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FEEDBACK CONTROL OF ON/OFF PNEUMATIC ACTUATORS

BACKGROUND OF THE INVENTION

The present invention pertains to pneumatic actuators. More particularly, but

not by way of limitation, the present invention pertains to feedback control of on/off

pneumatic actuators usable with a vitrectomy probe.

Microsurgical procedures frequently require precision cutting and/or removing

various body tissues. For example, certain ophthalmic surgical procedures require

cutting and removing portions of the vitreous humor, a transparent jelly-like material

that fills the posterior segment of the eye. The vitreous humor, or vitreous, is

composed of numerous microscopic fibrils that are often attached to the retina.

Therefore, cutting and removing the vitreous must be done with great care to avoid

traction on the retina, the separation of the retina from the choroid, a retinal tear, or, in

the worst case, cutting and removal of the retina itself. In particular, delicate

operations such as mobile tissue management (e.g. cutting and removal of vitreous

near a detached portion of the retina or a retinal tear), vitreous base dissection, and

cutting and removal of membranes are particularly difficult.

The use of microsurgical cutting probes in posterior segment ophthalmic
surgery is well known. These cutting probes typically include a hollow outer cutting

member, a hollow inner cutting member arranged coaxially with and movably

disposed within the hollow outer cutting member, and a port extending radially

through the outer cutting member near the distal end thereof. Vitreous humor and/or

membranes are aspirated into the open port, and the inner member is actuated, closing

the port. Upon the closing of the port, cutting surfaces on both the inner and outer

cutting members cooperate to cut the vitreous and/or membranes, and the cut tissue is

then aspirated away through the inner cutting member.

During surgical procedures, cutting rates and duty cycle are frequently

controlled to regulate the amount of tissue that can be cut in a given time period. For

example, when cutting in less sensitive areas, such as areas spaced from the retina, the

cutting may be done in a manner that lends to efficiency. When cutting in more

sensitive areas, such as those nearer to the retina, the cutting may be done in a careful

manner, where the amount of tissue cut per cutting cycle is decreased. This is

accomplished by controlling the duty cycle, or the percentage of time in a cutting
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cycle that a port is open. This is determined by dividing the amount of time the port

is open by the total amount of time of a single cutting cycle. Larger duty cycles

provide for efficient cutting while smaller duty cycles provide for slow and careful

cutting.

Variations in characteristics of cutter components, including those from initial

critical component tolerances, can introduce inconsistencies in duty cycles across

cutters. To address this, current systems are calibrated at the time of manufacturing.

This factory calibration can be a time consuming and costly activity. Further, it is

done with the assumption that changes over time of these same critical components

will not significantly affect performance. This assumption however, may not be valid

in many cases. As components become worn over time, the precision and accuracy of

controlled parameters may become adversely affected. These variations can

potentially degrade the performance of the system or even prevent the system from

reaching its desired operating targets, potentially resulting in a cutter that does not

fully open or close. These performance degradations and failures become more

pronounced and more frequent through continued use.

Despite the above described advances, a need still exists for improved

vitrectomy probes. In particular, vitrectomy probes that compensate for discrepancies

arising from initial tolerances or degradations of components over time.

The present disclosure is directed to addressing one or more of the deficiencies
in the prior art.

SUMMARY OF THE INVENTION

In one exemplary aspect consistent with the principles herein, the present

disclosure is directed to a surgical system having feedback control for pneumatic

actuators. The system includes a pneumatic pressure source and a vitrectomy cutter

having a cutting mechanism, a first pneumatic input port, and a second pneumatic

input port. A pneumatic actuator is configured to direct pneumatic pressure to one of

the first and second pneumatic input ports. A first pressure transducer is located and

configured to detect actual pressure at the first pneumatic input port, and a second

pressure transducer is located and configured to detect actual pressure at the second

pneumatic input port. A controller communicates with the first and second pressure

transducers and the pneumatic actuator, It is configured to change the pneumatic



actuator actuation timing based on the data communicated from the first and second

pressure transducers.

In another exemplary aspect, the present disclosure is directed to a method of
controlling a surgical system using feedback control for pneumatic actuators. The

method includes steps of selectively directing pneumatic pressure to one of first and

second pneumatic input ports on a vitrectomy cutter, detecting actual pressure at the

first pneumatic input port with a first pressure transducer, and detecting actual

pressure at the second pneumatic input port with a second pressure transducer. The

method also includes modifying actuation timing of the pneumatic actuator based on

the actual pressures detected by the first and second pressure transducers.

In another exemplary aspect, the present disclosure is directed to a surgical

system having feedback control for pneumatic actuators. It includes a pneumatic

pressure source and a vitrectomy cutter having a cutting mechanism, a first pneumatic

input port, and a second pneumatic input port. A pneumatic actuator directs

pneumatic pressure to one of the first and second pneumatic input ports. A first

pressure transducer is placed and configured to detect pressure at the first pneumatic

input port, and a second pressure transducer placed and configured to detect pressure

at the second pneumatic input port. A controller communicates with the first and

second pressure transducers and the pneumatic actuator. The controller is configured

to compare the parameter data based on actual measured data to stored desired data

and calculate a margin based on the parameter data and the stored data. It also is

configured to modify a stored operating parameter for a particular duty cycle and

generate control signals based on the modified operating parameter for

communication to the pneumatic actuator. In one exemplary aspect, the pneumatic

actuator is a first pneumatic actuator and a second pneumatic actuator, the first

pneumatic actuator being configured to direct pneumatic pressure to the first second

pneumatic port and the second pneumatic actuator being configured to direct

pneumatic pressure to the second pneumatic port.

It is to be understood that both the foregoing general description and the

following detailed description are exemplary and explanatory only and are intended to

provide further explanation of the invention as claimed. The following description, as

well as the practice of the invention, sets forth and suggests additional advantages and

purposes of the invention.



BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in and constitute a part

of this specification, illustrate several embodiments of the invention and together with

the description, serve to explain the principles of the invention.

Fig. 1 is an illustration of an exemplary surgical machine according to one

aspect of the present invention implementing the principles and methods described

herein.

Fig. 2 is an diagram of an exemplary system on the surgical machine with

feedback control according to one aspect of the invention.

Fig. 3 is an illustration of an exemplary vitrectomy cutter in cross-section

operable in accordance with the principles and methods described herein.

Fig. 4 is an illustration of an exemplary pressure wave form identifying a

measured pressure characteristic and including thresholds and peaks in accordance

with one aspect of the present invention.

Fig. 5 is an illustration of an exemplary model showing feedback control steps

in accordance with one aspect of the present invention.

Fig. 6 is an illustration of a flow chart showing exemplary steps for

determining adjustments to stored operating parameters in accordance with one aspect

of the present invention.

Fig. 7 is an illustration of an exemplary model showing the feedback control

steps in accordance with another aspect of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Reference is now made in detail to exemplary embodiments of the invention,

examples of which are illustrated in the accompanying drawings. Wherever possible,

the same reference numbers are used throughout the drawings to refer to the same or

like parts.



The present disclosure is directed to a surgical system including a vitrectomy

cutter for performing ophthalmic surgeries. The surgical system is arranged and

configured to use feedback control to detect and to compensate for deviations in

operation due to inconsistencies arising from individual component tolerances or

degradation. Particularly, the feedback control can reduce the overall sensitivity of

the system to individual component tolerances, variations, and overall deviations from

desired characteristics. This approach can potentially accommodate a wider range of

critical component tolerances, and can compensate for changes or variations resulting

from component ageing or adverse environmental effects, such as temperature. Using

the feedback control, the system is arranged and configured to identify when

operating parameters are outside of acceptable ranges and to use control laws to

modify the operating parameters to place them back within acceptable ranges. This

results in more consistent cutter operation and consequently more predictable

surgeries, while potentially extending the life of particular components, resulting in

lower expenses to the patient.

Fig. 1 illustrates a vitrectomy surgical machine, generally designated 100,

according to an exemplary embodiment. The machine 100 includes a base housing

102 and an associated display screen 104 showing data relating to system operation

and performance during a vitrectomy surgical procedure. The machine includes a

vitrectomy cutter system 110 that includes a vitrectomy cutter 112 and is configured

to provide feedback control to compensate for variations in operation due to

mechanical inconsistencies created by tolerances, component wear, or other factors.

Fig. 2 is a schematic of the vitrectomy cutter system 110 that provides

feedback according to one exemplary embodiment. In Fig. 2, the cutter system 110

includes the vitrectomy cutter 12, a pneumatic pressure source 202, an adjustable

directional on-off pneumatic actuator 204, pressure transducers 206, 208, a muffler

210, and a controller 216. As can be seen, the various components are in fluid

communication with each other along lines representing flow paths or flow lines.

The vitrectomy cutter 112 is a pneumatically driven cutter having, as shown in

Fig. 2, a first port 212 and a second port 214. It operates by receiving pneumatic

pressure alternating through the first and second ports 212, 214. Fig. 3 shows a cross-

sectional illustration of an exemplary vitrectomy cutter, referenced by the numeral

12. The cutter 112 includes as its basic components an outer cutting tube 300, an

inner cutting tube 302, and a reciprocating air driven piston 304, all partially encased

by a housing 306. The housing 306 includes an end piece 308 at the cutter proximal



end with the first and second air supply ports 212, 214 (also in Fig. 2) and one suction

port 310.

The exemplary cutter 112 operates by moving the inner cutting tube 302 past a
tissue-receiving suction port (not shown) in the outer cutting tube 300. The inner

cutting tube 302 and the outer cutting tube 300 cut tissue using a shearing action,

similar to that of a scissors, as the inner tube reciprocates to open and close the tissue
receiving port. A close fit between the tubes prevents vitreous material from being

pulled into the space between the inner and outer cutting tubes when the inner cutting

tube 302 opens the tissue-receiving suction port.

In one example of operation, if air pressure is increased at the first port 2,

the piston 304 will move down, displacing the inner cutting tube 302 relative to the

outer cutting tube 300, thereby closing the tissue-receiving suction port of the outer

cutting tube 300. This cuts any vitreous material which may have been aspirated into

the tissue-receiving suction port. Venting the pressure at the first port 212 and

increasing the pressure at the second port 214 will move the piston up, opening the

tissue-receiving suction port so that it can draw in new vitreous material to be cut.

The operation of one exemplary cutter is described in greater detail in U.S. Patent No.

5,176,628, incorporated herein by reference. Other exemplary cutters include flexible

diaphragms in place of the piston for opening and closing the tissue-receiving port.

However, any cutter having reciprocating action driven by alternating pneumatic

pressure may be suitable for use with the system disclosed herein. In some examples,

the vitrectomy cutter 112 is designed to provide about 5,000 cuts per minute, although

both higher and lower cut rates are contemplated.

Returning to Fig. 2, in the example shown, the vitrectomy cutter system's on-

off pneumatic actuator 204 is a standard four-way on-off valve. As is commonly

known, the pneumatic actuator has a solenoid that operates to move the actuator to

one of the two on-off positions depicted in the example of Fig. 2 . Here, the

pneumatic actuator 204 is in a position to provide pneumatic pressure to the first port

212, and to vent pneumatic pressure from the second port 214. In this position,

pneumatic pressure can pass from the pressure source 202, through the on-off

pneumatic actuator 204, and to the first port 212 where the pneumatic pressure

provides pneumatic power to the vitrectomy cutter. At the same time, pneumatic

pressure at the second port 214 can pass through the on-off pneumatic actuator 204 to

the muffler 2 0 where it is exhausted to the atmosphere. In the other position, the on-

off pneumatic actuator 204 allows pneumatic pressure to pass from the pressure



source 202 to the second port 214 where the pneumatic pressure provides pneumatic
power to the vitrectomy cutter 1 . At the same time, pneumatic pressure at the first

port 212 can vent through the on-off pneumatic actuator 204 to the muffler 210 where

it is exhausted to the atmosphere. The on-off pneumatic actuator is configured to

receive operating signals from the controller 216 as further described below.

In operation, pneumatic pressure is directed alternately from the source 202 to

the first and second ports 212, 214 to operate the vitrectomy cutter 112. The on-off

pneumatic actuator 204 alternates between its two positions very rapidly to

alternatingly provide pneumatic pressure to the first and second ports 212, 214.

Although shown with a single pneumatic actuator 204, other embodiments

include two pneumatic actuators, one associated with each of the two ports 212, 214.

These embodiments operate similar to the manner described, with the actuators being

are configured to independently receive operating signals from the controller 216.

The pressure transducers 206, 208 operate to detect pneumatic pressure levels

at the respective first and second ports 212, 214. These pressure transducers 206, 208

may be standard pressure transducers capable of detecting compressed pneumatic

pressure levels and communicating data representing the detected pressure levels to

the controller 216.

In different embodiments, the controller 216 is, for example, a PID controller,

an integrated circuit configured to perform logic functions, or a microprocessor that

performs logic functions. It may include a memory and a processor that may execute

programs stored in the memory. In some embodiments, the memory stores minimum

threshold pressures, particular desired time lengths, and desired peak pressures,

among other parameters, for particular duty cycles or cut rates of the vitrectomy cutter

112.

In some embodiments, the controller 216 is configured to provide a timing

function that tracks the amount of time that measured pressures are above stored

threshold pressures. The controller 216 is in communication with the on-off

pneumatic actuator 204 and the pressure transducers 206, 208. As described below,
the controller 216 is configured to control operation of the pneumatic actuator 204

based on feedback received from the pressure transducers 206, 208.



Fig. 4 is an exemplary wave form 400 representing a pressure wave at a

particular duty cycle. The pressure above the median represents pressure detected by

the first pressure transducer 206 at the first port 212 and the pressure below the

median represents the pressure detected by the second pressure transducer 208 at the

second port 214.

The wave form 400 includes minimum pressure thresholds (P0, PI) that are

input and stored in the controller 216. These minimum pressure thresholds (P0, PI)

are threshold pressure values that must be met or exceeded in order to operate the

vitrectomy cutter to fully open or close the tissue receiving port. For a vitrectomy

cutter to operate at a desired cut rate or duty cycle, the actual pressures (pO, pi) at the

pneumatic ports must 212, 214 exceed the minimum pressure thresholds (P0, PI) for a

desired length of time (TO, Tl) corresponding to the desired cut rate or duty cycle.

This is described below with reference to the exemplary vitrectomy cutter 1 2 in Fig.

3.

In operation, the pressure transducer 206 measures the actual pressure (pi) at

the first port 212. To actuate the pneumatic piston 314 in Fig. 3 in one direction to

close the tissue-receiving port, the actual pressure (pi) must meet or exceed the

minimum threshold pressure (PI) shown in Fig. 4. If the minimum threshold pressure

(PI) is not met or exceeded, the pneumatic piston 304 may not displace far enough to

fully close the tissue receiving port in the outer cutting tube 300 in the cutter in Fig. 3 .

In addition, by controlling the length of time that the actual pressure (pi) is at or

exceeding the minimum threshold pressure (PI), the system controls the duty cycle.

As the time at or exceeding the threshold pressure (PI) changes, so does the cut rate

or duty cycle.

Similarly, the pressure transducer 208 measures the actual pressure (pO) at the

second port 214. To actuate the pneumatic piston 304 in Fig. 3 in the opposite

direction to open the tissue-receiving port, the actual pressure (pO) must meet or

exceed the minimum threshold pressure (P0). Consequently, failure to meet the

minimum threshold pressure (P0) may result in only a partially open tissue receiving

port in the cutter in Fig. 3. Further, as above, the actual pressure (pO) should meet or

exceed the minimum threshold pressure (P0) for a desired length of time (TO)

corresponding to the desired cut rate or duty cycle.

In conventional systems, variations in actuator characteristics due to initial

tolerances or degradation and wear over time could potentially degrade the



performance of the actuator or even prevent the actuator from fully opening or fully

closing.

However, in the present system, the controller 216 is configured to

compensate for component tolerances and variations by measuring and tracking the

actual time (tO, tl) that the measured actual pressures (pO, pi) are above the respective

minimum pressure thresholds (PO, Pi). By comparing the actual time (tO, tl) to the

desired time (TO, Tl), the controller 216 may calculate a difference or margin usable

to modify the control signals sent to the on-off pneumatic actuator 204 to adjust the

cutter's duty cycle. In can do this based on control laws that determine whether

adjustments should be made to signals being sent to the on-off pneumatic actuator

204. This becomes more clear with reference to an exemplary method below of

generating and using feedback control for the pneumatic on-off pneumatic actuator

204.

Fig. 5 shows an exemplary control loop 500 for generating and using feedback

control to reduce errors due to component variation, such as may occur with, for

example, tolerance build up or wear. An exemplary method of feedback control will

be described with reference to the control loop 500.

In use, the system 10 receives an input from a health care provider setting a

particular cut rate and/or duty cycle. This may be done using an input device on the

machine 100, may be input by controlling an input on the vitrectomy cutter 12.

Input examples may include squeezing the cutter handle to adjust the duty cycle,

inputting via selection on a screen using a keyboard, mouse, knobs, or other known

input device. In some examples, the setting is prestored in the system using default or

pre-programmed values. The system then initializes and operates at that particular

setting and controls the on-off pneumatic actuator 204 to pneumatically actuate the

cutter 12. Based on the inputs or pre-stored data, the controller 216 stores data

representing minimum pressure thresholds (P0, PI) that must be met or exceeded at

each port to fully open and close the tissue receiving port on the vitrectomy cutter.

The feedback control begins at the differential pressure sensor 502. With

reference to the example described above, the differential pressure sensor 502

represents the first and second pressure transducers 206, 208. However, in other

embodiments, other pressure sensor arrangements are used, including in some

embodiments, only a single pressure sensor. Returning to the example disclosed

herein, the feedback control begins when the differential pressure sensor 502 detects



the actual pneumatic pressures (pO, pi) at the first and second ports 212, 214. The

differential pressure sensor 502 may be physically associated with pneumatic flow

lines on the machine 100, may be on the cutter 112 itself, or elsewhere located, so

long as it is able to detect the pressure representative of or indicative of pressure at the

first and second ports 212, 214.

The differential pressure sensor 502 outputs data indicative of the actual

pressures (pO, pi) in the first and second ports 212, 214 as an analog signal. In this

example, an analog to digital converter (ADC) 504 converts the analog signal to

digital form. Although shown as a separate element in Fig. 5, the ADC 504 may be

physically associated with the differential pressure sensor 502, may be a part of the

controller 216, or may be disposed in between.

In some embodiments, the ADC 504 is also configured in a manner that tracks

the actual length of time (tO, tl) that the measured pressures (pO, pi) meet or exceed

pre-stored minimum pressure thresholds (P0, PI). These minimum pressure

thresholds (P0, PI) represent pressures required to fully open or fully close the tissue-

receiving port on the cutter. Therefore, the actual length of time (tO, tl) is indicative

of the actual length of time that the tissue receiving port is fully open or fully closed.

The actual length of time (tO, tl) may be for a single cutting cycle, or may be

averaged over a plurality of cutting cycles. The ADC 504 then outputs the actual

length of time (tO, tl). In some embodiments, the controller 216 tracks the time

instead of the ADC 504.

In Fig. 5, the digital signal is then filtered by a digital filter 506 in a manner

known in the art to provide meaningful data for treatment by a summing module 508

executable in the controller 216. The summing module 508 is configured to detect an

error or margin (eO, el) in lengths of time for both the time the tissue-receiving port is

fully open and the time the tissue-receiving port is fully closed. This is based on the

actual length of time (tO, tl) compared to the desired length of time (TO, Tl) for the

selected cutting rate and/or duty cycle. These may be averaged over a number of

cycles. One exemplary process for determining the margins (eO, el) is set forth

below.

In one example, the summing module determines the margins (eO, el) using

simple summing calculations. An example of these is provided below:

e O = t O - T O = (actual time) - (desired time); and



e l = t l - T l = (actual time) - (desired time).

The margin e O represents the margin in one actuator position. For example,

the actuator position may be a position that provides pneumatic pressure to open the

tissue-receiving port on the vitrectomy cutter 112. The margin el represents the

margin in the opposing actuator position. For example, the opposing actuator position

may be a position that provides pneumatic pressure to close the tissue-receiving port

on the vitrectomy cutter 12. In some embodiments, the margins are based on

averages taken over a plurality of cycles.

In some embodiments, the summing module 508 calculates E, representing the

asymmetry between the two margins at the two positions. The may be done using the

below equation.

E = e l - eO.

Based upon the calculated margins (eO, el), the controller 216 uses control

laws 510 to determine whether changes should be made to the duty cycle data used to

control the pneumatic actuator 204. One exemplary control law, referenced herein by

the numeral 600, is explained with reference to Fig. 6. The control law 600 in Fig. 6

starts at a step 602.

At step 604, the control law queries whether the margin e O and the margin el

are both equal to or greater than zero. If yes, then the system is operating correctly

because the actual length of time (tO, tl) that the actual pressure (pO, pi) is at or above

the minimum pressure threshold (P0, P ) is equal to or greater than the desired length

of time (TO, Tl). Accordingly, the duty cycle and cut rate need not change and the

query ends at step 606. Alternatively, in some embodiments, if necessary, the system

may still use the asymmetry E as the loop error to increase or decrease the duty cycle

using the controller 2 6 to provide more exact operation.

If the answer is no at step 604, the control law queries whether e O is greater

than or equal to zero and el is less than zero at step 608. If yes, then the system

corrects the duty cycle at step 610 using E as the loop error to increase the amount of

time that pneumatic pressure is directed to port 214 by controlling the pneumatic

actuator 204. Correcting the duty cycle may include adjusting or updating stored

operating data used to generate timing signals for a particular duty cycle. The control

law then ends at step 606.



If the answer is no at step 608, then the system queries whether e O is less than

zero and e l is equal to or greater than zero at a step 612. If yes, then the system

corrects the duty cycle at step 6 4 using E as the loop error to increase the amount of

time that pneumatic pressure is directed to port 212 by controlling the pneumatic

actuator 204. The control law then ends at step 606.

Steps 608 and 610 determine whether the amount of time the actuator is

opened should be increased or should be decreased. In some embodiments, the

asymmetry E represents the amount of the increase or decrease. In other

embodiments, the calculated margins (eO, el) represent the amount of the increase or

decrease.

If the answer is no at step 612, then both e O and el are less than zero, as

indicated at step 616. Therefore, the system enters a fault condition because a duty

cycle correction is insufficient to correct the condition. A potential cause of such a

condition at step 616 is a low source pressure, resulting in an amplitude insufficient to

meet the minimum threshold pressures to fully open or to fully close the tissue

receiving port in the cutter 112. Another potential cause of such a condition is that

the cut rate is higher than can be sustained by the system at the current operating

parameters.

When a fault condition is entered, the system may notify the health care

provider with an audible, visual, or tactile signal that the system is not in operating

condition. In one exemplary embodiment, prior to initiating the fault condition, the

system 110 may make efforts to control the pneumatic pressure source 202 to increase

the source pressure. In this embodiment, if the source pressure is increased

sufficiently, then the system may return to the start of the control law. If increasing

the source pressure is not possible, then the fault condition may be triggered.

In another exemplary embodiment, if the pressure is unable to be sufficiently

increased, the system may prompt the user with an indication that the cut rate may

need to be decreased to achieve the desired duty cycle. Any change to cut rate may be

done either manually at the user's instruction or automatically. The control law ends

at step 606.

Returning to Fig. 5, after using the control law 510 to determine whether the

duty cycle needs correction, if necessary, the system outputs the correction as (uO,



ul). This correction (uO, ul) is then used to update the stored duty cycle control data

512 to more closely align the desired time (TO, Tl) with the actual time (tO, tl) that

the actual pressure (p0, pi) is above the minimum threshold pressure (P0, PI). In

some examples, this is done by updating a table stored in the controller memory that

tracks and associates the desired times with the desired cutting rates or duty cycles.

Using the updated duty cycle data, the system generates a control signal for

controlling the pneumatic actuator 204. Here, since the pneumatic actuator may vary

by type and number used, the pneumatic actuator is represented by the pneumatics

manifold 516. The method may then repeat to continuously detect and correct

deviations from desired values that may occur.

In another embodiment, the system 110 provides feedback based only upon

detected pressure without monitoring the actual time spent above the minimum

pressure thresholds. Fig. 7 shows an example of operation of this alternative control

loop. In many respects, the alternative embodiment in Fig. 7 is similar to that

described above in Fig. 5. Only differences are described in detail.

The control loop 700 operates in manner similar to that described above,

where the system receives an input from a health care provider setting a particular cut

rate and/or duty cycle. Based on the inputs or on pre-stored data, the controller 216

stores data representing peak pressures (PKO, PKl) that must be met at each port to

fully open and close the tissue receiving port on the vitrectomy cutter for the length of

time corresponding to the desired duty cycle or cut rate. The peak pressures represent

the maximum pressures shown at the tips of the wave forms.

Here, the feedback control begins at the differential pressure sensor 702. The

differential pressure sensor 702 outputs data indicative of the actual pressures (pkO,

pkl) in the first and second ports 212, 214 as an analog signal. An ADC 704 converts

the analog signal to digital form. In this embodiment, the ADC identifies the actual

detected pealc pressures (pkO, pkl). These are the maximum pressures identified by

the pressure transducers 206, 208 for their respective port 212, 214.

The digital signal is then filtered by a digital filter 706 in a manner known in

the art to provide meaningful data for treatment by a summing module 708 executable

in the controller 216. The summing module 708 is configured to detect an error or

margin (eO, el) between desired peak pressures (PKO, PKl) and actual peak pressures



(pkO, pkl). In this example, the summing module determines the margins (eO, el)

using simple summing calculations. These are provided below:

e O = pkO - PKO = (actual peak pressure) (desired peak pressure); and

e l = pkl - PK1 = (actual peak pressure) - (desired peak pressure).

Again, the margins eO, e l each represent the margin in different actuator

positions. These actuator positions may be those that provide pneumatic pressure to

fully open or fully close the tissue-receiving port on the vitrectomy cutter 112. The

summing module 708 the calculates E, the asymmetry between the two margins at the

two positions using the same equation described above.

E = e l - eO.

Based upon the calculated margins (eO, el), the controller 216 uses control

laws 710 to determine whether changes should be made to the duty cycle data used to

control the pneumatic actuator 204. In this embodiment, the control law is the same

as the control law described with reference to Fig. 6 .

After using the control law 710 to determine whether the duty cycle needs

correction, if necessary, the system outputs the correction as (uO, ul). This correction

(uO, ul) is then used to update the duty cycle 712 to more closely align the desired

peak pressure (PKO, PK1) with the actual pressure (pkO, pkl).

Using the updated duty cycle data, the system generates a control signal for

controlling the pneumatics manifold 716 with the on-off pneumatic actuator 204. The

method may then repeat to continuously detect and correct deviations from desired

values that may occur.

This feedback control can be used to reduce the overall sensitivity of the

system to individual component tolerances, variations, and overall deviations from

desired characteristics. This approach does not require factory calibration, can

accommodate a wider range of critical component tolerances, and continues to

compensate for changes as a result of component aging, or adverse environmental

effects, such as temperature.

Other embodiments of the invention will be apparent to those skilled in the art

from consideration of the specification and practice of the invention disclosed herein.



It is intended that the specification and examples be considered as exemplary only,

with a true scope and spirit of the invention being indicated by the following claims.



I claim:

1. A surgical system having feedback control for pneumatic actuators,

comprising:

a pneumatic pressure source;

a vitrectomy cutter having a cutting mechanism, a first pneumatic input port,

and a second pneumatic input port;

a pneumatic actuator configured to direct pneumatic pressure to one of the first

and second pneumatic input ports;

a first pressure transducer placed and configured to detect actual pressure at

the first pneumatic input port;

a second pressure transducer placed and configured to detect actual pressure at

the second pneumatic input port;

a controller in communication with the first and second pressure transducers

and the pneumatic actuator, the controller being configured to change the pneumatic

actuator actuation timing based on the data communicated from the first and second

pressure transducers.

2. The surgical system of claim 1, wherein the controller is configured to

track the amount of time that the pressure at the first and second ports is above a

pressure threshold.

3. The surgical system of claim 2, wherein the pressure threshold

corresponds to a pressure required to actuate a cutting mechanism on the vitrectomy
cutter.

4 . The surgical system of claim 2, wherein the controller is configured to

compare the tracked amount of time to a desired length of time corresponding to a

desired duty cycle.

5. The surgical system of claim 4, wherein the controller is configured to

increase the amount of time the pneumatic actuator directs pneumatic pressure to the

first input port when the time is shorter than the threshold length of time.

6 . The surgical system of claim 4, wherein the controller is configured to

decrease the amount of time the pneumatic actuator directs pneumatic pressure to the

first input port when the time is longer than the threshold length of time.



7. The surgical system of claim 1, wherein the controller is configured to

determine the amount of time that the pressure at the first and second ports is above a

pressure threshold by averaging the measured time over a plurality of cycles.

8 . The surgical system of claim 1, wherein the controller is configured to

modify the actuation timing by adjusting settings for the actuator stored in a memory.

9 . The surgical system of claim 1, wherein the controller is configured to

activate a fault condition when the actual pressures at the first and second pneumatic

input ports are below thresholds pressure levels.

10. A method of controlling a surgical system using feedback control for

pneumatic actuators, comprising:
selectively directing pneumatic pressure to one of first and second pneumatic

input ports on a vitrectomy cutter;
detecting actual pressure at the first pneumatic input port with a first pressure

transducer;
detecting actual pressure at the second pneumatic input port with a second

pressure transducer; and

modifying actuation timing of the pneumatic actuator based on the actual

pressures detected by the first and second pressure transducers.

1. The method of claim 10, comprising:

accessing a prestored pressure threshold corresponding to a pressure required

to actuate a cutting mechanism on the vitrectomy cutter; and
tracking the length of actual time that the actual pressure at the first pneumatic

port is at or exceeds the pressure threshold.

12. The method of claim , comprising comparing the tracked length of

time to a desired length of time corresponding to a desired cut rate or duty cycle to

determine a margin.

13. The method of claim 1 , comprising:

evaluating the margin using a control law; and

updating a duty cycle table to improve operational accuracy based on the

determined margin.



14. The method of claim 10, wherein the steps of detecting pneumatic

pressure and modifying actuation timing occur during a surgical procedure.

15. The method of claim 10, further comprising:

storing a desired peak pressure; and

comparing the detected actual pressure to the desired peak pressure to

determine an error or margin.

16. The method of claim 11, wherein modifying actuation timing of the

pneumatic actuator comprises:

increasing the amount of time the pneumatic actuator directs pneumatic

pressure to the first input port when the time is shorter than a desired length of time;

and

decreasing the amount of time the pneumatic actuator directs pneumatic

pressure to the first input port when the time is longer than the desired length of time.

17. The method of claim 11, further comprising determining the amount of

time that the pressure at the first and second ports is above a pressure threshold by

averaging the measured time over a plurality of cycles.

18. A surgical system having feedback control for pneumatic actuators,

comprising:

a pneumatic pressure source;

a vitrectomy cutter having a cutting mechanism, a first pneumatic input port,

and a second pneumatic input port;

a pneumatic actuator configured to direct pneumatic pressure to one of the first

and second pneumatic input ports;

a first pressure transducer placed and configured to detect pressure at the first

pneumatic input port;

a second pressure transducer placed and configured to detect pressure at the

second pneumatic input port;

a controller in communication with the first and second pressure transducers

and the pneumatic actuator, the controller being configured to compare the parameter

data based on actual measured data to stored desired data and calculate a margin
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based on the parameter data and the stored data, the controller being

configured to modify a stored operating parameter for a particular duty cycle and

generate control signals based on the modified operating parameter for

communication to the pneumatic actuator.

19. The surgical system of claim 18, wherein the pneumatic actuator is a first

pneumatic actuator and a second pneumatic actuator, the first pneumatic actuator

being configured to direct pneumatic pressure to the first second pneumatic port and

the second pneumatic actuator being configured to direct pneumatic pressure to the

second pneumatic port.
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