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PHACOEMULSIFICATION MACHINE WITH 
POST-OCCLUSION SURGE CONTROL SYSTEM 

AND RELATED METHOD 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to pha 
coemulsi?cation machines Which are used in cataract eye 
surgery to remove cataract-affected eye lenses and, in par 
ticular, to phacoemulsi?cation machines Which are adapted 
to control post-occlusion surges Which sometimes occur 
during cataract eye surgery When such machines are used. 

[0002] Although the invention Will be described With 
reference to a particular type of phacoemulsi?cation 
machine, it Will be appreciated that this is by Way of example 
only and that the invention may be used in connection With 
other types of phacoemulsi?cation machines. 

BRIEF DISCUSSION OF THE PRIOR ART 

[0003] Phacoemulsi?cation or phaco-machines are used in 
cataract eye surgery to remove cataract-affected eye lenses. 
FIG. 1 depicts a typical prior art peristaltic pump-based 
phaco-machine 30 Which includes a hand-held probe 31 
comprising a holloW infusion sleeve 32 surrounding a hol 
loW phacoemulsi?cation needle 33. Needle 33 projects from 
an end of the infusion sleeve 32 and is vibrated at ultrasonic 
frequencies by ultrasonic crystals 34 Which reside inside the 
probe 31 and Which are connected to a controller 35 Which 
is operable to cause the ultrasonic crystals 34 to vibrate. The 
sleeve 32 of probe 31 is connected to an elevated and 
inverted bottle 36 Which contains an infusion ?uid 37 by a 
compliant infusion tube 38. The needle 33 is connected to an 
input port 39 of a peristaltic pump 40 by a length of 
aspiration tube 41. 

[0004] The peristaltic pump 40 includes a rotatable rotor 
42 Which has a plurality of circumferentially-spaced rollers 
43 secured thereto and is driven by a motor. A compliant 
pump tube 44 Which is connected to the aspiration tube 41 
extends around the circumference of the rotor 42 and is 
located betWeen the rotor 42 and an arcuate Wall 45 of the 
pump 40 such that the rollers 43 Which are in contact With 
the tube 44 pinch the tube 44 betWeen themselves and the 
Wall 45. As the rotor 42 rotates about its axis, each of the 
rollers 43 progresses along the Wall 45 so that the pinches in 
the tube 44 also progress along the Wall 45. The rotor 42 
rotates in a clockWise direction so that ?uid is draWn through 
the tube 44 from the input port 39 of the pump 40 and is 
output from an output port 46 of the pump 40 into a 
collection bag 47. 

[0005] The machine 30 also has a vacuum sensor 48 for 
sensing the vacuum Which is produced inside the aspiration 
and pump tubes 41, 44 by the peristaltic pump 40. Vacuum 
sensor 48 is connected to the controller 35. 

[0006] A compliant venting tube 49 interconnects the 
input and output ports 39, 46 of the pump 40, and a vent 
pinch valve 50 is operable by the controller 35 to selectively 
pinch the venting tube 49. When the venting tube 49 is 
released by the valve 50, the lumen of the aspiration and 
pump tubes 41, 44 are connected to atmospheric pressure by 
the venting tube 49. 

[0007] Although the phaco-machine 30 vents to the output 
46 of the pump 40, other phaco-machines may vent to air, 
the infusion bottle 36 or to a cassette system. 
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[0008] An infusion pinch valve 51 is operable by the 
controller 35 to selectively pinch the infusion tube 38 to 
prevent the infusion ?uid 37 from ?oWing from the bottle 36 
to the sleeve 32. 

[0009] The operation of the peristaltic pump 40 is con 
trolled by a foot-operated pedal 52 Which is coupled to the 
controller 35. Depressing the pedal 52 by one-third causes 
the rotor 42 of the pump 40 to commence rotating. Further 
depression of the pedal 52 increases the speed of rotation of 
the rotor 42 in proportion to the amount by Which the pedal 
52 is depressed. When the pedal 52 is released the rotor 42 
stops rotating so that the pump 40 stops aspirating. The pedal 
52 is also used to control the vibration of the needle 33 and 
the infusion pinch valve 51 Which controls the ?oW of 
infusion ?uid 37 from the bottle 36 through the infusion tube 
38 and from the sleeve 32. The needle 33 normally begins 
vibrating When the pedal 52 is depressed by tWo-thirds. 
When the pedal 52 is initially depressed, the infusion pinch 
valve 51 releases the infusion tube 38 during the initial 
one-third of the depression of the pedal 52 so that the 
infusion ?uid 37 is able to ?oW from the bottle 36 through 
the infusion tube 38 and from the sleeve 32. The ultrasonic 
crystals 34 commence vibrating once the pedal 52 is 
depressed by more than tWo-thirds. In addition to stopping 
the pump 40, releasing the pedal 52 causes the ultrasonic 
crystals 34 to stop vibrating, and the infusion pinch valve 51 
to pinch the infusion tube 38 so that the infusion ?uid 37 
stops ?oWing from the bottle 36 to the infusion sleeve 32. 
Releasing the pedal 52 may also cause the vent pinch valve 
50 to release the venting tube 49 so that the aspiration tube 
41 is vented to the collection bag 47. In general, the pedal 
52 controls the three basic functions of ?uid irrigation 
(infusion), aspiration, and vibrating of the needle (pha 
coemulsi?cation). These functions can be allocated to any 
range of pedal depression by the user of the machine 30. 

[0010] In use, the tip of the needle 33 is inserted into the 
anterior chamber of a patient’s eye 53 by an eye surgeon 
such that the tip of the needle 33 is positioned adjacent to the 
cataract-affected lens in the eye 53 Which is to be removed 
using the phaco-machine 30. The surgeon then depresses the 
pedal 52 so that the infusion ?uid 37 ?oWs from the bottle 
36 and into the anterior chamber of the eye 53 from the 
infusion sleeve 32, and so that the peristaltic pump 40 
commences aspirating, and the ultrasonic crystals 34 com 
mence vibrating the needle 33. As the needle 33 vibrates at 
ultrasonic frequencies, the vibration breaks up the natural 
cataract-affected lens in the eye 53 and small particles of the 
lens are aspirated through the holloW needle 33 and into the 
aspiration tube 41 as a result of the vacuum produced Within 
the lumen of the tube 41 by the operation of the pump 40. 
The particles then ?oW into the pump tube 44 from the 
aspiration tube 41 and then into the collection bag 47 for 
disposal. The object of the surgery is to leave the thin outer 
capsule of the lens behind to form a home for an arti?cial 
plastic lens Which is inserted into the eye 53 to replace the 
cataract-affected lens. Infusion ?uid 37 from the bottle 36 
?oWs into the anterior chamber of the eye 53 from the sleeve 
32 so as to maintain volume and pressure in the anterior 
chamber and to prevent the chamber from collapsing While 
the pump 40 is operating. 

[0011] The vacuum sensor 48 of the machine 30 enables 
the controller 35 to continuously monitor the vacuum inside 
the aspiration tube 41 at a location Which is adjacent to the 
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input port 39 of the peristaltic pump 40. If the controller 35 
determines that the vacuum inside the tube 41 has reached 
a predetermined maximum allowable level, such as a 300 to 
500 mmHg vacuum, the controller 35 causes the peristaltic 
pump 40 to stop operating. Vacuums of 300 to 500 mmHg 
are usually only generated When the tip of the needle 33 is 
occluded by particles of the cataract or other tissue. In 
general, the vacuum in the aspiration tube 41 Will not rise 
above 150 mmHg Without a degree of occlusion as only 
modest vacuums of 0 to 100 mmHg are required in the 
un-occluded state to support the typically used 20 to 60 
ml/minute ?uid ?oW rates through the tube 41. 

[0012] Apost-occlusion surge Will appear in the aspiration 
tube 41 if, after the vacuum in the aspiration tube 41 has 
reached the predetermined maximum level and the peristal 
tic pump 40 has stopped aspirating, the occlusion in the tip 
of the needle 33 suddenly breaks free. The post-occlusion 
surge is a result of the pump tube 44, vacuum sensor 48, and 
the aspiration tube 41, Which are constructed from compliant 
materials, being compressed by atmospheric pressure just 
prior to the surge occurring so that they store potential 
energy. This is depicted in FIG. 2 Where the various 
compliant components of the machine 30 are represented by 
a compliant chamber 54. When the occlusion breaks free, the 
pump tube 44, vacuum sensor 48, aspiration tube 41, and 
other compliant components connected thereto, expand and 
rapidly draW ?uid into the aspiration tube 41. This causes a 
sudden rush of ?uid from the anterior chamber of the eye 53 
and into the needle 33 and aspiration tube 41 as depicted by 
the arroW 55 so that the compliant chamber 54 and aspiration 
tube 41 expand as depicted by the arroWs 56. This sudden 
rush of ?uid can cause the anterior chamber of the eye 53 to 
collapse and eye tissue to rush toWard the tip of the needle 
33. Eye tissue such as the lens capsule, corneal endothelium 
(Which are important fragile cells on the inner surface of the 
cornea), or the iris may be engaged by the needle 33 at the 
time of the surge so that the surge causes signi?cant damage 
to the tissue. The probability of the post-occlusion surge 
collapsing the anterior chamber of the eye 53 increases if 
there is ?uid leakage from the anterior chamber around the 
instruments, probe 31, and manipulators Which are inserted 
into the anterior chamber. 

[0013] Valve 50 of the machine 30 is used for venting 
purposes and generally pinches the venting tube 49 When the 
machine 30 is in use so that ?uid is unable to ?oW through 
the venting tube 49. The vent pinch valve 50 may release the 
venting tube 49 at any time in order to neutralise any 
residual vacuum in the aspiration tube 41. For example, 
When the pedal 52 is released, the vent pinch valve 50 may 
release the venting tube 49 in order to neutralise the vacuum 
in the aspiration tube 41. The vent pinch valve 50 does not 
normally release the venting tube 49 during a post-occlusion 
surge. 

[0014] FIG. 3 is a typical graph of the variation over time 
of the pressure in the aspiration tube 41 at a location therein 
Which is adjacent to the vacuum sensor 48 immediately after 
an occlusion in the tip of the needle 33 breaks free, Where 
the maximum alloWable vacuum had been set by the user at 
500 mmHg. It can be seen that the vacuum inside the 
aspiration tube 41 decreases from —500 mmHg to the 
positive pressure inside the eye 53 (Which can be expressed 
pgh, Where p is the density of the infusion ?uid 37, g is the 
acceleration of gravity, and h is the height of the bottle 36 
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above the eye 53) Which is above atmospheric pressure (i.e. 
0 mmHg), and Which is typically 51 mmHg With a 70 
centimetre bottle height such that the vacuum halves after 
approximately 220 milliseconds. The actual amount of time 
required to halve the vacuum in the aspiration tube 41 is 
dependent on the compliance of the materials from Which 
the compliant components of the machine 30 are fabricated 
as Well as the geometry of those components. 

[0015] FIG. 4 is a typical graph of the rate of ?oW of ?uid 
through the aspiration tube 41 of the phaco-machine 30 
immediately after the occlusion in the tip of the needle 33 
breaks free. It can be seen that the ?oW of ?uid peaks at 
approximately 100 millilitres per minute, or around ?ve 
times the normal ?oW rate, approximately 220 milliseconds 
after the blockage in the needle 33 clears. The ?oW rate then 
gradually decreases to a normal ?oW rate. The ?oW peak 
depends on the vacuum in the aspiration system immediately 
prior to the start of the post-occlusion surge, and also the 
geometry of the needle 33 of the probe 31 and aspiration 
tube 41, and the compliance of the aspiration tube 41, 
vacuum sensor 48 and peristaltic pump tube 39. 

[0016] FIG. 5 is a typical graph of the pressure inside the 
anterior chamber of the eye 53 immediately after the occlu 
sion in the needle 33 breaks free. It takes approximately 220 
milliseconds for the pressure to decrease from the positive 
pressure of the infusion ?uid inside the anterior chamber of 
the eye 53 Which is proportional to the height of the bottle 
36, to around Zero pressure at Which point the anterior 
chamber collapses. As the ?oW rate of ?uid through the 
aspiration tube 41 decreases, the pressure inside the anterior 
chamber steadily increases back to its former pressure. 
Unless the peristaltic pump 40 re-starts before the end of the 
surge, the pressure in the anterior chamber of the eye 53 Will 
return to a value betWeen pgh (i.e. the bottle pressure) and 
Zero as depicted by the dotted line in FIG. 5. 

[0017] The peak ?oW rate and pressure depicted in FIGS. 
4 and 5 are proportional to the vacuum inside the compliant 
structures of the machine 30 just prior to the occlusion in the 
needle 33 breaking free. This vacuum is normally the 
maximum alloWable vacuum set on the machine 30. The 
pro?le of the post-occlusion surge ?oW depicted in FIG. 4, 
and the anterior chamber pressure drop depicted in FIG. 5, 
and the loss of vacuum in the compliant system depicted in 
FIG. 3, are able to be determined by the mathematics and 
physics of damped simple harmonic motion. The stored 
energy in the compliant structures acts like a spring, this acts 
on the mass of the ?uid being accelerated in the aspiration 
tube 41, and the resistance in this case is the resistance to 
?uid ?oW in the aspiration system. This resistance to ?uid 
?oW damps the oscillations. The surge ?oW pro?le therefore 
represents a half cycle of very damped oscillation. 

[0018] Phaco-machine manufacturers have attempted to 
reduce the post-occlusion surge by reducing the compliance 
of the compliant components by using non-compliant aspi 
ration tubing and by improving the ?oW of infusion ?uid 
from the sleeve 32 and into the eye 53. 

[0019] Another approach Which has been used to reduce 
the amplitude of the post-occlusion surge has been to place 
What amounts to resistance in the aspiration tube 41 or in the 
tip of the needle 33. This can involve placing a small 
aperture in the aspiration tube 41 Which ?uid ?oWing 
through the tube 41 must pass through. The aperture may 
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need to be ?ltered to prevent particles such as cataract 
particles from blocking the aperture. 

[0020] Another technique for increasing the resistance 
involves decreasing the internal diameter of the tip of the 
needle 33 or otherWise modifying the needle 33 to create 
more turbulence and therefore resistance to the ?oW of ?uid 
through the needle 33 and the aspiration tube 41. 

[0021] Yet another method of increasing the resistance to 
the ?oW of ?uid through the needle 33 and the aspiration 
tube 41 involves the use of tubing With a spiral lumen. This 
creates turbulent ?oW at higher ?oW rates Which helps 
suppress the amplitude of the post-occlusion surge. 

[0022] Although increasing the resistance of the aspiration 
tube 41 or other components of the aspiration system of the 
machine 30 does reduce the amplitude of the post-occlusion 
surge, it has the disadvantage of prolonging the duration of 
the surge. Adding resistance to the aspiration tube also has 
the signi?cant disadvantage of reducing the ?oW rate, espe 
cially at vacuums beloW 150 mmHg. Also, as the probe 
needle 33 is cooled by the ?oW of infusion ?uid, adding 
resistance results in an increase in probe temperature Which 
increases the possibility of the probe needle 33 causing 
Wound burns to the eye 53. Therefore, in the absence of any 
other means of reducing the post-occlusion surge, it is 
usually better to reduce the compliance of the compliant 
components as mentioned earlier rather than to increase the 
?oW resistance in the aspiration pathWays. HoWever, there 
are limitations to the amount by Which the compliance can 
be reduced because the compliant components of the 
machine 30 such as the pump tube 44 and the vacuum sensor 
48 need to have some compliance in order for the machine 
30 to operate properly. Also, the aspiration tube 41 needs to 
be ?exible enough to handle easily and to be kink resistant, 
so it inevitably has to have some compliance. 

[0023] Another knoWn method of reducing the impact of 
the post-occlusion surge is to increase the elevation of the 
bottle 36 relative to the probe 31 so as to increase the rate 
of ?oW of infusion ?uid into the anterior chamber of the eye 
53 from the sleeve 32. HoWever, if the bottle 36 is too high 
other problems result. For example, it is not Widely knoWn 
that increasing the height of the bottle 36 actually increases 
the magnitude of the post occlusion surge, and therefore the 
anterior chamber disturbance associated With it. This is 
because the surge is proportional to the sum of the absolute 
values of both the bottle pressure and the maximum vacuum 
prior to the surge. The maximum vacuum is the dominant 
value, and increasing the bottle height increases the anterior 
chamber pressure, moving the apex or peak of the surge 
aWay from Zero pressure and therefore aWay from total 
chamber collapse. Therefore, the surgeon using the phaco 
machine 30 is given the impression that the anterior chamber 
is more stable than it really is, despite the amplitude of the 
pressure drop of the surge being a little greater With the 
bottle being more elevated. 

[0024] Although eye surgeons prefer their phaco-ma 
chines to have a relatively high predetermined maximum 
alloWable vacuum level so as to improve their ability to 
e?iciently remove lens fragments, they usually must com 
promise this With the maximum post-occlusion surge Which 
they are prepared to tolerate since the post-occlusion surge 
is directly proportional to the maximum alloWable vacuum 
level. 
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[0025] It Would therefore be bene?cial to have a pha 
coemulsi?cation machine Which has a relatively high pre 
determined maximum vacuum level so that lens fragments 
can be removed e?iciently from the anterior chamber of an 
eye Which is operated on using the machine, but Which has 
a reduced post-occlusion surge. 

SUMMARY OF THE INVENTION 

[0026] It is an object of the present invention to overcome, 
or at least ameliorate, one or more of the de?ciencies of the 
prior art mentioned above, or to provide the consumer With 
a useful or commercial choice. 

[0027] Other objects and advantages of the present inven 
tion Will become apparent from the folloWing description, 
taken in connection With the accompanying illustrations, 
Wherein, by Way of illustration and example, a preferred 
embodiment of the present invention is disclosed. 

[0028] According to a ?rst broad aspect of the present 
invention there is provided a post-occlusion surge controller 
for a phacoemulsi?cation machine, Wherein the controller is 
adapted to detect a post-occlusion surge in an aspiration 
conduit of the machine, and to cause the conduit to be vented 
in response to detecting the surge. 

[0029] By detecting the post-occlusion surge in an aspi 
ration conduit of the phacoemulsi?cation machine, and 
venting the conduit in response to detecting the surge, the 
post-occlusion surge controller is able to limit the duration 
and the amplitude of the post-occlusion surge in the conduit. 
Limiting the duration and amplitude of the post-occlusion 
surge reduces the risk of injuring an eye Which is being 
operated on With the machine When the post-occlusion surge 
occurs. 

[0030] The post-occlusion surge controller may be 
adapted to be used With any type of phacoemulsi?cation 
machine. For example, the post-occlusion surge controller 
may be adapted to be used With a peristaltic pump-based 
phacoemulsi?cation machine. In a particular preferred form 
the post-occlusion surge controller is adapted to be used With 
a peristaltic pump-based phacoemulsi?cation machine 
Which includes an aspiration tube connected to a peristaltic 
pump, a venting tube connected to the aspiration tube, and 
a vent pinch valve operable to pinch the venting tube to 
prevent venting of the aspiration tube through the venting 
tube. 

[0031] Preferably, the post-occlusion surge controller is 
adapted to detect the onset of the post-occlusion surge, and 
to cause the conduit to be vented in response to detecting the 
onset of the surge. This enables the conduit to be vented 
early on during the surge so that the amplitude and duration 
of the surge may be minimised. 

[0032] The post-occlusion surge controller preferably 
includes a detector for detecting the onset of a post-occlu 
sion surge in the aspiration conduit of the phacoemulsi?ca 
tion machine, and a valve controller for controlling a vent 
valve of the machine in response to the detector detecting the 
onset of the surge. 

[0033] The detector preferably includes a di?ferentiator for 
differentiating the output of a vacuum sensor of the machine 
Which senses the vacuum inside the aspiration conduit of the 
machine, and a comparator for comparing the output of the 
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dilferentiator With a reference value and for outputting a 
trigger signal depending upon the outcome of the compari 
son. 

[0034] The valve controller preferably includes a timer for 
outputting a vent valve control signal in response to receiv 
ing the trigger signal from the detector, and a vent valve 
driver for driving the vent valve of the phacoemulsi?cation 
machine to vent the aspiration conduit in response to the 
timer outputting the vent valve control signal. 

[0035] Preferably, the valve controller also includes a high 
voltage pulse generator for outputting a high voltage pulse 
signal to a solenoid of the vent valve in response to the timer 
outputting the vent valve control signal. 

[0036] It is also preferred that the valve controller includes 
a vent valve pre-energiser for pre-energising the solenoid of 
the vent valve to reduce the time required for the vent valve 
to respond to the high voltage pulse signal Which is output 
to the solenoid by the high voltage pulse generator. 

[0037] According to a second broad aspect of the present 
invention there is provided a method of controlling a post 
occlusion surge in an aspiration conduit of a phacoemulsi 
?cation machine, the method comprising the steps of: 

[0038] (i) detecting the post-occlusion surge; and 

[0039] (ii) venting the conduit in response to detecting 
the surge. 

[0040] Preferably, the step of detecting the post-occlusion 
surge involves detecting the onset of the surge, and the step 
of venting the conduit is done in response to detecting the 
onset of the surge so that the amplitude and duration of the 
surge is minimised. 

[0041] The step of detecting the onset of the surge pref 
erably includes determining Whether the negative of the rate 
of change of the vacuum in the conduit With respect to time 
is greater than or equal to a constant value. If the rate of 
change is greater than or equal to the constant value, this 
indicates that the variation in the vacuum is a result of a 
post-occlusion surge. 

[0042] It is preferred that the step of venting the conduit 
involves operating a vent valve of the machine to vent the 
conduit. The vent valve may vent the conduit for a prede 
termined period of time. 

BRIEF DESCRIPTION OF THE 
ILLUSTRATIONS 

[0043] In order that the invention may be more fully 
understood and put into practice, an embodiment thereof 
Will noW be described With reference to the accompanying 
illustrations, in Which: 

[0044] FIG. 1 illustrates a prior art peristaltic pump-based 
phaco-machine for use in cataract eye surgery; 

[0045] FIG. 2 illustrates a portion of the prior art phaco 
machine depicted in FIG. 1 With the pump tube and vacuum 
sensor thereof represented by a compliant chamber; 

[0046] FIG. 3 is a typical graph of the variation over time 
of the vacuum in the compliant chamber of the prior art 
phaco-machine depicted in FIGS. 1 and 2 immediately after 
an occlusion in the probe tip of the machine is removed; 
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[0047] FIG. 4 is a typical graph of the variation over time 
of the How of ?uid through the aspiration tube of the prior 
art phaco-machine illustrated in FIG. 1 immediately after an 
occlusion in the probe tip of the machine is removed; 

[0048] FIG. 5 is a typical graph of the variation over time 
of the pressure inside the anterior chamber of an eye Which 
is treated With the prior art phaco-machine illustrated in 
FIG. 1 immediately after an occlusion in the probe tip of the 
machine is removed; 

[0049] FIG. 6 is a schematic block diagram of a post 
occlusion surge detector of a post-occlusion surge controller 
for the phaco-machine depicted in FIG. 1; 

[0050] FIG. 7 is a schematic block diagram of a valve 
controller of the post-occlusion surge controller for the 
phaco-machine depicted in FIG. 1; 

[0051] FIG. 8 is a graph of the variation over time of the 
voltage signal output by the vacuum sensor of the prior art 
phaco-machine depicted in FIG. 1 immediately after an 
occlusion in the probe tip of the machine is removed; 

[0052] FIG. 9 superimposes the graph depicted in FIG. 3 
on a graph of the variation over time of the vacuum sensed 
by the vacuum sensor of the prior art phaco-machine 
depicted in FIG. 1 immediately after an occlusion in the 
probe tip of the machine is removed When the machine is 
equipped With the post-occlusion surge controller; 

[0053] FIG. 10 superimposes the graph depicted in FIG. 
9 With a graph of the variation over time of the pressure 
inside the anterior chamber of an eye Which is treated With 
the prior art phaco-machine depicted in FIG. 1 immediately 
after an occlusion in the probe tip of the machine has been 
removed When the machine is equipped With the post 
occlusion surge controller; 

[0054] FIG. 11 is a schematic block diagram of another 
post-occlusion surge controller; 

[0055] FIG. 12 is a graph of the variation over time of the 
vacuum sensed by the vacuum sensor of the prior art 
phaco-machine depicted in FIG. 1 immediately after the 
removal of an occlusion in the probe tip of the machine 
When the machine is equipped With the post-occlusion surge 
controller depicted in FIG. 11; 

[0056] FIG. 13 is a graph of the trigger signal Which is 
output by the post-occlusion surge detector of the post 
occlusion surge controller depicted in FIG. 11; 

[0057] FIG. 14 is a graph of the signal Which is output by 
the vent valve driver of the post-occlusion surge controller 
depicted in FIG. 11; 

[0058] FIG. 15 is a graph Which depicts the timing of the 
operation of the vent valve of the prior art phaco-machine 
depicted in FIG. 1 When the machine includes the post 
occlusion surge controller depicted in FIG. 11; 

[0059] FIG. 16 is a graph of the variation over time of the 
pressure inside the anterior chamber of an eye Which is 
treated With the prior art phaco-machine illustrated in FIG. 
1 immediately after the removal of an occlusion in the probe 
tip of the machine When the machine is equipped With the 
post-occlusion surge controller depicted in FIG. 11; 

[0060] FIG. 17 superimposes the graphs depicted in 
FIGS. 3 and 4 With the graphs depicted in FIGS. 12, 15, and 
16; 
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[0061] FIG. 18 is a schematic circuit diagram of the vent 
valve controller depicted in FIG. 7; 

[0062] FIG. 19 is a schematic circuit diagram of the timer 
of the vent valve controller depicted in FIG. 7; and 

[0063] FIG. 20 is a schematic circuit diagram of the 
post-occlusion surge detector depicted in FIG. 6. 

DETAILED DESCRIPTION OF THE 
ILLUSTRATIONS 

[0064] The prior art phaco-machine 30 depicted in FIG. 1 
can be modi?ed to include a post-occlusion surge controller 
Which includes a post-occlusion surge detector 60 Which is 
depicted in FIG. 6, and a valve controller 61 Which is 
depicted in FIG. 7. 

[0065] The post-occlusion surge detector 60 includes a 
vacuum sensor input 62 for connecting the detector 60 to the 
output of the vacuum sensor 48 of the phaco-machine 30 so 
that the electrical signal Which is output by the sensor 48 can 
be monitored and processed by the detector 60. The elec 
trical signal Which is output by the sensor 48 is a positive 
voltage Which is proportional to the vacuum in the inter 
connected compliant components of the machine 30 Which 
is sensed by the sensor 48. The output of the vacuum sensor 
48 may, for example, be l0V/500 mmHg vacuum. 

[0066] The detector 60 may include, for example, an 
operational ampli?er con?gured as a differentiation ampli 
?er, or a microcontroller. The detector 60 is con?gured to 
differentiate the electrical output of the sensor 48 With 
respect to time and to compare the differentiated output With 
a positive predetermined constant value so as to determine 
Whether the negative of the rate of change With respect to 
time of the voltage output by the vacuum sensor 48 is greater 
than or equal to a positive predetermined constant value. 
This can be expressed mathematically in the form: 

Where: V is the voltage output by the sensor 48 expressed in 
volts, t is the time in seconds, and K is the positive 
predetermined constant value having the units volts/ second. 
This is proportional to directly differentiating the pressure 
sensed by the sensor 48 With respect to time, taking the 
negative of the differential, and then determining Whether or 
not the result is greater than or equal to a positive prede 
termined constant value of variation of pressure With respect 
to time, or: 

Where: P is the pressure sensed by the sensor 48 expressed 
as mmHg vacuum (and is a negative value), t is the time in 
seconds, and X is the positive predetermined constant value 
having the units mmHg/second (and is a positive value). X 
may, for example, be 1000 mmHg/second. The value of X 
may be adjusted betWeen 100 to 5000 mmHg/ second to alter 
the sensitivity of the detector component 60. The value of X 
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may be displayed on a control panel of the phaco-machine 
30 and may be adjusted to the sensitivity that suits the 
preference of the surgeon Who uses the machine 30. 

[0067] If the negative of the differentiated output of the 
sensor 48 is greater than or equal to the positive predeter 
mined constant value, a trigger signal 63 is output from a 
trigger signal output 64 of the detector 60 to an input of the 
valve controller 61 as depicted in FIGS. 6 and 7. The trigger 
signal 63 is an inverted step function in Which the output of 
the detector 60 changes abruptly from +l0V to 0V. The 
trigger signal 63 is output less than 1 millisecond after the 
detector 60 detects that the rate of change of the vacuum 
sensor output voltage is greater than or equal to the value of 
K. The detector 60 detects this shortly after an occlusion in 
the tip of the probe 31 of the phaco-machine 30 breaks free 
because the vacuum inside the aspiration tube 41 of the 
machine 30 is falling very rapidly at this stage but more 
sloWly at other times during operation of the machine 30. 
This is depicted in FIG. 8 Where it can be seen that the 
positive voltage output of the sensor 48 Which is propor 
tional to the vacuum inside the aspiration tube 41 decreases 
rapidly after the occlusion breaks free such that the negative 
of the rate of change of the voltage at the start of the 
illustrated Waveform exceeds or is equal to the positive 
predetermined constant value. The portion of the voltage 
Waveform depicted in FIG. 8 Which is beloW 0V is repre 
sented by a dotted line because the vacuum sensor 48 is only 
able to output a positive voltage. 

[0068] The detector 60 includes an input 98 for disabling 
the operation of the detector 60 for experimental purposes 
such as for making experimental recordings of the reduced 
performance of the machine 30 When the detector 60 (and, 
therefore, the post-occlusion surge controller) is disabled. 
The detector 60 has an input 65 for enabling the detector 60 
to operate only if the machine 30 is being operated in a high 
vacuum mode Where the predetermined maximum alloWable 
vacuum inside the aspiration tube 41 and other compliant 
components has been reached. Moreover, the detector 60 has 
an input 67 for enabling the detector 60 to operate only When 
the vacuum inside the aspiration tube 41 and other compliant 
components has reached 70% of the predetermined maxi 
mum alloWable vacuum, or any other preset value. 

[0069] The valve controller 61 illustrated in FIG. 7 
includes a timer 70 Whose input is connected to the output 
64 of the post-occlusion surge detector 60, and Which 
outputs an ON vent valve control signal 71 to a vent valve 
driver 72 and a high voltage pulse generator 73 for a 
predetermined period of time immediately after receiving a 
trigger signal 63 from the detector 60. The valve controller 
61 also includes a vent valve pre-energiser 74. The vent 
valve driver 72 and the high voltage pulse generator 73 
energise a solenoid of the vent pinch valve 50 of the 
phaco-machine 30 While receiving the vent valve control 
signal 71 from the timer 70 so that the vent pinch valve 50 
opens and thereby vents the inside of the aspiration tube 41 
to ?uid or air Which has a higher pressure than that inside the 
tube 41. Venting the aspiration tube 41 in this manner causes 
the vacuum inside the tube 41 and other compliant compo 
nents to rapidly decrease and reduces both the amplitude and 
duration of the post-occlusion surge. Once the timer 70 
times out, the vent valve driver 72 ceases energising the 
solenoid of the vent pinch valve 50 so that the valve 50 
pinches the venting tube 49 of the phaco-machine 30 to 
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prevent further venting of the aspiration tube 41 through the 
venting tube 49. The machine 30 is then able to resume 
normal operation. Upon receiving the vent valve control 
signal 71, the high voltage pulse generator 73 outputs a high 
voltage signal 75 Which times-out prior to the vent valve 
control signal 71 in all cases. The pre-energiser 74 switches 
off on account of the vacuum in the aspiration tube 41 falling 
to a value Which is loWer than the value Which enables the 
pre-energiser 74. 

[0070] The high voltage pulse generator 73 can be 
regarded as a current source drive to the solenoid of the vent 
pinch valve 50 Which functions to rapidly establish an 
opening current in the solenoid coil of the vent pinch valve 
50. The coil is inductive, and therefore opposes a rapid rate 
of change in current. A rapid increase in the current can be 
achieved With either the application of a high voltage pulse, 
Which attempts to generate a rapid increase in current, or a 
current source equivalent circuit Which attempts to apply a 
constant current through the solenoid, and also therefore 
generates a high voltage pulse in the process of doing so. 
The net effect of either a high voltage pulse, or a current 
source drive, is equivalent. 

[0071] When the solenoid of the vent pinch valve 50 is 
energised by the driver 72 or high voltage pulse generator 73 
it is important that the valve 50 opens as quickly as possible 
to minimise the delay in arresting the post-occlusion surge 
and to reduce the possibility of damaging the eye 53 Which 
is being treated With the phaco-machine 30. The delay in 
opening the vent pinch valve 50 can be reduced if the vent 
pinch valve 50 is a normally closed electromechanical pinch 
valve Which is maintained in the closed position by a spring 
When the solenoid of the valve 50 is not energised. This 
enables the solenoid of the valve 50 to be pre-energised prior 
to being opened such that the valve 50 is on the verge of 
opening. This reduces the electromechanical delay in open 
ing the valve 50. It has been found that pre-energising the 
solenoid of the valve 50 in this manner results in valve 
opening times of 30 to 40 milliseconds being achieved as 
opposed to valve opening times of over 100 milliseconds 
When the valve 50 is not pre-energised. Driving the valve 50 
With a high voltage pulse further reduces the delay to 20 
milliseconds. 

[0072] The vent valve 50 is pre-energised by the pre 
energiser 74. The output of the pre-energiser 74 is connected 
to the solenoid of the vent pinch valve 50 by the driver 72 
and, When enabled, the pre-energiser 74 applies a pre 
energising voltage across the solenoid so that the vent pinch 
valve 50 is on the verge of opening. The pre-energiser 74 
includes an input 76 for disabling its operation When the 
machine 30 is used in a loW vacuum mode Where the 
predetermined maximum alloWable vacuum inside the aspi 
ration tube 41 is set to a relatively loW level. The pre 
energiser 74 also has an input 77 for enabling its operation 
When the vacuum inside the aspiration tube 41 exceeds 70% 
of the predetermined maximum alloWable vacuum level or 
some other preset level of measured aspiration tube vacuum. 
The pre-energiser 74 may also have a sWitch for disabling its 
operation for purposes such as making experimental record 
ings. 

[0073] FIG. 9 depicts a graph 80 of the variation over time 
of the vacuum inside the aspiration tube 41 of the machine 
30 ?tted With the post-occlusion surge controller Which 
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includes the detector 60 and the valve controller 61 imme 
diately after an occlusion in the tip of the needle 33 of the 
machine 30 is removed. Around 40 milliseconds after the 
occlusion is removed (i.e., around 40 milliseconds after t=0 
seconds), the valve controller 61 has opened the valve 50 
after receiving a trigger signal 63 from the surge detector 60 
so that the rapidly opened vent valve 50 causes the vacuum 
inside the aspiration tube 41 to rapidly decrease beyond Zero 
to the eye pressure due to bottle height, pgh, Which in turn 
reduces the amplitude and duration of the post-occlusion 
surge. The oscillations in the graph 80 of the vacuum are a 
result of loW resistance in the pathWay to the vent valve 50. 
In a system of damped simple harmonic motion, reducing 
the resistance encourages oscillations. Note that the positive 
pressure values of the graph 80 depicted in FIG. 9 Would not 
be sensed by the sensor 48 because the sensor 48 can only 
sense vacuum and not positive pressure. For comparative 
purposes, the graph depicted in FIG. 3 is superimposed on 
the graph 80 and is represented by a dotted line. 

[0074] The variation over time of the pressure inside the 
anterior chamber of an eye 53 treated With the post-occlu 
sion surge controller equipped version of the machine 30 is 
depicted in FIG. 10 by the Waveform 81. Waveform 81 
depicts the variation of the eye pres sure immediately after an 
occlusion in the probe tip of the machine 30 is removed. In 
comparison to the eye pressure graph depicted in FIG. 5, the 
peak of the drop in eye pressure depicted by the Waveform 
81 has been signi?cantly attenuated. Moreover, the duration 
of the Waveform 81 has been signi?cantly reduced in 
comparison to the duration of the Waveform depicted in 
FIG. 5. The attenuation in the peak drop in eye pressure and 
the reduced duration of the drop in eye pressure correspond 
to a reduction in the post-occlusion surge. Waveform 81 is 
superimposed over a graph of the variation over time of the 
vacuum in the aspiration tube 41 of the same machine 30 
over the same period of time When the machine 30 includes 
the post-occlusion surge controller. The portions of the 
graph of the variation over time of the vacuum in the 
aspiration tube 41 Which are above Zero pressure are 
depicted by dotted lines because vacuum levels above Zero 
(i.e., positive pressures) are not sensed by the vacuum sensor 
48 Which only outputs a positive voltage for a vacuum. 

[0075] A schematic block diagram of a different post 
occlusion surge controller 90 is illustrated in FIG. 11. For 
convenience, features of the controller 90 Which correspond 
to features of the previously described post-occlusion surge 
controller are referenced using the same reference numbers. 

[0076] Post-occlusion surge controller 90 is identical to 
the previously described post-occlusion surge controller 
except that the high voltage pulse generator 73 and pre 
energiser 74 of the controller 90 are only enabled When the 
measured vacuum in the aspiration tube 41 is greater than 
150 mmHg. The high voltage pulse generator 73 and the 
pre-energiser 74 respectively include an input 91 and an 
input 92 for receiving an enable signal Which enables the 
generator 73 and the pre-energiser 74. 

[0077] At the beginning of the post-occlusion surge, ?uid 
enters the probe end of the aspiration tube 41, and the Wall 
of the aspiration tube 41 begins to expand to its original 
geometry, prior to compression by atmospheric pressure. 
The expansion of the aspiration tube 41 progresses along the 
length of the tube 41 (Which is typically 2 metres long) from 
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the probe towards the pump 40 at 360 kilometres per hour. 
When this reaches the vacuum sensor 48 there is an abrupt 
drop in vacuum. This assists the detector circuit 60 to detect 
the start of the post-occlusion surge. 

[0078] Moreover, the pre-energiser 74 of the post-occlu 
sion surge controller 90 does not have a disable sWitch and 
does not include separate inputs for enabling it When the 
vacuum is greater than 70% of the maximum alloWable 
vacuum, and for disabling it When the machine 30 is being 
used in a loW vacuum mode. 

[0079] The valve driver 72, vent valve 50, and pre 
energiser 74 of the controller 90 are poWered by a 12V 
supply voltage, While the generator 73 is poWered by a 40V 
supply voltage. Also, the vent valve control signal 71 Which 
is output by the timer 70 has a reduced duration of 50 
milliseconds to reduce the time that the valve 50 is open 
Which reduces oscillations of the vacuum in the aspiration 
tube 41 of the machine 30 from those depicted in FIG. 9 to 
those depicted in FIG. 12. 

[0080] The timer 70 includes an input 93 for controlling 
the standard functioning of the timer 70. Additional infor 
mation in relation to the input 93 is provided further on in 
relation to FIG. 18. 

[0081] FIG. 11 depicts a high voltage pulse timing Wave 
form 95 Which is generated by the high voltage generator 73 
coincident With the rising edge of the vent valve control 
signal 71, the timing relationship betWeen the Waveform 95 
and the signal 71 is also depicted. 

[0082] FIG. 11 also depicts an output signal 96 Which is 
output by the vacuum sensor 48 during the post-occlusion 
surge. 

[0083] The timing of the trigger signal output by the 
detector 60, the output signal 71 of the timer 70, and the 
opening time of the vent valve 50 relative to the Waveform 
depicted in FIG. 12, is provided in FIGS. 13 to 15. Due to 
the compliance of the aspiration tube 41, there is a 20 
millisecond delay, t1, betWeen the start of the surge in the eye 
and a response by the vacuum sensor 48 of the machine 30. 
The 20 millisecond delay, t1, adds to the 20 millisecond 
delay, t3, to deploy the valve 50. The valve 50 therefore 
mechanically deploys approximately 40 milliseconds after 
the actual surge in the eye starts. This delay is short enough 
to alloW the surge neutralisation to be effective as depicted 
in FIG. 16. There is also a short delay, t2, Which is 
attributable to the detector 60 but Which is insigni?cant. 

[0084] Referring to FIG. 17, the graphs depicted in FIGS. 
3 and 4 are represented by dotted lines and are superim 
posed on the graphs depicted in FIGS. 12, 15, and 16. The 
representation in FIG. 17 of the graphs depicted in FIGS. 
12, 15, and 16, are an actual recording of the performance 
of the machine 30 When equipped With the controller 90. 

[0085] FIG. 18 is a schematic circuit diagram of the valve 
controller 61 Which belongs to the post-occlusion surge 
controller 90. The timer 70 includes an input 97 Which is 
connected to the output 64 of the post-occlusion surge 
detector 60, and an input 93 for controlling the timer 70 so 
that the valve controller 61 is also able to control the vent 
pinch valve 50 to vent the aspiration tube 41 at times other 
than When a post-occlusion surge is detected by the detector 
60. The timer 70 also includes an input 98 for disabling the 
timer 70. 
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[0086] The output of the timer 70 from Which the vent 
valve control signal 71 is output is connected to a ?rst input 
of an AND logic gate 99 and to the base of a Darlington 
transistor T1 via a 5.1 kQ resistor R1. An override input 100 
is also connected to the base of the Darlington transistor T1 
via a 5.1 kQ resistor R2. 

[0087] An input 101 for enabling the high voltage pulse 
generator 73 and the vent valve pre-energiser 74 is con 
nected to an input of an AND logic gate 102. Another input 
of the AND gate 102 is connected to the output of an AND 
logic gate 103. An input of the AND logic gate 103 is 
connected to the output of an AND logic gate 104. Gate 104 
is connected to a ?rst loW level disable input 105 and a 
second loW level disable input 106, While an input of the gate 
103 Which is not connected to the output of the gate 104 is 
connected to a third loW level disable input 107. The output 
of the gate 102 is connected to an input of the gate 99. The 
output of the gate 102 is also connected to the base of a 
Darlington transistor T2 via a 10 k9 resistor R3. The base 
of the transistor T2 is also connected to ground via a 47 k9 
resistor R4. The output of the gate 102 is also connected to 
input 65 of the detector 60. The output of the gate 102 is high 
When the high voltage pulse generator 73 and the vent valve 
pre-energiser 74 are enabled and loW When the high voltage 
pulse generator 73 and the vent valve pre-energiser 74 are 
disabled. 

[0088] The output of the gate 99 is connected to the base 
of a transistor T3 via a 10 k9 resistor R5. The emitter of the 
transistor T3 is connected to ground, While the collector of 
the transistor T3 is connected to the base of a Darlington 
transistor T4 via a 4.7 kQ resistor R6. The base of the 
transistor T4 is connected to the emitter thereof via a 47 k9 
resistor R7. 

[0089] The emitter of the transistor T1 is connected to 
ground. The collector of the transistor T1 is connected to the 
collector of the transistor T4 via a diode D1. A normally 
closed 12V vent valve solenoid 108 is connected across the 
diode D1. The collector of the transistor T1 is also connected 
to the collector of the transistor T2 via a 2 Watt 399 resistor 
R8. 

[0090] The emitter of the transistor T4 is connected to 
ground via a 5600 HP capacitor C1. Apositive terminal of the 
capacitor C1 is connected to a +40V poWer supply via a 2 
Watt 4709 resistor R9. The positive terminal of the capaci 
tor C1 is also connected to a +l2V poWer supply via a diode 
D2. The +l2V poWer supply is also connected to the 
collector of the transistor T4 via a diode D3. The high 
voltage pulse 95 is output from the collector of the transistor 
T4. 

[0091] The 0V reference outputs of the +40V and +12V 
poWer supplies are connected to ground. 

[0092] The relative timing of the trigger signal 63, vent 
valve control signal 71 and the high voltage pulse 95 are also 
depicted in FIG. 18. 

[0093] During standard vent valve deployment, the vent 
valve solenoid 108 is activated via input 93 to the timer 70, 
the output of Which drives the Darlington transistor T1. 
When T1 is conducting, current ?oWs from the 12V supply, 
via diode D3, through the solenoid coil 108 and transistor T1 
to ground. 








