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Description

Title of Invention: DEVICE FOR CLEANING SURFACE USING

[1]

[2]

[3]

[4]

[5]

[6]

ELECTROWETTING ELEMENT AND METHOD FOR CON-

TROLLING THE SAME
Technical Field

The present disclosure relates to an electrowetting element, and more particularly, to
a device configured to clean the surface of an object using the electrowetting element.
Background Art

Generally, when an electric field is applied to a liquid, particularly a liquid in the
form of a droplet, placed on a solid, the contact angle and surface tension of the fluid
with respect to the solid change. This behavior is defined as the electrowetting effect or
phenomenon. The liquid droplet may be moved using the change of the contact angle
and the contact area according to the electrowetting effect, and the direction of
movement of the liquid droplet may be controlled by controlling the direction of the
applied electric field. Thus, electrowetting elements configured to generate the elec-
trowetting effect have been developed and are being employed in various fields.

More specifically, electrowetting elements have been applied to biotechnology to
move, combine and divide various liquid biomaterials including blood for the purpose
of experimentation and analysis. Electrowetting elements are also being applied in de-
veloping new types of displays. Such electrowetting elements have a capability of
operating fine liquid droplets with a relatively simple structure, and thus may be

applied to various fields other than the aforementioned fields.
Disclosure of Invention

Technical Problem

An object of the present disclosure is to solve the aforementioned and other
problems.

More particularly, an object of the present disclosure is to provide a device
configured to clean the surface of an object using the electrowetting effect.

Additional advantages, objects, and features of the invention will be set forth in part
in the description which follows and in part will become apparent to those having
ordinary skill in the art upon examination of the following or may be learned from
practice of the disclosure. The objectives and other advantages of the invention may be
realized and attained by the structure particularly pointed out in the written description

and claims hereof as well as the appended drawings.

Solution to Problem
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In relation to the this object, the present disclosure may provide a device for cleaning
an object surface, including a substrate provided on a surfaceof a predetermined object,
a plurality of electrodes provided on the substrate,a dielectric layer provided on the
substrate to cover the electrodes, and a control device configured to supply an al-
ternating-current (AC) power to the electrodes, including supplying a first AC power
having a predetermined first frequency and a predetermined first voltage to the
electrodes during a first time period to vibrate a droplet on the surface of the object by
a periodic change of an electrostatic force generated at the electrodes, wherein the first
frequency is set as a resonant frequency of the liquid droplet.

The control device may be configured to detect the resonant frequency of the liquid
droplet while providing a preliminary AC power to the electrodes, before supplying the
first AC power to the electrodes. More specifically, while detecting the resonant
frequency, the control device may be configured to sequentially sweeping a prede-
termined range of frequencies of the provided preliminary AC power, sense resonance
of the droplet during the sweeping, and set a frequency at which the resonance occurs
as the first frequency.

More specifically, the control device may be configured to gradually increase the
frequency of the preliminary AC power starting from a predetermined frequency until
the resonance of the droplet occurs, while sweeping the predetermined range of fre-
quencies. For example, the control device may be configured to sweep frequencies
between 10 Hz and 150 Hz.

Further, in order to sense the resonance of the droplet, the control device may be
configured to acquire an image of the droplet using a sensor, and analyze the acquired
image to detect abrupt intensification of vibration of the liquid droplet. When
resonance of the liquid droplet is sensed at a plurality of frequencies, the control device
may be configured to set a highest frequency of the frequencies as the first frequency
of the AC power. For example, the first frequency may be 30 Hz or 100 Hz, and the
first voltage may be in a range between 50 V and 150 V.

The control device may be configured to provide a second AC power having a
second voltage greater than the first voltage to the electrodes during a second time
period after providing the first AC power during the first time period. For example, the
second voltage may be in a range between 150 V and 200 V.

More specifically, the controller may be configured to increase the first voltage of the
first AC power having the first frequency to the second voltage to supply the second
AC power. In addition, while providing the second AC power, the control device may
be further configured to reduce the second voltage to a third voltage less than the
second voltage, and repeat increasing the third voltage to the second voltage and

reducing the second voltage to the third voltage. In addition, the first time period and
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the second time period may be set at a ratio of 8:2.
The control device may be further configured to detect the liquid droplet disposed on

the surface of the object. More specifically, the control device may be configured to
sense a change in impedance generated at the electrodes by the liquid droplet to sense
the liquid droplet.

The control device may be configured to change inclination of the object to facilitate
movement of the liquid droplet. In addition, the substrate, the electrodes, and the di-
electric layer may be formed of a transparent material.

Further scope of applicability of the present disclosure will become apparent from
the following detailed description. It should be understood, however, that the config-
urations in the detailed description are given by way of illustration only, since various
changes and modifications within the spirit and scope of the present disclosure will be

apparent to those skilled in the art.
Advantageous Effects of Invention

The effects of the surface cleaning device and the control method according to the
present disclosure are described below.

The surface cleaning device and control method of the present disclosure may
generate resonance in the liquid droplets on the surface of an object by controlling the
frequency of the supplied AC power. That is, the surfacecleaning device and the
control method may be configured to detect a resonant frequency and supply the AC
power having the detected resonant frequency. Therefore, the liquid droplets may be
removed as they are quickly and smoothly moved out of the surface of the object while
being resonated.

In addition, the surface cleaning device and control method of the present disclosure
may excite even fine liquid droplets on the surface of the object by additionally con-
trolling the voltage of the supplied AC power. That is, the surface cleaning device and
the control method may increase the voltage of the supplied AC power to widen the
range of electrodes so as to excite even the fine liquid droplets. Therefore, even the
fine liquid droplets may be appropriately excited and vibrated, thereby being removed
from surface of the object.

Accordingly, the surface cleaning device and the control method according to the
present disclosure may effectively vibrate and quickly and efficiently remove all the
droplets on the surface of an object by optimally controlling the frequency and voltage
of the supplied AC power.

It will be appreciated by those skilled in the art that the effects that can be achieved
through the embodiments of the present disclosure are not limited to those described

above and other effects of the present disclosure may be apparent to those skilled in the
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art from the claims.
Brief Description of Drawings

The present disclosure will become more fully understood from the detailed de-
scription given herein below and the accompanying drawings, which are given by il-
lustration only, and thus are not limitative of the present disclosure, and wherein:

FIG. 1 is a schematic view showing a surface cleaning device using an electrowetting
element according to the present disclosure;

FIG. 2 is a perspective view illustrating a surface cleaning device applied to an
imaging device according to the present disclosure;

FIG. 3 is a plan view showing the structure of an electrode of a surfacecleaning
device according to the present disclosure;

FIG. 4 is a flowchart illustrating a method of controlling a surface cleaning device
using an electrowetting element according to the present disclosure;

FIG. 5 is a flowchart illustrating in detail a step of detecting a resonant frequency in a
control method according to the present disclosure;

FIG. 6 is a flowchart illustrating, in detail, a step of providing a second AC power
having a voltage different from that of a first AC power in the control method
according to the present disclosure;

FIG. 7 is a graph depicting the behavior of a droplet when AC power is suppliedto an
electrowetting element;

FIG. 8 is a schematic view showing the behaviors of a droplet, respectively, when
AC powers having different frequencies are supplied;

FIG. 9 is a plan view illustrating droplets removed by the control method according
to the present disclosure;

FIG. 10 is a schematic view illustrating a correlation between the range of an electric
field and the size of a droplet that can be excited; and

FIG. 11 is a schematic view illustrating a fine liquid droplet excited by an electric
field expanded due to an increased voltage.

Best Mode for Carrying out the Invention

Hereinafter, a device for cleaning a surface and a control method thereof according to
the present disclosure will be described in detail with reference to the accompanying
drawings.

In the following description, the same or similar elements are denoted by the same
reference numerals even though they are depicted in different drawings and redundant
descriptions thereof will be omitted. With respect to elements used in the following de-
scription, the suffixes "module” and "unit" are used or combined with each other only

in consideration of ease in preparation of the description, and do not have distinct
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meanings. Accordingly, the suffixes "module” and "unit" may be interchanged with
each other. In addition, in the following description, a detailed description for known
functions and configurations incorporated herein will be omitted when it may make the
subject matter disclosed in the present disclosure rather unclear. In addition, the ac-
companying drawings are provided only for a better understanding of the examples in
the present disclosure and are not intended to limit the technical concept in the present
disclosure. Therefore, it should be understood that the accompanying drawings include
all modifications, equivalents and substitutions within the scope and sprit of the
present disclosure.

It will be understood that although the terms "first,” "second," etc., may be used
herein to describe various components, these components should not be limited by
these terms. These terms are only used to distinguish one component from another
component.

It will be understood that when a component is referred to as being "connected to" or
"coupled to" another component, it may be directly connected to or coupled to another
component or intervening components may be present. In contrast, when a component
is referred to as being "directly connected to" or "directly coupled to" another
component, there are no intervening components present.

As used herein, the singular form is intended to include the plural forms as well,
unless context clearly indicates otherwise.

In the present disclosure, it will be further understood that the terms "comprises”,
includes," etc. specify the presence of stated features, numbers,steps, operations,
elements, components, or combinations thereof, butdo not preclude the presence or
addition of one or more other features, numbers, steps, operations, elements,
components, or combinations thereof. Further, for the same reasons, the present
disclosure also covers any sub-combinationexcluding some features, integers, steps,
operations, elements, or components from any predefined combination.

Examples of the present disclosure described below are related to a device and
method for cleaning the surface of an object. However, the principle and the con-
figuration of the described examples may be applied to any devices having different
purposes or uses without change.

FIG. 1 is a schematic view showing a surface cleaning device using an electrowetting
element according to the present disclosure, and FIG. 2 is a perspective view 1il-
lustrating a surface cleaning device applied to an image acquisition device according to
the present disclosure. FIG. 3 is a plan view showing the structure of an electrode of a
surface cleaning device according to the present disclosure. Hereinafter, a surface
cleaning device using an electrowetting element according to the present disclosure

will be described below with reference to FIGs. 1 to 3.
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The surface cleaning device of the present disclosure may be configured to clean the
surface of a predetermined object O by removing liquid droplets D present on the
surface of the object O. The liquid droplet D on the object O may be moved on the
surface of the object O so as to be removed. To move the liquid droplet D, the elec-
trowetting effect may be applied as mentioned above. Thus, the surface cleaning
device of the present disclosure may basically include an electrowetting element 100
configured to cause movement of the liquid droplet D. In FIG. 1, the cross-section of
the electrowetting element 100 is shown, unlike the other components, to illustrate an
internal structure thereof.

Referring to FIG. 1, the electrowetting element 100 may include a substrate110. The
substrate 110 may be disposed on the surface of the object O to be cleaned. The elec-
trowetting element 100 may also include an electrode 120 provided on the substrate
110. More specifically, the electrode 120 may be disposed on the surface of the
substrate 110. The electrode 120 may be configured to receive an electric power, a
power or a voltage to form an electric field of a predetermined size. As shown in FIG.
1, a plurality of electrodes 120 may be arranged spaced apart from one another over the
entire surfaceof the substrate 110. Thus, the electrodes 120 may form a uniform
electric field over the entire surface of the electrowetting element 100 and also over the
entire surface of the object O to be cleaned. The arrangement of the electrodes 120
may be achieved in a variety of ways. As an example, the pattern of FIG. 3 may be
applied to the electrowetting element 100. Referring to FIG. 3, the electrodes 120 may
include common electrodes 121 disposed to face each other. In addition, a plurality of
sub-electrodes 122a and 122b may extend from the common electrodes 121. The sub-
electrodes 122a and 122b may be alternately arranged with a predetermined spacing
therebetween. Accordingly, the sub-electrodes 122a and 122b may form a uniform
electric field over the entire electric wetting device 100 according to the pattern. Sub-
stantially, the electrode 120 shown in FIG. 1 and other drawings corresponds to the
sub-electrodes 122a and 122b in FIG. 3. The electrode 120 may be made of various
materials, for example, indium tin oxide (ITO).

The electrowetting element 100 may generate the intended electrowetting effect, i.e.,
movement of the liquid droplet D, with the substrate 110 and the electrode 120 alone.
However, if the droplet D directly contacts the electrode 120, the liquid droplet D may
be electrolyzed at a relatively high power or voltage before it is moved. For this
reason, the electrowetting element 100 may include a dielectric layer 130 configured to
cover the electrode 120. More specifically, the dielectric layer 130 may be disposed on
the substrate 110 and the electrode 120 and be configured to cover not only the
electrode 120 but also the surface of the substrate 110 exposed between the electrodes

120. That is, the electrodes 120 may be isolated from the outsideby the dielectric layer
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130. Therefore, due to interposition of the dielectric layer 130, the liquid droplets D
may be exposed only to the electric field generated by the electrodes 120, without
being electrolyzed by the electrodes 120. The dielectric layer 130 may be made of
various materials, for example, silicon nitride. The electrowetting element 100 may
further include a hydrophobic layer 140 provided on the dielectric layer 130. More
specifically, the hydrophobic layer 140 may be disposed over the entire surfaceof the
dielectric layer 130. The hydrophobic layer 140 may help the liquid droplet D move
smoothly due to its own nature of repelling the liquid droplet D.

In the electrowetting element 100, when an electric field is generated by applying a
power or voltage to any one of the electrodes 120 disposed adjacent to the droplet D,
the contact angle of the liquid droplet D may be changed by the electric field. More
specifically, under the influence of the electric field, the liquid droplet D may be pulled
toward the electrode 120, that is, the surface of the element 100, and the contact angle
of the liquid droplet D with respect to the surface may be reduced. Therefore, the
liquid droplet D may be moved toward such a portion where the contact angle is
reduced. Using this principle, the liquid droplet D may be maneuvered to move in a
desired direction by selectively applying power or voltage to a plurality of sequentially
arranged electrodes 120. That is, by controlling supplyof power to the electrodes 120,
the movement of the liquid droplet D may be controlled. If an AC power or an AC
voltage is applied to the electrodes 120, the electric field and the electrostatic force
applied by the electric field are periodically alternated according to the periodically al-
ternating frequency of the AC power. By this alternating electrostatic force, the liquid
droplet D may be excited and vibrate as shown in FIG. 7, which will be described later.
More specifically, the liquid droplet D may move itself out of the surfaces of the elec-
trowetting element 100 and the object O while vibrating on the surfaces as shown in
FIG. 1 with the energy obtained by excitation of the liquid droplet D, and may finally
be removed from the surfaces. Such random movement of the liquid droplet D using
excitation and vibration effectively removes the liquid droplet D and does not require
specific control of supply of power to the electrode 120 as in maneuvering of the liquid
droplet D. For the same reason, by using the excitation by the electrode 120, all the
liquid droplets D present on the surfaceof the object O may be vibrated and moved at
the same time. Since removing the liquid droplet D does not require sophisticated ma-
neuvering of the liquid droplet D but requires only movement of the predetermined
object O to the outside of the surface of the object O, the excitation and vibration of the
liquid droplet D may be more efficient and effective in removing the liquid droplet D.
Thus, the surface cleaning device of the present disclosure, specifically the elec-
trowetting element 100, may be configured to generate vibration of the liquid droplet
D.
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More specifically, the surface cleaning device may include a power source 200
configured to supply AC power to alternate the electrostatic force for excitation of the
liquid droplet D. The power source 200 is connected to the electrowetting element 100,
more specifically, to the electrode 120 thereof, as shown in FIG. 1, and may apply an
AC power and AC voltage to the electrode 120. Further, in order to properly control
vibration of the liquid droplet D, the behavior of the liquid droplet D needs to be
monitored. For example, when the AC power is supplied to the electrode 120 from the
power source 200, it is necessary to check whether or not at least vibration of the liquid
droplet D actually occurs. Thus, the surface cleaning device may include a sensing
device 300 configured to detect the behavior of the liquid droplet D during operation of
the surface cleaning device. The sensing device 300 may recognize the behavior of the
liquid droplet D in various ways. For example, an ultrasonic wave, an infrared sensor,
or the like may be applied to identify the state of the liquid droplet D. Among these
various methods, directly acquiring the image of the liquid droplet D may be ad-
vantageous in correctly determining the behavior of the liquid droplet. For this reason,
the sensing device 300 may include an imaging device configured to acquire an image
of the liquid droplets D on the surface of the object O. The sensing device 300 may
continuously acquire images of the liquid droplets D duringoperation of the surface
cleaning device for precise and detailed control for removal of the liquid droplets D.
The sensing device 300 may be disposed at any position where the sensing device can
secure an image of the entire liquid droplets D. As an example, FIG. 1 shows a sensing
device 300 disposed on top of the object O such that the entire surface of the object O
to be cleaned is contained within the field of view (FOV). Further, the surfacecleaning
device may include a control device 400 configured to control the operations thereof.
The control device 400 may include a processor and relevant electronic components
and may be electrically connected to the components of the surface cleaning device,
i.e., the electrowetting element 100, the power source 200 and the sensing device 300.
Thus, the control device 400 may control the surface cleaning device as a whole for the
intended operation. As an example, the control device 400 may control the power
supply 200 to supply a required AC power or voltage to the electrowetting element
100. The control device 400 may monitor the behavior of the liquid droplet D on the
surface of the object O in real time during operation of the surface cleaning device,
using the sensing device 300. More specific operations of the control device 300 will
be described in the control method described below.

The surface cleaning device described above may be applied to various objects O and
devices to perform the cleaning operation. For example, the surfacecleaning device
may be applied to an imaging device, as shown in FIG. 2. The imaging device is

generally configured to acquire an image using light incident through the lens.
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Therefore, when there is a foreign substancesuchas a liquid droplet D on the lens, the
foreign substance may interfere with incident light, and thus an accurate image may
not be obtained. In particular, when the imaging device is used outdoors, liquid
droplets D that obstruct acquisition of accurate images may be attached to the surface
of the lens due to various causes including climatic factors suchas snow, rain, and
humidity. For this reason, the surface cleaning device according to the present
disclosure may be installed in the camera 10, which is an imaging device, as shown in
FIG. 2.

More specifically, the camera 10 may include a lens unit, which may include a body
11 and a lens 12 installed in the body 11. The camera 10 may also include an image
sensor 13 configured to acquire an image from the light incident through the lens 12.
The image sensor 13 may include a charge-coupled device (CCD), for example. The
surface cleaning device, more specifically, the electrowetting element 100, may be
installed on the surfaceof the lens 12, which is an object O to be cleaned. The elec-
trowetting element 100 may be integrated with the lens 12. That is, the electrowetting
element 100 may be configured to have the same curvature as the surface of the lens 12
so as to closely contact the surface. As such, the electrowetting element 100 forms one
body with the lens 12 and may be regarded as the lens 12 itself as a single module or
assembly. Furthermore, the electrowetting element 100 may be implanted or embedded
within the body of the lens 12, and the element 100 may be integrated with the lens 12
by such embedding. Since the electric field is not affected by the intervening medium,
this embedded element 100 may still apply electrostatic force caused the electric field
to the surface of the lens 12, and thus have a capability to vibrate and remove the liquid
droplets D. In addition, the electrowetting element 100 applied to the lens 12 should
not block incidence of light. Thus, the entire electrowetting element 100 may be
configured to be transparent. More specifically, the substrate 110, the electrode 120,
the dielectric layer 130, and the hydrophobic layer 140 may all be made of a
transparent material. The transparent electrowetting element 100 may allow incident
light to be transmitted therethrough in the same manner as the lens 12, and may
remove foreign substances such as liquid droplets D. The camera 10 may include a
separate cover mounted on the body 11 to protect the lens 12. This cover may be
exposed to the outside of the camera 10 in place of the lens 12. In this case, the elec-
trowetting element 100 of the surface cleaning device may be integrally attached to the
lens cover. Alternatively, the lens cover itself may be configured by the electrowetting
element 100.

An internal power source of the camera 10 may be used as the power source 200 of
the surface cleaning device. When necessary, a separate power source 200 may be

connected to the electrowetting element 100 provided in the camera 10. Similarly, the
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control device of the camera 10 may be connected to the electrowetting element 100
and function as the control device 400. Furthermore, since the image sensor 13 of the
camera 10 acquires an image through the lens 12, an image of foreign substances on
the lens 12, that is, an image of the liquid droplets D may also be acquired. Therefore,
when the surface cleaning device is applied to the camera 10, the image sensor 13 may
replace the sensing device 300.

In the surface cleaning device applied to the camera 10, when a droplet D, which is a
foreign substance, is formed on the lens 12 including the element 100 as shown FIG.
2(b), an AC power or voltage may be supplied to the element 100 by the control device
400, and the liquid droplet D may be excited by the electrostatic force generated by the
electrode 130. Subsequently, referring to FIG. 2(c), the liquid droplet D may move to
the outside of the lens 12 while vibrating as indicated by an arrow. By removing the
liquid droplet D in this manner, the lens 12 may be cleaned. Therefore, the camera 10
may acquire an accurate and good-quality image by cleaning the lens 12. Since the
liquid droplets D may be frequently attached to the lens 12 when the camera 10 is used
outdoors, the surface cleaning device is particularly effective in cleaning the lens 12 of
the camera 10 which is outdoors.

As described above, the surface cleaning device has a base capability of vibrating to
vibrate the liquid droplet D to clean a desired object surface, but the intended cleaning
function may be maximized through more optimized control of the surface cleaning
device. For this reason, a control method optimized for the surface cleaning device
according to FIGs. 1 to 3 has been devised and will be described below with reference
to the relevant drawings. FIGs. 1 to 3 and the description thereof are basically included
and referenced in the following description of the control method and the drawings,
unless indicated otherwise.

FIG. 4 is a flowchart illustrating a method of controlling a surface cleaning device
using an electrowetting element according to the present disclosure, FIG. 5 is a
flowchart illustrating in detail a step of detecting a resonant frequency in a control
method according to the present disclosure, and FIG. 6 is a flowchart illustrating in
detail a step of providing a second AC power having a voltage different from that of a
first AC power in the control method according to the present disclosure. FIG. 7 is a
graph depicting the behavior of a droplet when AC power is supplied to an elec-
trowetting element, and FIG. § is a schematic view showing the behaviors of a droplet,
respectively, when AC powers having different frequencies are supplied.

The control methods described below may control the operations of the elements
described above with reference to FIGs. 1 to 3, i.e., the operations of various
components, and may provide intended functions based on such operations. Thus, the

operations and functions associated with the control method may be considered as the
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features of the relevant structural components, as well as the features of the control
method. In particular, the control device 400, i.e., the processor, may be referred to by
various names, such as "controller" and "controlling unit", and may control all the
components of the surface cleaning device to perform operations according to the
control method. Thus, the control device 400 substantially controls all the methods and
modes described below in the present disclosure, and therefore all the steps that will be
described below may be features of the control device 400. For this reason, even
though not described as being performed by the control device 400, the following steps
and the detailed features thereof may all be understood as features of the control device
400. In addition, in the following description of the control method, a detailed de-
scription of the structural features and the operations thereof will be omitted. For the
structural features and the operations, refer to the descriptions given with reference to
FIGs. 1 to 3.

While a predetermined object O is used, it may be exposed to the external en-
vironment and foreign substances such as liquid droplets D may adhere to the surface
of the object O due to various causes. Since the electrowetting element 100 of the
surface cleaning device is actually disposed on the surface of the object O to be
cleaned, the liquid droplets D may adhere to the electrowetting element 100. As
described above, however, the electrowetting element 100 is integrated with and
functions as a part of the object O, and therefore the liquid droplets D on the surface of
the electrodepositing element 100 may be regarded as liquid droplets on the surfaceof
the object O. Further, as described above with reference to FIG. 2, the object O may
substantially correspond to a predetermined device 10 or a part thereof. In this case, the
surface cleaning device (hereinafter, briefly referred to as "cleaning device"), i.e., the
control device 400 thereof, may first sense at least one liquid droplet D, which is a
foreign substancedisposed on the surface of the object O (S10). That is, the control
device 400 may sense or determine whether or not the liquid droplet D exists on the
surface of the object O. This sensing step S10 may be performed using various
methods. For example, attachment of the liquid droplet D may be sensed in an image
acquired by the sensing device 300. In addition, when the liquid droplet D is disposed
on the surface of the object O, the resistance of the object O, that is, the entire surface
of the electrowetting element 100, may be changed due to the resistance of the liquid
droplet D. The change in resistance may result in change in impedance of the elec-
trowetting element 100, more specifically, the electrode 120. Accordingly, when a
change in impedance is sensed, the control device 400 may sense and determine that
the liquid droplet D has adhered to the surface of the object O. Such sensing of the
liquid droplet D based on the impedance may be performed using only the basic con-

figuration of the electrowetting element 100 without an additional device. Therefore,
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the cleaning device may be simplified, and the liquid droplet D may be accurately
sensed.

As described above, when an AC power or AC voltage is applied to the electrodes
120, electrostatic force, which periodically alternates due to the periodic alternation of
the frequency, may be exerted on the liquid droplet D. The electrostatic force may
excite the liquid droplet D, and the liquid droplet D may start to vibrate due to the ex-
citation. In addition, as shown in FIG. 7, the degree of vibration of the liquid droplet D
(the height of the deformed liquid droplet D in the drawing) gradually increases over
time, and sufficientvibration to move the liquid droplet D may be generated. Par-
ticularly, if AC power is applied to the electrodes 120 at a frequency capable of
resonating the liquid droplet D (hereinafter referred to as "resonant frequency"), the
mechanical energy obtained by the liquid droplet D may be maximized due to the
generated resonance, and maximum vibration and movement of the liquid droplet D
may occur. Therefore, the liquid droplet D may move to the outside of the surface of
the object O more quickly at the resonant frequency. For this reason, in order to more
efficiently and effectively remove the liquid droplet D, the control method of the
present disclosure may be configured to provide an AC power having a resonant
frequency.

In order to supply the AC power, the control device 400 may be configured to detect
the resonant frequency of the liquid droplet D first (S20). That is, immediately upon
sensing the liquid droplet D in the sensing step S10, the control device 400 may
perform a series of steps for detecting the resonant frequency of the attached liquid
droplet D. In the detection step S20, the resonant frequency may be specified using
various methods. However, the attached liquid droplet D may actually have various
sizes, and thus the resonant frequency may be slightly changed according to various
factors including the size of the liquid droplet D. Therefore, in order to accurately
specify the resonant frequency, the resonant frequency needs to be detected every time
the liquid droplet D is sensed. For this reason, during the detection step S20, the
control device 400 may be configured to search for the resonant frequency in real time
while continuously supplying AC power to the electrowetting element 100.

Referring to FIG. 5, to perform the search in the detection step S20, the control
device 400 may sequentially sweep a predetermined range of {requencies while
supplying AC power to the element 100 (S21). That is, in the detection step S20, the
control device 400 may supply an AC power having one different frequency to the
electrode 120 of the element 100 at a time in order to find the resonant frequency. In
other words, the control device 400 may change the frequency of the AC power
stepwise while supplying the AC power of a certain voltage. More specifically, in the

sweeping step S21, the control device 400 may gradually increase the frequency of the
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supplied AC power starting from a predetermined frequency (S21a). This increasing
step S21a may be continuously performed until the liquid droplet D resonates.
Resonance of the liquid droplet D may occur at multiple frequencies. Therefore, even
if resonance of the liquid droplet D occurs and is detected, the frequency of the AC
power may be continuously increased to detect additional resonant frequencies. It is in-
efficient to sweep the whole frequency band, and therefore a frequency range to be
swept needs to be limited. Among many factors, the vibration behavior of the liquid
droplet D at frequencies may be considered to limit the frequency range. First, as
shown in FIG. 8(b), at a relatively low frequency, the liquid droplet D may be greatly
deformed while vibrating in a low cycle. However, large deformation may be disad-
vantageous for smooth movement of the liquid droplet D since it increases the contact
area and friction between the liquid droplet D and the surface of the object O as shown
in the figure. On the other hand, referring to FIG. 8(a), at a relatively high frequency,
the liquid droplet may vibrate in a high cycle without being greatly deformed. Ac-
cordingly, the contact area between the liquid droplet D and the surface of the object O
may be relatively narrowed, and the frictional force may also be relatively lessened due
to the narrowed contact area. Given reduced friction, alternation in a high cycle may
facilitate start of movement of the liquid droplet D from an initial position. Therefore,
vibration and resonance at a relatively high frequency may be advantageous for smooth
movement and removal of the liquid droplet D. For this reason, the frequency range to
be swept may be set to start from a relatively low frequency but to include relatively
high frequencies. For example, the frequency range may be set between 10 Hz and 150
Hz. In this case, in the increasing step S21a, the control device 400 may gradually
increase the frequency of the supplied AC power from a predetermined frequency of
10 Hz to a relatively high frequency of 150 Hz.

Referring back to FIG. 5, during the sweeping step S22, the control device 400 may
sense resonance of the liquid droplet D that occurs at a specific frequency (S22). In the
sensing step S22, the control device 400 may sense the resonance of the droplet using
the sensing device 300, and various methods may be applied to this operation. For
example, an ultrasonic wave, an infrared sensor, or the like may be used. Among these
methods, a sensing device 300 configured with an imaging device may be used to
correctly determine the state of the liquid droplet D, and thus the resonance of the
liquid droplet D may be sensed through an image acquired by the sensing device 300.
More specifically, as shown in FIG. 5, in the sensing step S22, the control device 400
may continuously acquire images of the liquid droplet D using the sensor, namely, the
sensing device 300 while sweeping of the frequencies is performed (S22a). As
described above with reference to FIG. 2, when the cleaning device is applied to the

camera 10, an image sensor 13 embedded in the camera 10 may be used to acquire an
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image of the liquid droplet D. If resonance occurs in the liquid droplet D, vibration of
the liquid droplet D may be abruptly intensified, which may be clearly confirmed
through the image. Accordingly, the control device 400 may analyze the acquired
image and determine abrupt intensification of the vibration of the liquid droplet D
based on the analyzed image (S22b). Thus, when such abrupt intensification of
vibration is determined or sensed, the control device 400 may sense occurrence of
resonance of the liquid droplet D.

When abrupt intensification of vibration, that is, resonance is sensed in the sensing
step S22, the control device 400 may set the frequency of the supplied AC power as a
resonant frequency (S23). In addition, the control device 400 may set the frequency at
which the resonance is sensed in the sensing step S22 to a frequency of the AC power
to be supplied to the electrowetting element 100 in the future. In most cases, abrupt in-
tensification of vibration occurs in a plurality of liquid droplets D on the surface of the
object O, and therefore sensing of the resonance and setting of the resonant frequency
may be performed relatively easily. Nevertheless, to implement more consistent and
objective sensing of resonance and setting of the resonant frequency, the control device
400 may sense or determine that resonance has occurred when it is determined that
abrupt intensification of vibration occurs in at least one of the liquid droplets D on the
surface of the object O. For the same reason, the control device may set the frequency
at this time as a resonant {requency.

As mentioned above, the resonant frequency of the droplets D may vary slightly due
to various factors. However, in most cases, the size of the attached liquid droplets D is
substantially limited to a range of approximately 2 - 3 xm. Therefore, resonance of the
liquid droplet D occurs at approximately 30 Hz. Resonance of the liquid droplet D ad-
ditionally occurs at a higher frequency of 100 Hz. Accordingly, in the setting step S23,
the control device 400 may set 30 Hz and 100 Hz as first and second resonant fre-
quencies, respectively, and set one of the first and second resonant frequencies as a
frequency of the AC power to be supplied to the electrowetting element 100. Further,
as discussed above in relation to FIG. 8, the liquid droplet D may be moved more
smoothly and quickly by vibration and resonance at a relatively high frequency.
Therefore, if a plurality of resonant frequencies is detected in the detection step S20
(521-S23), the control device 400 may select a higher frequency as an actually
detected resonant frequency. That is, the control device 400 may set the highest
frequency among the plurality of resonant frequencies as the frequency of the AC
power to be supplied. For example, the control device 400 may set the second resonant
frequency of 100 Hz, which is higher than the first resonant frequency of 30 Hz, as the
frequency of the AC power to be supplied, in order to effectively remove the liquid
droplet D.
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Referring back to FIG. 4, as discussed above, a single resonant frequency may be
sensed, or one of a plurality of sensed resonant frequencies is selected in the detection
step S20. Thereby, one specific resonant frequency may be set in order to supply the
AC power. In this case, the control device 400 may provide or supply a first AC power
having the set resonant frequencys, i.e., the first frequency, to the electrowetting
element 100 to vibrate and remove the liquid droplet D (S30). In the supply step S30,
the supplied first AC power may have a predetermined first voltage. The first voltage
may be appropriately set depending on the characteristics of the first AC power or the
voltage required by the device in which the cleaning device is installed, and may have
arange of 50 V to 150V, for example. In addition, for the same reason, the AC power
may constantly have the first voltage during the detection step S20 described above.
The first AC power may be provided to the electrowetting element 100 during a prede-
termined first time period. The first time period may be set appropriately so as to suf-
ficiently move and remove the liquid droplet D. More specifically, the control device
400 may check the state of the liquid droplet D on the surface of the object O using the
sensing device 300, and may control the first AC power to be persistently supplied
until the liquid droplet D is sufficiently removed from the surface.

By supplying the AC power having the detected resonant frequency during the
supply step S30, the droplets D may be removed from the surface of the object O with
great vibration. The series of operations discussed above is clearly shown in FIG. 9.
FIG. 9 is a plan view illustrating droplets removed by the control method according to
the present disclosure. FIG. 9 shows an example of the operation of the cleaning device
applied to the camera 10 according to FIG. 2. Referring to FIG. 9(a), during use of the
camera 10, a plurality of liquid droplets D may adhere to the surface of the lens 12 as
foreign substances. In this case, through the sensing step S10, the cleaning device, that
is, the control device 400, may sense presence of the liquid droplets D. Subsequently,
the control device 400 may sense the resonant frequency by performing the detection
step S20 and supply the first AC power having the detected resonant frequency to the
electrowetting device 100. As shown in FIG. 9(b), resonance of the liquid droplets D
on the surface of the lens 12 may be caused by the first AC power, and the liquid
droplets D may be excited by the maximum energy. As shown FIG. 9(b), the liquid
droplets D may quickly move out of the surface of the lens 12, as indicated by the
arrow, by the energy obtained while greatly vibrating by the resonance. Further, since
the liquid droplets D vibrate greatly due to the generated resonance, the liquid droplets
D adjacent to each other may be bonded to each other to form a liquid droplet D of an
increased size. Further, the liquid droplet D of the increased size may increase the size
thereof by absorbing other liquid droplets D as it moves. The larger droplet D

generated by the resonance may vibrate more greatly due to the increased size and
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mass thereof, and thus may move more quickly and smoothly out of the surface of the
lens 12, namely, the predetermined object O. Therefore, supplying the AC power
having a resonant frequency may not only amplify the vibration of the liquid droplet D,
but also facilitate movement of the liquid droplet D as described above. As a result, the
liquid droplet D may be removed from the surface by moving to the outsideof the
surface of the lens 12, that is, the object O. Thereby, the surfacemay be cleaned.

As shown in FIG. 9(c), most liquid droplets D1 are moved and removed by supply of
the first AC power, but relatively small or fine liquid droplets D2 (hereinafter referred
to as "fine liquid droplets") may remain on the surfaceof the object O, that is, the lens
12. This phenomenon may be explained by the limitation of the size of the liquid
droplet D, which may be influenced by the electric field generated at the electrodes
120. In this regard, FIG. 10 is a schematic view illustrating a correlation between the
range of an electric field and the size of a droplet that can be excited. As shown in FIG.
10, the adjacent electrodes 120 are spaced apart from each other by a predetermined
distance. Since the intensity or range of the electric field depends on the voltage
supplied to the electrodes 120, the electric field F generated at a constant first voltage
of the first AC power may also have a certain range. Therefore, a certain region where
the electric field F is not formed may exist between the electrodes 120 spaced apart
from each other. For this reason, the liquid droplet D1 of a relatively large size may be
included and excited in the generated adjacent electric fields F, while the fine liquid
droplets D2 cannot be excited at they are disposed outside the electric fields F.
Therefore, the fine liquid droplets D2 may not be appropriately vibrated and may
remain on the surface of the object O (i.e., the lens 12), as shown in FIG. 9(c). If the
range of the electric field F is widened, the fine liquid droplets D2 may also be
included and excited within the widened range of the electric field F. As already
discussed, the range (or size) of the electric field F is proportional to the supplied
voltage. Accordingly, in order to widen the range of the electric field F, the control
device 400 may provide or supply a second AC power having a second voltage higher
than the first voltage to the electrowetting element 100 after the supply step S30 (S40).

More specifically, it may be advantageous for the supply step S40 to be performed
without interruption following the supply step S30 in order to efficiently remove the
liquid droplets D. To ensure this continuity, in the supply step S40, the control device
400 may increase only the voltage of the first AC power that is substantially currently
being supplied from the first voltage to the second voltage as shown in FIG. 6 (S41).
However, the control device 400 may be described as substantially providing a second
AC power different from the first AC power due to the change to the second voltage.
In addition, only the voltage may be changed to expand the electric field F and the

second AC power supplied for continued excitation may have a second frequency, that
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is, a resonant frequency equal to the first frequency of the first AC power. In addition,
the second frequency (i.e., the resonant frequency) of the second AC power supplied
may be continuously maintained throughout the supply step S40. The second voltage
may be appropriately set to be greater than at least the first voltage, and may be in a
range of, for example, 150 V to 200 V. The electric field F may be expanded by
supplying the second AC power (i.e., the second voltage), and the relationship between
the expanded electric field and the fine liquid droplets D2 is well shown in FIG. 11.
Referring to FIG. 11, the supplied second voltage allows the electrodes 120 to form an
electric field F1 larger than the electric field F generated by the first voltage. The fine
liquid droplets D2 may be included in the expanded electric field F1 and may be suf-
ficiently excited and vibrated to be removed.

Further, to more effectively excite the fine liquid droplet D2, the control device 400
may reduce the second voltage of the second AC power to a third voltage during the
supply step S40 (S42). That is, the control device 400 may supply a second AC power
having the third voltage lower than the second voltage to the electrowetting element
100. As shown in FIG. 11, by supplyingthe second AC power having the third voltage,
an electric field F2 that is narrower rather than the electric field F1 formed at the
second voltage may be formed. However, even in this case, the electric field F2 at the
third voltage must be formed so as to include at least the fine liquid droplets D2 in
order to continuously apply effective excitation. Therefore, in order to form the electric
field F2, the third voltage may be set to be smaller than the second voltage but larger
than at least the first voltage. Subsequently, the control device 400 may increase the
third voltage of the second AC power to the second voltage and reduce the second
voltage back to the third voltage. Such increase and decrease of the voltage may be
repeated (S43). That is, the control device 400 may repeatedly perform supply of the
second AC power having the second voltage and supply of the second AC power
having the third voltage. Even if the fine liquid droplets D2 are included in the electric
fields F1 and F2, it may not be easy to sufficiently excite the fine liquid droplets D2
due to the small size and mass of the fine liquid droplets D2. However, as shown in
FIG. 11, by alternately supplying the second and third voltages, which are different
from each other, the electric fields F1 and F2 in different ranges may be alternately
applied to the fine liquid droplets D2. Thus, an additional excitation force may be
exerted on the fine liquid droplets D2. Therefore, the fine liquid droplet D2 may be ap-
propriately vibrated, and the surface of the object O may be completely cleaned as the
fine liquid droplets D2 are removed.

In the supply step S40 described above, the second AC power having various
voltages may be provided to the electrowetting element 100 during a predetermined

second time period, wherein the second time period may be appropriately set such that
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the fine liquid droplets D2 may be sufficiently moved and removed. More specifically,
the control device 400 may monitor the surface of the object O using the sensing
device 300, and maintain supply of the second AC power until even the fine liquid
droplets D2 are completely removed from the surface. In addition, as already discussed
above, the supply step S30 is configured to remove most of the liquid droplets D1, but
the supply step S40 may be configured to remove only the remaining fine liquid
droplets D2. Thus, the first time period during which the supply step S30 is performed
may be set to be longer than the second time period during which the supply step S40
is performed. For example, the first time period and the second time period may be set
to a ratio of 8:2.

When the object O is oriented obliquely, the liquid droplet D on the object O (i.e., the
electrowetting element 100) is subjected to gravitational force and is thus more easily
moved by this additionally applied force. Thus, referring back to FIG. 4, the control
device 400 may obliquely orient the object O and the electrowetting element 100
installed thereon (S50). For example, as shown in FIG. 2, the camera 10 may include a
predetermined driving device 14. The control device 400 may use the driving device
14 to generate a displacement of the camera 10 and to orient the object O to be
cleaned, i.e., the lens 12 and the electrowetting element 100 so as to be inclined. More
specifically, the driving device 14 may include a device capable of generating a ro-
tational force, and may use the generated rotational force, which is indicated by an
arrow in FIG. 1, to rotate at least the lens 12 and the device 100 so as to be obliquely
oriented. While the driving device 14 is illustrated as being coupled to the lens body 11
by way of example, it may be coupled to other parts of the camera 10 and may include
any device capable of generating driving force for changing orientation of the lens 12
and the electrowetting element 100, which are objects to be cleaned. The orienting step
S50 may be performed before or after the supply steps S40 and S50 and may be
performed at any time during the supply steps S40, S50. Due to the orienting step S50,
the liquid droplets D may be more smoothly moved along the slope due to gravity
while vibrating, and may be removed from the surface of the object O more easily.

Although a number of representative examples are described above, it should be un-
derstood that numerous other modifications of these examples that fall within the spirit
and scope of the principles of this disclosure can be devised by those skilled in the art.
More particularly, various variations and modifications are possible within the scope of
the disclosure, the drawings and the appended claims. In addition to variations and

modifications, alternative uses will also be apparent to those skilled in the art.
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Claims

A device for cleaning a surface of an object, comprising:

a substrate configured to be provided on the surface of the object;

a plurality of electrodes provided on the substrate;

a dielectric layer provided on the substrate to cover the electrodes; and
a control device configured to supply an alternating-current (AC)
power to the electrodes,

wherein the supplying the AC power to the electrodes includes
supplying a first AC power having a predetermined first frequency and
a predetermined first voltage to the electrodes during a first time period
to vibrate a liquid droplet on the surface of the object by a periodic
change of an electrostatic force generated at the electrodes, and
wherein the first frequency is set as a resonant frequency of the liquid
droplet.

The device according to claim 1, wherein the control device is further
configured to detect the resonant frequency of the liquid droplet while
providing a preliminary AC power to the electrodes, before supplying
the first AC power to the electrodes.

The device according to claim 2, wherein the detecting of the resonant
frequency by the control device further includes:

sequentially sweeping a predetermined range of frequencies while
providing the preliminary AC power;

sensing resonance of the droplet; and

setting a frequency at which the resonance occurs as the first frequency.
The device according to claim 3, wherein the sequentially sweeping of
the predetermined range of frequencies while providing the preliminary
AC power includes gradually increasing a frequency of the preliminary
AC power starting from a predetermined frequency until the resonance
of the droplet occurs.

The device according to claim 4, wherein the control device is further
configured to sweep frequencies between 10 Hz and 150 Hz.

The device according to claim 3, further comprising an image sensor,
wherein, in order to sense the resonance of the droplet, the control
device is further configured to:

acquire an image of the droplet using the image sensor; and

analyze the acquired image to detect abrupt intensification of vibration

of the liquid droplet.
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The device according to claim 1, wherein the control device is further
configured to set a highest frequency of resonant frequencies as the first
frequency of the AC power.

The device according to claim 1, wherein the first voltage is in a range
between 50 V and 150 V.

The device according to claim 1, wherein the supplying the AC power
to the electrodes further includes supplying a second AC power having
a second voltage greater than the first voltage to the electrodes during a
second time period after providing the first AC power during the first
time period.

The device according to claim 9, wherein the second voltage is in a
range between 150 V and 200 V.

The device according to claim 9, wherein the controller is further
configured to increase the first voltage of the first AC power having the
first frequency to the second voltage to supply the second AC power.
The device according to claim 9, wherein the control device is further
configured to:

reduce the second voltage to a third voltage less than the second
voltage;

increase the third voltage to the second voltage; and

repeat increasing the third voltage to the second voltage and reducing
the second voltage to the third voltage.

The device according to claim 9, wherein the first time period and the
second time period are set at a ratio of 8:2.

The device according to claim 1, wherein the control device is further
configured to detect the liquid droplet disposed on the surface of the
object by sensing a change in impedance generated at the electrodes by
the liquid droplet.

The device according to claim 1, wherein the control device is further
configured to change inclination of the object to facilitate movement of
the liquid droplet.

The device according to claim 1, wherein the substrate, the electrodes,
and the dielectric layer are formed of a transparent material.

A method for cleaning a surface of an object, comprising:

providing a substrate on the surface of the object;

providing a plurality of electrodes on the substrate;

providing a dielectric layer on the substrate to cover the electrodes; and

supplying an alternating-current (AC) power to the plurality of
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electrodes via a control device,

wherein the supplying the AC power to the plurality of electrodes
includes supplying a first AC power having a predetermined first
frequency and a predetermined first voltage to the electrodes during a
first time period to vibrate a liquid droplet on the surface of the object
by a periodic change of an electrostatic force generated at the
electrodes, and

wherein the first frequency is set as a resonant frequency of the liquid
droplet.

The method of claim 17, wherein a hydrophobic layer is disposed over
an entire surface of the dielectric layer, and

wherein the supplying the AC power to the plurality of electrodes
produces a uniform electric field over an entirety of the surface of the
object.

A method for cleaning a lens having at least one liquid droplet thereon,
comprising:

providing a transparent electrowetting element onto the lens, wherein
the electrowetting element includes at least one electrode; and
providing alternating-current (AC) power to the at least one electrode
to form an electric field of a predetermined size, wherein the electric
field causes the at least one liquid droplet to vibrate and to move
towards the at least one electrode and away from the lens.

The method of claim 19, further comprising:

providing an image sensor;

analyzing, via the image sensor, the vibration of the at least one liquid
droplet, wherein the analyzing the vibration includes determining the
resonant frequency of the at least one liquid droplet; and

setting a frequency of the AC power to the resonant frequency.
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