by the Young—Lippmann equation listed below [13]:

cos);, = COSQOJF_;_dLy 1-2 (1)
a, = a] = -0, 2)

2

here U, is the working voltage, 6, is the initial contact angle, ¢ and d is the electric
permittivity and the thickness of dielectric layer, and y is the liquid surface tension,
respectively.

When proper different voltages are applied on electrode pairs (U; and U, , ¢, U]
and U/, ), the contact angle 6, at electrodes U, can be expressed as [9]

0, = %(%Ql)cos[%(il)}, 1<i<8 3)

where 6, is contact angle on electrode U;. Once the contact angle 6, is known, the volt-
age U, can be calculated by Eq. (1). By varying the voltages, the inclination angles of
liquid planar interfaces o, and & change, and then corresponding liquid interfaces with
certain inclination angles rotates clockwise or counterclockwise independently [14].
Figure 2(a) shows the scanning principle of the electrowetting-based beam scanner.
For convenience, the hexadecagonal cylinder is simplified as a circular cavity for the-
oretical analysis. When the incident beam S enters into the beam scanner along the op-
tical axis, it passes through the lower cover sheet 77, the lower liquid interface 17,

(b)

Fig. 2. Scanning principle of electrowetting-based beam scanner. (a) Schematic diagram of beam scanner,
and (b) first-order paraxial approximation methods for rotating scanning of liquid interfaces /7, and /7,.
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the upper liquid interface /7,, and the upper cover sheet /75. The inclination angles of
the liquid interfaces /7, and /I, are o, and a7, and its rotation angles are ¢, and 0,,
respectively. Generally, the scanning distance P is large enough to ignore the beam dis-
placement inside the beam scanner. @ denotes the altitude angle of the outgoing beam,
the azimuth angle @ is the included angle of the outgoing beam with the x axis, i.e.,
the polar angle in polar coordinate system, and the polar radius R refers to the distance
from the center point O" to the receiving point.

As mentioned above, the liquid interfaces /7, and /7, in Fig. 2 can rotate around
z axis clockwise or counterclockwise independently by controlling the sidewall elec-
trodes. The altitude angle @ and the azimuth angle ® will change with the rotation of
the interfaces /7, and /7,. Consequently, once the inclination angles a; and «; of the
interfaces /7, and /1, are changed, the beam scanning field of view and the correspond-
ing scanning radius will be variable.

The first-order paraxial approximation method is employed to depict the rotation
of the liquid interfaces /7, and /1, shown in Fig. 2(b). When the interface /1, rotates,
the deviation vector 8, rotates around point O and its relative rotation angle is 6, where
o, represents the deviation vector of incident beam after passing through the liquid
interface /7. Similarly, the deviation vector 8, will rotate around point O"and its cor-
responding rotation angle is 6, when the interface /7, rotates, here 8, represents the
deviation vector of the incident beam passing through the liquid interface /7,.

The total deviation of the two liquid interfaces (/1;, I1,) equals the vector sum of
0, and 6,. The projection components of the total ray deviation on X and Y axes can
be written as:

0x = 0,co0s0, + J,cos0, (4a)

dy

0,sinf, + J,sin0, (4b)
The rotation angles 6, and 6, for interfaces /7, and I, are:
0, = 2nfit+o, (52)
0, = X2nf5t+ @y (5b)

here £, and f, represent the rotation frequency of /7, and I7,, respectively; ¢, and ¢,

represent the initial rotation angle of /7, and /7,. When I, rotates counterclockwise,

0, is assumed to be positive; while it is negative when 17, rotates clockwise.
Substituting Eq. (5) into Eq. (4), we can get:

Ox = 0,c08(2mfit+ @)+ 0,c08(X2Tf5t + 0yp) (6a)

Jdy

S SiN(2Mf 1+ o) + Oy Sin(E27fyt + pay) (6b)

Define the scanning period 7T of the beam scanner as the least common multiple of
the rotation period of /7, and I7,.
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I=nlT = mT, (7

here T, = 1/f;, and T, = 1/f,; T} and T, refer the rotation period of /7, and I1,, respec-
tively; n and m are prime numbers.
The ratio of rotation frequency f; and f, of the interfaces /1, and 77, is defined as K

k-m_- D _f ®)

The polar radius R’ and polar angle @ are used to depict the spot of scanning beam,
which can be expressed as follow:

R = P(6,+0,) Co{n(fljfz)t . €01o;‘/’20” ©)
@zn(ﬁifz)ﬁ_@;@_ (10)

here (R’, ©) is the position of final scanning point in polar coordinates. It can be cal-
culated by geometric knowledge and Snell’s law:

n ’
R = Ptan {sin1 {n_l sin (tanf1 RT)} } (11)

0

According to Eq. (9), the maximum scanning radius can be written as follows:

R .. = P(0,+9,) (12)

max

Substituting Eq. (12) into Eq. (11), the maximum scanning radius R, ., is written as

max

Rpax = P tan{sin1 {% sin(tanfl((al +op)(ny - nl)))}} (13)

0

Equation (13) indicates that the scanning radius R of the beam scanner is only determined
by the inclination angle a; and a; since the scanning distance P and the refractive
index of the liquids remain unchanged. Therefore, in theory, the scanning radius of the
beam scanner can be adjusted continuously with the variation of the inclination angles
within a certain range under the action of the working voltage.

3. Simulation and analysis
3.1. Inclination and rotation of interfaces /1, and 11,

The electrowetting-based beam scanner is established in COMSOL, and the relative
parameters are provided in Table 1. In this work, 1 wt% SDS deionized liquid is used
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Table 1. Parameters of beam scanner.

Parameter Value Definition

D 5 mm Bottom width

H 10 mm Height

60 160° Zero voltage contact angle
y 0.0075 N/m Surface tension

e 2.65 Relative dielectric constant
Hgiol 1 pm Dielectric thickness

as conductive liquid, while 5 wt% dodecane and 1-CN (1-chloro-naphthalene) mixed
liquid acts as the insulating liquid.

Figure 3 shows the inclination angles a; and a; of the two liquid interfaces /7;
and 77, at different working voltages. Sixteen pairs of electrodes are fixed on the

Insulating liquid Conductlve liquid

gL

p

Fig. 3. Variation of inclination angles (a,, @}) at different working voltages: (a) U; =245V, a; =
=a;=0°,0)U;=21V,0a; =a] =15°()U; =169V, a; =a} =30°(d) U, =122V, a; = a] =45°.

i

(©)

Insulating liquid " Conductive liquid
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Fig. 4. Rotation of liquid interface /7, and /7, at different rotation angles 8, and 0,: (a) 0, =-22.5°,
Uy =175V;0,=45°, U] =29.0V,(b) 0, =-67.5°,U; =21.9V; 0, =90°, U] =24.5V,(c) 6, =-135°,
Uy =29V;0,=135°, U] =194V, (d) 0, =-215°, U; =29 V; 0, =180°, U] =169 V.
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hexadecagonal cylinder. For simplicity, only the working voltage U, on electrode 1 is
mentioned in Fig. 3. The inclination angles (a,, &) increase with the decrease of
the working voltage. Due to the electrowetting saturation, the inclination angle a; and
a; varies from 160° to 45° independently under action of specific voltage combina-
tion [15]. It is easily to find that the corresponding scanning field of view increases
with the inclination angles (a,, ).

Set the inclination angles (a,, o) as fixed value 30°, and rotate the two interfaces
(11, I1,) clockwise or counterclockwise. From Fig. 4, it is easy to find that the altitude
angle @ and azimuth angle ® shown in Fig. 2 will change once the two interfaces
(I1,, I1,) are rotated or the rotation angels (0,, 0,) are variable.

3.2. Scanning method of beam scanner

In this section, the following parameters are assigned to fixed values, i.e., the inclina-
tion angle a; = a; = 40°, the scanning distance P = 100 m. The rotation frequency f;
remains 20 r/min, while the rotation frequency f, is chosen as 1, 13, and 19 r/min, re-
spectively. So, the relative rotation frequency ratio K (= f5: f;) equals 0.1, 0.65, and 0.95.

When the interfaces /7, and /7, rotate along the same direction at different frequen-
cy ratio K (=f5: f}), the scanning path is spiral circles shown in Fig. 5. It shows that
the number of spiral circles decreases gradually when the ratio of the rotation frequency
K increases. The decrease of spiral circles means that the repetitive scanning rate is
reduced, which means that the corresponding blind area is reduced and the relative
scanning quality is improved. Consequently, the edge of the field of view without blind
scanning zone can be realized once the rotation frequency ratio K closes to 1. Of course,
the scanning quality in the center is better than that of the edge when the rotation fre-
quency ratio K is small.

When the interfaces /7, and 17, rotate in different direction at different frequency
ratios, the scanning path is changed, which is shown in Fig. 6. Similarly, the rotation
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1

)
AT

X3
‘l‘;d
N

Fig. 5. The scanning path of the liquid interfaces rotating in the same direction at different frequency ra-
tios, f; = 20 r/min, a, = a, =40° (a) f, = 1 r/min, K = 0.05, (b) f, = 13 r/min, K = 0.65, (c) f, = 19 r/min,
K=0.95.
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Fig. 6. The scanning path of the liquid interfaces rotating in the opposite direction at different frequency
ratios, f; = 20 r/min, a; = a, = 40° (a) f, = 1 r/min, K = 0.05, (b) f, = 13 r/min, K = 0.65, (¢) f, = 19 r/min,
K=0.95.

frequencies affect scanning performance of the beam scanner shown in Fig. 5. Com-
pared with Fig. 5, the relative parameters remain unchanged except for the rotation di-
rections of 7/, and /I, interfaces. It can be seen from that the scanning performance
and scanning area in the center field of view increase gradually with rotation frequency
ratio K. By comparing Fig. 5 with Fig. 6, to realize no blind scanning in the whole area,
the interfaces /7, and /1, can rotate in different direction and then in the same direction
at high frequency ratio.

3.3. Scanning radius of beam scanner

Figure 7 shows the change of beam scanning radius at different inclination angles with
the interfaces /1, and /7, rotating along the same direction. When the inclination angles
a, and a| are assigned the same values 15°, 30° and 45°, the corresponding scanning
radius are 20.2, 41.4, and 65.3 m, respectively. It can be concluded that the inclination

0 g

270

270

(a) (b) (c)

Fig. 7. Beam scanning radius at different inclination angles (a,, a,) when interfaces /7, and /7, rotates in
the same direction ( f; = 20 r/min, f; =19 r/min) (a) a; = a, = 15°, (b) a; = a, = 30°, (c) a; = a, = 45°.
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Fig. 8. Variation of inclination angle and scanning field radius vs. voltage.

angle of interfaces /1, and /1, affects the scanning radius directly. The scanning radius
increases with inclination angles (a,, a{). In other words, the scanning radius can be
adaptively modulated to achieve an optimal beam scanning quality in different appli-
cations.

Figure 8 provides the variation of inclination angle (a;, a;) and scanning radius
R under the action of working voltage, where the black dotted line (®) describes the
inclination angle while the red square (m) dotted line depicts the scanning radius. When
the working voltage is increased from 12.2 V to 24.5 V, the inclination angle (a, a|)
of liquid interfaces decrease from 45° to 0°. Meanwhile, the scanning radius varies
from 65.3 to 0 m with the increasing voltage. The corresponding datatable of our beam
scanner are provided in Table 2.

Table 2. The corresponding datatable of beam scanner.

No. Inclination angle Scanning radius [m] Scanning angle [deg]
1 0 0 0

2 15 20.2 11.4

3 30 41.4 22.5

4 45 65.3 33.1

4, Conclusion

The electrowetting-based beam scanner with controllable scanning radius is proposed
in this work. COMSOL and MATLAB are used to simulate the inclination and rotation
of the interfaces /7, and /1,, the scanning mode and the scanning radius of the beam
scanner. And a theoretical model is constructed to verify the simulation of the scanning
radius and scanning path. The results show that the inclination angle varies from 0° to
45° and the associated scanning radius of our beam scanner ranges from 0 to 65.3 m
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when the voltage ranges from 12.2 to 24.5 V. In addition, the two liquid interfaces /7,
and /1, can independently rotate in either a clockwise or counterclockwise direction.
To realize the scanning performance without blind zone, the interfaces /7, and 7, need
to be rotated firstly in different direction and then in same direction. Wide range of
applications of this electrowetting-based beam scanner can be expected.
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