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CAPACITIVE FLUID LEVEL SENSING

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The presentinventionrelates generally to the field of
ocular surgery, and more specifically to managing fluid levels
within a reservoir using a capacitive sensor device for mea-
suring the reservoir fluid level during ophthalmic procedures
such as the removal of a cataract.

[0003] 2. Description of the Related Art

[0004] Phacoemulsification surgery has been successfully
employed in the treatment of certain ocular problems, such as
cataract surgery, including removal of a cataract-damaged
lens and implanting an artificial intraocular lens. Phacoemul-
sification surgery typically involves removal of the cataract-
damaged lens and may utilize a small incision at the edge of
the patient’s cornea. Through the small incision, the surgeon
then creates an opening in the capsule, i.e. membrane that
encapsulates the lens.

[0005] Next, the surgeon may insert an ultrasonic probe,
incorporated within the phacoemulsification handpiece,
through the opening in the cornea and capsule accessing the
damaged lens. The handpiece’s ultrasonic actuated tip emul-
sifies the damaged lens sufficient to be evacuated by the
handpiece. After the damaged natural lens is completely
removed, the handpiece tip is withdrawn from the patient. The
surgeon may now implant an intraocular lens into the space
made available in the capsule.

[0006] While performing phacoemulsification surgical
techniques, such as lens removal, the surgeon may control a
pump to pull fluids from the eye and through the handpiece
tip. The pump is configured with a tank or reservoir posi-
tioned to hold the fluid until the tank fills to a certain point or
level. During emulsification of the damaged lens, the tip of
the phaco handpiece may collect fluids from the patient’s eye
and transfer the fluids for holding or temporarily storing in the
reservoir. As the tip further collects fluid and material, the
reservoir may fill with fluid to a point where the ratio of the
volume of air with respect to the volume of fluid in the
reservoir is outside of a desirable operating range. Typically,
the desired operating range may dictate a minimum volume
required for venting and reflux, a maximum volume to pre-
vent the pump from exposure to fluids or from working into an
uncompressible volume, and an intermediate or target vol-
ume representing a desired air-to-fluid ratio. During an ocular
procedure, the air-to-fluid ratio may reach a point where the
reservoir requires “rebalancing,” which involves adding fluid
to, or removing fluid from, the reservoir for the purpose of
maintaining the desired operational ratio.

[0007] During the surgery it may become necessary for the
surgeon to be able to remove fluid from a reservoir, or tank,
into a waste or collection bag for the purpose of rebalancing
the reservoir. One method for rebalancing the reservoir, when
the fluid level exceeds the desirable operating range, involves
the outflow of fluid and materials from the reservoir into a
collection bag using a pump. When the fluid reaches a certain
level the pump is turned on and removes or drains the reser-
voir. Alternatively, if the fluid level in the reservoir falls below
a low level threshold, rebalancing may involve the inflow of
fluid from the collection bag or from an infusion bottle into
the reservoir. In either arrangement, when the reservoir air-
to-fluid ratio is returned within desirable operating values,
indicating the reservoir is ‘balanced’ the pump is stopped
which in turn stops the flow of fluid and materials.
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[0008] Maintaining a proper air-to-fluid ratio or balance
within the reservoir may allow the surgeon to perform various
aspiration, vacuum venting, and reflux surgical procedures
without interruption. When the reservoir level reaches an
upper lever threshold, thus requiring outflow or removal of
fluid, the instrument host typically turns on a pump to move
the fluid from the reservoir to the collection bag.

[0009] In order to remove fluid, current designs typically
determine the proper time to activate a peristaltic reservoir
pump by sensing the fluid level in the reservoir. Today’s
designs typically involve either a float mechanism, an optical
or sound emitter-sensor system, using for example infrared
light and ultrasonic frequencies.

[0010] Many oftoday’s designs integrate the reservoir with
other components, such as pumps, selector valves, and surgi-
cal tubing, into a surgical cassette system. The surgical cas-
sette system is situated between the handpiece and collection
bag and may provide an interface for a vacuum pump and
peristaltic pump operations.

[0011] For example, Advanced Medical Optics, Inc.
(AMO) of Santa Ana, Calif. offers a phacoemulsification
medical system that has dual pump capability and employs a
specific replaceable surgical cassette that enables dual pump
operation and can be changed after a surgical procedure. A
dual pump surgical cassette exhibiting an efficient reservoir
fluid level sensing arrangement that can manage the reser-
voir’s air-to-fluid ratio by controlling pump operation is
highly desirable. Certain designs may include operating the
opening and closing of a valve to allow gravity to empty
contents from the reservoir into the collection bag in lieu of
operating the pump.

[0012] Controlling mechanized fluid outflow and inflow for
a surgical cassette reservoir by sensing devices that enable
precise determination of the fluid level within the reservoir for
operating a pump is often desirable in an operating room
situation. While certain sensor devices have previously been
offered, reliability in air-fluid reservoir balancing in these
cassettes can at times be imperfect, particularly in precise
operating environments. Some previous designs include a
float mechanism, which can fail by sticking to the side of the
reservoir, or the float may “sink™ into the reservoir. Optical
and sound mechanisms tend to be costly to deploy, and in
certain cases are unreliable when the sensing path is subjected
to condensation, droplets, debris, or foam. It would be ben-
eficial to offer a surgical cassette that employs minimal com-
ponents or components that efficiently control and maintain
the fluid level within the cassette reservoir as required in the
ocular surgical environment.

SUMMARY OF THE INVENTION

[0013] According to one aspect of the present design, there
is provided a surgical system comprising a controller config-
ured to receive electrical signals and effectuate performance
of'the surgical system, a reservoir, a capacitive sensing device
associated with the reservoir and configured to sense fluid
level in the reservoir, and electrical connections between the
controller and the capacitive sensing device. The capacitive
sensing device senses changes in fluid level in the reservoir,
and conveys sensed changes to the controller via the electrical
connections. The controller selectively alters fluid level in the
reservoir based on the sensed changes received from the
capacitive sensing device via the electrical connections.
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[0014] These and other advantages of the present invention
will become apparent to those skilled in the art from the
following detailed description of the invention and the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The present invention is illustrated by way of
example, and not by way of limitation, in the figures of the
accompanying drawings in which:

[0016] FIG. 1 illustrates an exemplary phacoemulsifica-
tion/vitrectomy system in a functional block diagram to show
the components and interfaces for a safety critical medical
instrument system that may be employed in accordance with
an aspect of the present invention;

[0017] FIG. 2A illustrates an exemplary surgical system in
a functional block diagram that shows the vacuum regulated
aspiration components and interfaces that may be employed
in accordance with an aspect of the present design;

[0018] FIG. 2B illustrates an exemplary surgical system in
a functional block diagram that shows the pressure regulated
infusion components and interfaces that may be employed in
accordance with an aspect of the present design;

[0019] FIG. 3A illustrates a capacitive fluid level sensing
system for a surgical cassette reservoir including an electric
circuit where a single pair of planar plates, i.e. two conduc-
tors, forms a capacitor;

[0020] FIG. 3B illustrates a capacitive fluid level sensing
system for a surgical cassette reservoir including an electric
circuit where a single pair of interleaved plates, i.e. two con-
ductors, forms a capacitor;

[0021] FIG. 3C illustrates a capacitive fluid level sensing
system for a surgical cassette reservoir including an electric
circuit where multiple planar plate pairs, i.e. two conductors,
forms multiple capacitors;

[0022] FIG. 3D illustrates the horizontal cross-section for
an embodiment where an optical fluid-sensing chamber
forms part of the overall evacuation chamber and a single pair
of capacitive plates are positioned in close proximity to the
fluid sensing chamber;

[0023] FIG. 3E illustrates an exemplary electric circuit con-
figured as a RC circuit in accordance with an aspect of the
present design;

[0024] FIG. 3F illustrates an approximate voltage response
for the present design electric circuit in accordance with an
aspect of the present design;

[0025] FIG. 3G illustrates an exemplary electric circuit
configured in accordance with an aspect of the present design;
[0026] FIG. 4A is a functional block diagram illustrating a
surgical cassette system configured for peristaltic pump out-
flow operation in accordance with the present design; and
[0027] FIG. 4B is a functional block diagram illustrating a
surgical cassette system configured for peristaltic pump
inflow operation in accordance with the present design.

DETAILED DESCRIPTION OF THE DESIGN

[0028] The following description and the drawings illus-
trate specific embodiments sufficient to enable those skilled
in the art to practice the system and method described. Other
embodiments may incorporate structural, logical, process and
other changes. Examples merely typify possible variations.
Individual components and functions are generally optional
unless explicitly required, and the sequence of operations
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may vary. Portions and features of some embodiments may be
included in or substituted for those of others.

[0029] The present design is directed to sensing fluid levels
in a reservoir in a system, such as, but not limited to sensing
the fluid level within a surgical cassette’s integrated air-fluid
reservoir and mechanized controlling of the fluid level within
the reservoir. The present arrangement may include a device,
such as a pump (peristaltic, venturi, flow or vacuum based
pump, etc.), configured to provide outflow/inflow of fluid
from the air-fluid reservoir and move the fluid to/from a
collector such as a collection bag for purposes of maintaining
proper balance of air and fluid in the reservoir. Any pump
known in the art may be used with the present invention,
including, but not limited to, peristaltic, venturi (wherein
fluid flowing through a narrowing pipe produces vacuum as a
result of the “Venturi effect”), and/or other flow or vacuum
based pumps.

[0030] The present design may employ a capacitive fluid
level-sensor device with the air-fluid reservoir for sensing the
level of fluid within the cassette’s reservoir. The capacitive
fluid level-sensor device may be in any orientation with
respect to a fluid maintaining device, such as a reservoir,
including, but not limited to attached inside and/or outside the
walls of the fluid maintaining device and/or external to the
fluid maintaining device, but not attached to the device. For
example, a phacoemulsification system (“phaco system”)
may provide for vacuum regulated aspiration, where a sur-
geon performing an ocular surgery may remove a large vol-
ume of fluid and material from the patient’s eye. Vacuum
regulated aspiration may increase the fluid level within the
surgical cassette’s reservoir in a relatively short amount of
time. If the reservoir receives too much fluid, the level may
rise above an acceptable level and may inhibit performance.
For example, a rise in fluid level above certain reservoir fluid
connections may cause the phaco system to operate improp-
erly or stop.

[0031] During vacuum regulated aspiration the phaco sys-
tem moves fluid from the eye to areservoir. In order to remove
fluid from the reservoir, the phaco system may operate a
pump and/or valve configured to move the fluid from the
reservoir and into a collector. The present design’s capacitive
fluid level sensing system may include an electric circuit
configured to measure a change in capacitance, such as arise
in capacitance when the reservoir fluid level increases, and a
fall in capacitance when the level decreases from the capaci-
tive fluid level sensor device. The electric circuit could be
configured to measure a preset maximum and/or minimum
threshold, or a change rate of capacitance. The system pro-
duces a control signal to start and stop a pump situated
between the reservoir and collector.

[0032] For example, the system can operate the pump to
add or remove fluid from the reservoir when the level falls
outside of preset thresholds, either upper or lower, and stop
the pump when the level is restored within the desired opera-
tional range. A surgeon performing an ocular surgical proce-
dure may input the desired thresholds via the instrument host
system or GUI host prior to surgery. In this way, the present
design may allow the surgeon to focus on the ocular proce-
dure without the need to monitor and manually adjust the
air-to-fluid ratio or balance within the reservoir.

[0033] The present design comprises a fluid level sensing
arrangement that may be used with a medical instrument
system, such as a phaco system. The system can be provided
with a reservoir in a surgical cassette system together with a
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pump and/or valve to control the flow of fluid to and/or from
the reservoir. Newer cassettes can support aspiration and
irrigation functionality, enabling a surgeon to control the
operation of the phacoemulsification/vitrectomy system
handpiece.

[0034] The present design is intended to provide reliable,
noninvasive, and efficient fluid level sensing in a medical
instrument system for use in efficiently controlling the flow of
fluids between the reservoir and the collector during an ocular
procedure.

SYSTEM EXAMPLE

[0035] While the present design may be used in various
environments and applications, it will be discussed herein
with a particular emphasis on an environment where a sur-
geon or health care practitioner performs. For example, one
embodiment of the present design is in or with a phaco system
that comprises an independent graphical user interface (GUI)
host module, an instrument host module, a GUI device, and a
controller module, such as a foot switch, to control the phaco
system.

[0036] FIG. 1 illustrates an exemplary phaco/vitrectomy
system 100 in a functional block diagram to show the com-
ponents and interfaces for a safety critical medical instrument
system that may be employed in accordance with an aspect of
the present invention. A serial communication cable 103 con-
nects GUI host 101 module and instrument host 102 module
for the purposes of controlling surgical instrument host 102
by GUI host 101. GUI host 101 and instrument host 102, as
well as any other component of system 100 may be connected
wirelessly. Instrument host 102 may be considered a compu-
tational device in the arrangement shown, but other arrange-
ments are possible. An interface communications cable 120 is
connected to instrument host 102 module for distributing
instrument sensor data 121, and may include distribution of
instrument settings and parameters information, to other sys-
tems, subsystems and modules within and external to instru-
ment host 102 module. Although shown connected to instru-
ment host 102 module, interface communications cable 120
may be connected or realized on any other subsystem (not
shown) that could accommodate such an interface device able
to distribute the respective data.

[0037] A switch module associated with foot pedal 104
may transmit control signals relating internal physical and
virtual switch position information as input to the instrument
host 102 over serial communications cable 105 (although
footpedal 104 may be connected wirelessly). Instrument host
102 may provide a database file system for storing configu-
ration parameter values, programs, and other data saved in a
storage device (not shown), such as upper and lower fluid
level preset thresholds for the reservoir. In addition, the data-
base file system may be realized on GUT host 101 or any other
subsystem (not shown) that could accommodate such a file
system.

[0038] Phaco/vitrectomy system 100 has a handpiece 110
that includes a needle and electrical means, typically a piezo-
electric crystal, for ultrasonically vibrating the needle. Instru-
ment host 102 supplies power on line 111 to a phacoemulsi-
fication/vitrectomy handpiece 110. An irrigation fluid source
112 can be fluidly coupled to handpiece 110 through line 113.
The irrigation fluid and ultrasonic power are applied by hand-
piece 110 to a patient’s eye, or affected area or region, indi-
cated diagrammatically by block 114. Alternatively, the irri-
gation source may be routed to eye 114 through a separate
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pathway independent of the handpiece. Aspiration is pro-
vided from eye 114 by a pump (not shown), via instrument
host 102, through lines 115 and 116. A surgeon/operator may
selectan amplitude of electrical pulses either using handpiece
110 or via instrument host 102 and GUT host 101.

[0039] In combination with phaco system 100, the present
system enables aspiration or irrigation functionality in or with
the phaco system and may comprise components including,
but not limited to, a flow selector valve, one or more pumps,
areservoir, and a collector, such as a collection bag oradevice
having similar functionality.

[0040] The fluid sensing employed is described with
respect to a phaco system having dual pump capability and
employing a reservoir, such as the “Signature” system avail-
able from Advanced Medical Optics, Inc., of Santa Ana,
Calif. Although the present discussion references operational
features and functionality in context with systems such as the
AMO “Signature” System, the present design is not limited to
designs involving dual pump capability or a replaceable cas-
sette and may apply to virtually any fluid based medical
design where accurate fluid level measurement is desirable.
[0041] FIG. 2A illustrates an exemplary surgical system in
a functional block diagram that shows the vacuum regulated
aspiration components and interfaces that may be employed
in accordance with an aspect of the present design. FIG. 2B
illustrates the exemplary surgical system including compo-
nents and interfaces for pressure regulated infusion functions.
The present design effectively connects the aspiration-infu-
sion line from the handpiece to the air-fluid reservoir, and the
reservoir is also connected to the collector through a peristal-
tic line. The peristaltic connection between the reservoir and
collector includes a peristaltic pump configured to operate in
the clockwise and counterclockwise directions.

[0042] Surgical cassette venting system 200 may include a
fluid vacuum sensor 201, flow selector valve 202, reservoir
204, collector 206, and fluid pathways, such as interconnect-
ing surgical tubing, as shown in FIG. 2. Cassette arrangement
250 may include connections to facilitate easy attachment to
and removal from instrument host 102 as well as handpiece
110 and vacuum pump arrangement 207. The present design
contemplates two pumps, where the surgical cassette arrange-
ment may operate with fluid pathways or other appropriate
fluid interconnections interfacing with the two pumps.
[0043] Cassette arrangement 250 is illustrated in FIGS. 2A
and 2B to show components that may be enclosed within the
cassette. The size and shape of cassette 250 is not to scale nor
accurately sized, and note that certain components, notably
peristaltic pump 203, interface with the cassette but in actu-
ality form part of the device which the cassette attaches to.
Further, more or fewer components may be included in the
cassette than are shown in FIGS. 2A and 2B depending on the
circumstances and implementation of cassette arrangement
250.

[0044] Referring to FIG. 2A, handpiece 110 is connected to
the input side of fluid vacuum sensor 201, typically by fluid
pathways such as fluid pathway 220. The output side of fluid
vacuum sensor 201 is connected to flow selector valve 202
within cassette arrangement 250 via fluid pathway 221. The
present design may configure flow selector valve 202 to inter-
face between handpiece 110, balanced saline solution (BSS)
fluid bottle 112, pump 203, which is shown as a peristaltic
pump but may be another type of pump, and reservoir 204. In
this configuration, the system may operate flow selector valve
202 to connect handpiece 110 with BSS fluid bottle 112,
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reservoir 204 and/or with pump 203 based on signals received
from instrument host 102 resulting from the surgeon’s input
to GUT host 101.

[0045] Flow selector valve 202 illustrated in FIGS. 2A and
2B provides a single input port and may connect port ‘0’ to
one of three available ports numbered ‘1°, <2°, and ‘3’. Flow
selector valve 202 may also be one or more pinch valves.
[0046] Reservoir 204 may contain air in section 211 and
fluid in section 212 and fluid may move up or down as indi-
cated by arrow 245. Surgical cassette system 200 may con-
nect reservoir 204 with collector 206 using fluid pathways,
such as surgical tubing or similar items. In this arrangement,
pump 205 may operate in a clockwise direction in the direc-
tion of arrow 228 to remove fluid from reservoir 204 through
fluid pathway 227 and deliver the fluid to collector 206 using
fluid pathway 229. The present design illustrates a peristaltic
pump as pump 205, a component within instrument host 102,
but other types of pumps may be employed. This configura-
tion may enable surgical cassette 200 to remove unwanted
fluid and/or material from reservoir 204. Fluid may alter-
nately pass through fluid pathway 223 to pump 203, fluid
pathway 225, and into collector 206 in certain situations.
[0047] The fluid pathways or flow segments of surgical
cassette system 200 may include the fluid connections, for
example flexible tubing, between each component repre-
sented with solid lines in FIGS. 2A and 2B.

[0048] Vacuum pump arrangement 207 is typically a com-
ponent within instrument host 102, and may be connected
with reservoir 204 via fluid pathway or flow segment 230. In
the configuration shown, vacuum pump arrangement 207
includes a pump 208, such as a venturi pump and an optional
pressure regulator 209 (and valve (not shown)), but other
configurations are possible. In this arrangement, vacuum
pump arrangement 207 may operate to remove air from the
top of reservoir 204 and deliver the air to atmosphere (not
shown). Removal of air from reservoir 204 in this manner
may reduce the pressure within the reservoir, which reduces
the pressure in the attached fluid pathway 226, to a level less
than the pressure within eye 114. A lower reservoir pressure
connected through flow selector valve 202 may cause fluid to
move from the eye, thereby providing aspiration. Vacuum
pump arrangement 207 and reservoir 204 can be used to
control fluid flow into and out of reservoir 204.

[0049] The optional pressure regulator 209 may operate to
add air to the top of reservoir 204 which in turn increases
pressure and may force air-fluid boundary 213 to move down-
ward. Adding air into reservoir 204 in this manner may
increase the air pressure within the reservoir, which increases
the pressure in the attached fluid aspiration line 226 to a level
greater than the pressure within eye 114. A higher reservoir
pressure connected through flow selector valve 203 may
cause fluid to move toward eye 114, thereby providing vent-
ing or reflux.

[0050] FIG. 2B illustrates an optional embodiment illus-
trating a surgical cassette system 200 configured for venting
and/or reflux operation. The FIG. 2B design may configure
flow selector valve 202 to connect handpiece 110 with reser-
voir 204 from port ‘2’ to port ‘0’. Vacuum pump arrangement
207 may operate to provide pressure to reservoir 204 via
pressure regulator 209. Applying or increasing pressure using
pressure regular 209 of vacuum pump arrangement 207 may
move air-fluid boundary 213 downward in the direction of
arrow 245 causing fluid to flow from reservoir 204 and/or
fluid pathway 226 to eye 114.
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Capacitive Fluid Level Sensing

[0051] The present design provides an alternative to optical
fluid level sensing techniques, for example infrared sensing,
and sound sensing techniques, such as ultrasonic sensing
techniques. The present design includes a capacitive fluid
level sensing technique wherein a capacitive fluid level-sen-
sor device, typically a conductive plate pair forming a capaci-
tor, is employed with a reservoir. The capacitive sensor device
may connect to an electric circuit configured to measure the
capacitance or electric charge stored by the capacitive sensor
device, i.e. between the two conductive plates. The electric
circuit may communicate the measurement as a signal to a
phacoemulsification instrument host for purposes of deter-
mining the fluid level based on the measured amount of
charge stored. In a further embodiment of the present design,
the circuit may communicate the measurement as a signal to
a separate or self-contained fluid level control circuit, such as,
but not limited to that shown in FIG. 3G. Based on the level
determined by the instrument host, a pump may be operated
to add or remove fluid from the reservoir.

[0052] The capacitance formed between two conductive
plates, arranged in accordance with the present design, may
be determined by:

C=e*4/d (1)

where C is capacitance, € is permittivity of the dielectric
between the two plates, A is the area of the plate, and d is the
distance between conductive plates. Simply put, Equation (1)
shows that capacitance is directly proportional to permittivity
of the dielectric material situated between the plates. The
relative permittivity of air to a vacuum is 1.00054 or approxi-
mately 1.0. The relative permittivity of water relative to a
vacuum, depending on temperature, etc., is approximately 80
times greater than air, and salt water is approximately 10
times greater. The relative permittivity of the balanced salt
solution (BSS) fluid used for phacoemulsification is signifi-
cantly greater than air. The large difference in permittivity
between air and BSS may allow the present design’s capaci-
tive fluid level sensing system to measure the fluid level in a
reservoir or tank.

[0053] Arranging a capacitive fluid level-sensor device
with the reservoir may store an electric charge that changes
proportional to the amount of fluid stored in the reservoir. The
capacitive sensing device may include parallel or planar
plates that may extend from the bottom to the top of the
reservoir, but may also extend to any location in between.
[0054] In the situation where the fluid level rises in the
reservoir, increasing in height with respect to the conductive
plates, the resulting electric charge stored between the plates
increases. Conversely, as the fluid level within the reservoir
falls the electric charge stored decreases. Thus continuously
sensing and measuring the capacitance or electric charge
stored at the present design’s conductive plates arranged with
the reservoir can efficiently enable determining the reservoir
fluid level. In summary, the capacitance formed by the present
design’s plate pairs is at a minimum when the reservoir is
empty, i.e. full of air, and is at a maximum when the reservoir
is full, i.e. full of fluid.

[0055] FIGS. 3A-3E illustrate various exemplary embodi-
ments for the present design capacitive fluid sensing system
300. Other configurations of the conductive plates are also
envisioned by the present invention, including, but not limited
to, different sizes (length, width, etc.), shapes, and/or orien-
tations with respect to each conductive plate and/or each plate
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pair and with respect to the reservoir. For example, conduc-
tive plates may be positioned on opposite sides of the reser-
voir or at different areas within the same plane of the reservoir
wall.

[0056] FIG. 3A shows conductive plate pairs oriented in a
single plane. FIG. 3B shows interleaving of plate pairs that
may provide a higher capacitance, and FIG. 3C shows mul-
tiple fluid level sensors configured at different heights. In this
arrangement, the present design may provide conductive
plate pairs along the walls of the reservoir, external to the
reservoir, or otherwise within the reservoir for measuring
fluid level in the reservoir. The present design may sense fluid
level at multiple distinct heights within the reservoir by
arranging plate pairs at a number of discrete points, such as at
a high, middle, and a low position within the reservoir. FIG.
3D illustrates the horizontal cross-section for an existing
embodiment in a representative system. In the illustrated
design of FIG. 3D, an optical fluid-sensing chamber forms
part of the overall evacuation chamber. The optical fluid level-
sensing chamber may extend the full vertical length of the
evacuation chamber, not shown in FIG. 3D.

[0057] FIG. 3A illustrates a capacitive fluid level sensing
system 300 for a reservoir 204 that may be internal or external
to a device such as a surgical cassette 250. Electric circuit 350
comprises a pair of plates, i.e. two conductors, forming a
capacitor. The present design may orient the two plates in a
parallel orientation or planar alignment with respect to each
other as illustrated in FIG. 3A. The plate orientation for the
present design is not limited to parallel or planar arrange-
ments, however planar plates may provide advantages when
attached in close proximity to the outside of the cassette as
illustrated in FIG. 3D.

[0058] The plates notably may be part of the instrument
into which the cassette including the reservoir is inserted.
Plates may therefore be positioned outside the reservoir, out-
side the cassette, and on the instrument into which the cassette
is mounted. An example of this type of mounting or operation
is provided in FIG. 3D. In the case of plates attached to the
reservoir, they may be inside or outside the reservoir. Prefer-
ence may be outside to prevent a direct connection through
conductive fluid to the electronics. If inside, the plates are
electrically isolated from the fluid, such as by use of insula-
tion or other isolating methodology known in the art.

[0059] In one embodiment, capacitive fluid level sensing
system 300 includes plate 302 and plate 303 as a pair, and are
attached to the outside of reservoir 204 within cassette 250
separated by a distance d as shown at point 304. The present
design may electrically connect plate 302 to electric circuit
350 at point 351 and plate 303 may connect at point 352. The
connections may be realized using a pogo pin male type
connector, or equivalent connector, configured to plug into a
companion pogo pin female connector provided as part of
instrument host 102 circuit 350. However, any connection
known in the art may be used. Electric circuit 350 may include
electrical components, such as passive devices such as resis-
tors and active devices such as diodes connected to a signal
source, such as a square-wave generator to drive the circuit
between the two plates. Driving the electric circuit in this
manner may allow for measuring the amount of electric
charge stored, or capacitance, by the plate pair capacitor
arrangement inside reservoir 204.

[0060] System 300 may sense and determine the fluid level
within reservoir 204 in relation to the amount of charge mea-
sured between the present design’s plate pair, plate 302 and
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plate 303. The plate pair may be integrated with reservoir 204
by spraying or coating a conductive paint on the inside or
outside of reservoir 204. Alternatively, the plates may be
implemented by applying conductive tape, such as copper
with an adhesive backing, to the inside or outside of reservoir
204. Furthermore, the plates may be implemented as conduc-
tive surfaces in close proximity to reservoir 204 but built into
the surgical instrument. Other connection methods may be
employed, including but not limited to suspending the plates
in reservoir 204.

[0061] The present design may include an electric circuit
350 to exhibit a typical resistor-capacitor (RC) circuit. The
voltage in an RC circuit changes in response to changes in
capacitance and may be determined using the following for-
mula:

V=VH(1-e 7R @

whereV  is the measured voltage between the top of plate 302
and the bottom of plate 303 as illustrated in FIG. 3A. Con-
tinuing on with equation (2), V; is the voltage of the square
wave applied across the plates, R is the resistance of a resistor
configured in series with the plate pair, C is the plate capaci-
tance, and t equals time. Configuring an RC circuit in this
manner may allow the present design to measure the RC
voltage response of circuit 350 and thus determine the capaci-
tance using Equation (2).

[0062] Capacitive fluid level sensing system 300 may mea-
sure the capacitance resulting from at least one plate pair
using electric circuit 350 and communicate a signal, for
example the voltage response, indicating an increase or
decrease in capacitance to instrument host 102 as a result of
an increase or decrease in fluid shown at 310. Instrument host
102 may control a pump to operate and move fluid from the
reservoir to the collector based on a communicated increase
in capacitance, preset maximum threshold, or capacitance
change rate. Similarly, the instrument host 102 may control a
pump to operate and move fluid from the collector to the
reservoir based on a communicated decrease in capacitance,
preset minimum threshold, or capacitance change rate.
[0063] FIG. 3B illustrates a capacitive fluid level sensing
system 300 for a surgical cassette 250 reservoir 204 including
electric circuit 350 where a single pair of plates, i.e. two
conductors, forms a capacitor. The illustration of FIG. 3B
shows two interleaved conductive plates oriented as illus-
trated in FIG. 3B. The plates in FIG. 3B are termed stepped
plates, where stepped plates comprise a main or base plate
oriented at one angle with plate steps or protrusions oriented
orthogonally to the main or base plate as shown. Operation
may be as discussed above, wherein system 300 and the
circuitry shown may sense and determine the fluid level
within reservoir 204 in relation to the amount of charge mea-
sured between interleaved plate 305 and plate 306.

[0064] FIG. 3C illustrates a further capacitive fluid level
sensing system 300 where three pairs of conductive plates
form three distinct capacitors. The present design may orient
the three pairs in a horizontal direction, each pair comprising
two parallel plates, each pair at differing heights within res-
ervoir 204 as illustrated n FIG. 3C.

[0065] In one embodiment, capacitive fluid level sensing
system 300 may fix or attach a first set of plates 309, a mid
level setof plates 308, and a third lower level positioned set of
plates 307 to the inside of reservoir 204 within cassette 250
separated in a multiple height configuration. Sets of plates
307, 308, and 309 may be electrically connected to electric
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circuit 355 at 356 as shown in FIG. 3C. Driving the electric
circuit in the manner as previously described for FIG. 3A may
allow for measuring the amount of electric charge stored, or
capacitance, at each plate pair arrangement configured inside
reservoir 204. System 300 may sense the fluid level within
reservoir 204 in relation to the amount of charge measured
between the present designs plates at 309, 308, and 307 as
previously described for electric circuit 350.

[0066] In this configuration, indicating the fluid level has
fallen below set of plates 307, 308, or 309, capacitive fluid
sensing system 300 may measure the capacitance resulting
from multiple plate pairs using electric circuit 355 and com-
municate a signal indicating a change (e.g. an increase or
decrease in capacitance) at each measurement height to
instrument host 102 as a result of an increase or decrease in
fluid shown by arrow 310. The present design may individu-
ally detect capacitance at each plate pair, using individual
measuring circuits, to indicate when fluid has reached and
covered the plates.

[0067] The plate pairs can alternately be connected to form
a single capacitor resulting in step changes in capacitance as
the fluid covers or uncovers each plate pair as the fluid level
rises or falls. Instrument host 102 may control a pump, such as
a peristaltic pump, to operate and move fluid from reservoir
204 to the collector based on a communicated capacitance at
each height. For example, if all three capacitors report a low
capacitance value to instrument host 102, the host may deter-
mine that the fluid level is low and may control the peristaltic
pump to operate and move fluid from the collector or other
fluid source to reservoir 204.

[0068] The previously described embodiments disclose
designs that attach capacitive plates internally and/or exter-
nally to the reservoir. Designs that involve placement of
plates, attached inside or outside of the reservoir, may reduce
reliability and potentially become unsafe. Reliability in these
designs may be reduced by the need to provide electrical
connections from the plates within the cassette to the electric
circuit. Designs that involve placement of the plates inside the
reservoir may potentially complete a direct connection
formed between the patient and conductive fluid to the elec-
tronics, which can be undesirable. In order to provide a reli-
able and safe design, and to reduce total cost, the present
design may involve configuring the capacitive plates with and
as part of the instrument host system. The plates may there-
fore be integrated in the instrument host system and may be
arranged in close proximity to the holding mechanism, or
cavity, where the cassette is located. This eliminates the need
for electrical connections within the reservoir.

[0069] FIG. 3D illustrates the horizontal cross-section for
one such integrated system where a fluid chamber 385, such
as a reservoir similar to reservoir 204 shown in FIG. 2A,
forms part of the cassette design. The present design may fix
plate pair 360, 370 on the outside of fluid chamber 385 as
shown in FIG. 3D, where chamber wall 380 is shown, and an
electrical connection may be provided between the plates and
the electric circuit within instrument host 102 (not shown in
FIG. 3D).

[0070] In the illustration of FIG. 3D, the system may
include plates 360, 370 on the outside of a small cavity asso-
ciated with instrument host 102 configured to hold fluid
chamber 385 flush between the plate pair once inserted into
the cavity by an operator. Flush mounting fluid chamber 385
in this manner may minimize the distance between the plates
and maximize the change in capacitance observed while miti-
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gating the need for unreliable electrical connections by using
permanent connections between the plates and electric circuit
configured with instrument host 102. In this configuration, as
fluid rises in fluid chamber 385, or reservoir, the capacitance
formed between plates 360, 370 increases, and conversely, as
fluid fails in fluid chamber 385, the capacitance decreases
between plates 360, 370.

[0071] FIG. 3E illustrates an exemplary electric circuit 350
configured as a RC circuit in accordance with an aspect of the
present design. The present design may arrange a resistor 390
and a signal source 391 with two conductive plates 392. The
voltage response for electric circuit 350 is measured between
‘A’ at point 395 and point ‘B’ at point 394.

[0072] An approximate voltage response for the capacitive
sensor is illustrated in FIG. 3F. The response is plotted as
voltage (on axis 396) versus time (oh axis 397). The response
curve for plates submerged by fluid is shown as response 398
and the voltage response for plates in air is shown as response
399. Measurements for a pair of conductive plates in air
versus submerged in BSS yield approximately a 2 to 1 change
in the observed capacitance.

[0073] Electrical circuits may be configured to measure
capacitance using an oscillator circuit arranged to vary output
frequency in relation to changes in input capacitance at the
plate pair. FIG. 3G illustrates an exemplary fluid level sensing
system that may involve capacitive plates to realize variable
capacitor 360 and may connect variable capacitor 360 to a
capacitance to frequency converter 361. Converter 361 may
vary frequency output signal 362 (f(C)) in response to the
capacitance measured at capacitor 360. Fluid level sensing
and control circuit 363 may receive frequency output signal
362 and based on this frequency output signal may operate
pump 205 by turning it on or off using a control signal trans-
mitted over line 364. When control circuit 363 processes
frequency output signal 362 and turns on pump 205, fluid is
removed from reservoir 204 and moved to collector 206 as
previously described.

[0074] Additional circuits may include, but are not limited
to, varying output voltage, current, pulse width, or duty cycle
in response to changes in input capacitance or a constant
current charge measuring circuit.

[0075] Although the capacitive plate pair represented in
FIGS. 3A, 3C, 3D, and 3E illustrate or suggest a rectangular
shape for the plates, the shape of the plates are not limited to
geometric or rectangular shapes, and may be realized using
customized shapes. The illustrations that form FIGS. 3A-D
are generally not drawn to scale and are for illustrative pur-
poses.

[0076] FIGS. 4A and 4B illustrate two modes of operation
for the present design. The first mode is illustrated in FIG. 4 A,
where capacitive fluid sensing system 400 with surgical cas-
sette 250 may employ peristaltic pump 205 to move fluid
from reservoir 404 to collector 206 as a result of a high level
of fluid in reservoir 404. In this arrangement, plate pairs 306,
307, and 308 all may report a high capacitance to electric
circuit 406 via a connection 405 due to fluid covering the three
plate pairs. Electric circuit 406 may convert the reported
capacitance into a voltage response sufficient to indicate to
instrument host 102 to operate peristaltic pump 205 via con-
nection 407 to pump fluid from reservoir 404 to collector 206.
[0077] As instrument host 102 runs pump 205, the amount
of fluid decreases as indicated by arrow 425. As the fluid
decreases and plate pair 308 is exposed to air in air space 211,
the capacitance reported to instrument host 102 decreases. As
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the fluid level drains below plate pair 307, the reported
capacitance further decreases. When air-fluid boundary 215
is reduced below plate pair 306, the reported capacitance may
fall below a certain threshold indicating reservoir 404 is
drained and the instrument host may stop pump 205. Operat-
ing pump 205 may move fluid from reservoir 404 to collector
206 along the path indicated by arrows 4104, b, and c. General
fluid flow to other parts of the design is shown as arrow B 402.
[0078] The second mode is illustrated in FIG. 4B where
capacitive fluid sensing system 400 with surgical cassette 250
may configure peristaltic pump 205 for pumping or moving of
fluid from collector 206 and/or fluid pathways between col-
lector 206 and reservoir 404, to reservoir 404 due to a low
level of fluid in reservoir 404. In this arrangement, plate pairs
306, 307, and 308 all may report a low capacitance to electric
circuit 406 via a connection 405 when air-fluid boundary 215
is below plate pair 306. Electric circuit 406 may convert the
reported capacitance into a voltage response sufficient to
indicate to instrument host 102 to operate peristaltic pump
205 via connection 407 in a counter clock-wise direction
4205 to pump fluid from collector 206 and/or fluid pathways
between collector 206 and reservoir 404, to reservoir 404.
[0079] As instrument host 102 runs pump 205, the amount
of fluid increases as indicated by arrow 426. As the fluid level
increases and rises above plate pair 306, the reported capaci-
tance increases. As the fluid level rises above plate pair 307,
the reported capacitance further increases. When air-fluid
boundary 215 rises above plate pair 308, the reported capaci-
tance may rise above a certain threshold indicating reservoir
404 is full. Operating pump 205 may move fluid from collec-
tor 206 to reservoir 404 along the path indicated by arrows
420aq, b, and c as illustrated in FIG. 4B. Again, general fluid
flow to other parts of the design is shown as arrow B 402.
[0080] Insum, the present design of a capacitive fluid level
sensing system provides for automatic draining or filling of
fluid within a reservoir during an ocular procedure by oper-
ating a pump, for example a vacuum, venturi, or peristaltic
pump, using capacitive sensing. The present design does not
require a fluid float mechanism and thus is free of incorrect
measurements due to a stuck or “sunk” float condition. Fur-
ther, the presence of BSS beads and condensation on the sides
of'the reservoir tank that make optical level detection difficult
generally do not sufficiently alter the measured capacitance
because the fluid volume between the plates is not signifi-
cantly changed.

[0081] In general, automatic or semi-automatic operation
entails sensing a change in capacitance and either drains fluid
from the reservoir or pumps fluid into the reservoir. In any
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circumstance, the surgeon or other personnel are provided
with the ability to run the pumps in any available direction,
such as for cleaning purposes.

[0082] Other pumping states may be provided as discussed
herein and may be employed based on the desires of person-
nel performing the surgical procedure. Other configurations
may be provided, including limiting the voltage response of
the capacitive sensing device to be within a desired range, and
so forth.

[0083] The design presented herein and the specific aspects
illustrated are meant not to be limiting, but may include
alternate components while still incorporating the teachings
and benefits of the invention. While the invention has thus
been described in connection with specific embodiments
thereof, it will be understood that the invention is capable of
further modifications. This application is intended to cover
any variations, uses or adaptations of the invention following,
in general, the principles of the invention, and including such
departures from the present disclosure as come within known
and customary practice within the art to which the invention
pertains.

[0084] The foregoing description of specific embodiments
reveals the general nature of the disclosure sufficiently that
others can, by applying current knowledge, readily modify
and/or adapt the system and method for various applications
without departing from the general concept. Therefore, such
adaptations and modifications are within the meaning and
range of equivalents of the disclosed embodiments. The
phraseology or terminology employed herein is for the pur-
pose of description and not of limitation.

1-32. (canceled)

33. A method for performing a surgical procedure, com-
prising:
capacitively sensing fluid level within a medical device
configured to be employed to perform the surgical pro-
cedure; and
depending on fluid level sensed by said capacitively sens-
ing, selectively altering fluid amount within the medical
device by selectively evacuating fluid and selectively
adding fluid based on the capacitively sensing.
34. The method of claim 33, wherein the medical device is
an ophthalmic surgical device.
35. The method of claim 34, wherein the ophthalmic sur-
gical device is a phacoemulsification system.
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