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(57) L invention concerne un appareil pour soutenir et
ouider le mouvement d’un jet de liquide haute vitesse
pour 1ncisions ophtalmiques, comportant un systeme de
fixation (12) permettant d’assujettir de maniere amovible
le dispositif par rapport a la pointe de la comeée (17). La
pointe corn¢enne (17) traverse une ouverture (24)
menagee dans le systeme de fixation (12), et une bague
d’aspiration concentrique (13) assujettit au globe
occulaire le systeme de fixation (12). Une portion
proximale du systeme de fixation (12) est pourvue d une
découpe 1nterne permettant la flexion horizontale
¢lastique de cette portion proximale (23). Un premier
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(57) An apparatus for supporting and guiding the
movement of a high speed liquid jet for ophthalmic
incisions 1mncludes a fixture (12) for removably securing
the device with respect to the apex of the comnea (17).
The corneal apex (17) extends through an opening (24)
in the fixture (12), and a concentric suction ring (13)
secures the fixture (12) to the eyeball. A proximal
portion of the fixture (12) 1s provided with an internal
cutout to permit resilient horizontal flexure of the
proximal portion (23). A first linear actuator 1s arranged
to dnive the first flexible bracket (23) to translate
horizontally 1n precisely controlled motion. Joined
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actionneur lin€aire est agence pour amener le premier
support souple (23) a effectuer un mouvement de
translation horizontale command¢ avec précision. Un
deuxiecme support souple (31) présentant une découpe
interne permettant une flexion verticale ¢€lastique est
raccorde orthogonalement au systeme de fixation (12).
L’extremite de ce deuxieme support souple (31) est
assujettie rigidement au systeme de fixation (12), et un
actionneur de micrometre est raccorde a I'extréemite
mobile du deuxieme support souple (31) pour le
positionner verticalement avec un espacement regle de
maniere precise.
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orthogonally to the fixture (12) 1s a second flexible
bracket (31) having an internal cutout that permaits
resilient vertical flexure. One end of the second flexible
bracket (31) 1s secured rigidly to the fixture (12), and a
micrometer actuator 1s joined to the movable end of the
second flexible bracket (31) to position 1t vertically 1n
precisely controlled spacing.
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(57) Abstract

An apparatus for supporting and guid-
ing the movement of a high speed liquid jet
for ophthalmic incisions includes a fixture (12)
for removably securing the device with respect
to the apex of the comea (17). The comeal
apex (17) extends through an opening (24) in
the fixture (12), and a concentric suction ring
(13) secures the fixture (12) to the eyeball. A
proximal portion of the fixture (12) is provided
with an internal cutout to permit resilient hor-
izontal flexure of the proximal portion (23). A
first linear actuator is arranged to drive the first
flexible bracket (23) to translate horizontally
in precisely controlled motion. Joined orthog-
onally to the fixture (12) i1s a second fiexible
bracket (31) having an internal cutout that per-
mits resilient vertical fiexure. One end of the
second flexible bracket (31) is secured rigidly
to the fixture (12), and a micrometer actua-
tor is joined to the movable end of the second
flexible bracket (31) to position it vertically tn
precisely controlled spacing.
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HYDROJET APPARATUS FOR REFRACTIVE SURGERY

Background of the Invention

The present invention relates to hydrojet surgical devices, and more
particularly to hydrojet devices used for refractive surgery.

In recent years the use of surgical techniques for correction of ophthalmic
refractive malfunction has progressed from experimental laboratory operations to
widely accepted, commonplace procedures. Radial keratotomy (RK),
photorefractive keratotomy (PRK), and myopic keratomileusis (MKM) have all
become routine techniques in ophthalmology. Such aggressive surgical treatment
1s a relatively new development in ophthalmology. However. many patients
require good uncorrected visual acuity for various occupations, such as pilots or
professional athletes, and other patients demand good uncorrected visual acuity
for cosmetic or psychological reasons. Moreover, some patients have subnormal
vision, even when optimally corrected with spectacles or contact lenses. and seek
surgical correction for improved vision.

Some photorefractive surgical techniques involve a lamellar keratotomy, in
which a hinged flap of apical corneal tissue is created by incision in the cornea
generally perpendicular to the primary visual axis. A second cut is then made. in
which a thin wafer of stroma is removed. The flap is then returned to its initial
position and permitted to heal in place. Removal of the thin wafer of stroma alters
the conformation of the corneal apex, thereby modifying the refractive
characteristic of the cornea. Clearly, the placement and formation of the second
cut, as well as the thickness and planarity of the first incision, are crucial to the
success of this technique.

Lamellar keratotomy has been performed using a microkeratome device. in

which a high speed rotating cutting head supports a blade that creates the corneal

-
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zcuts. However, the blade thickness, as well as the mechanical vibration and
motion of the moving cutter limits the fineness and planarity of the incisions,
which in turn limits the potential for successful outcome of the surgery.
Recently, a high speed water jet has been used in lamellar keratotomy, in a
technique termed hydrorefractive keratoplasty (HRK). A water jet having a
diameter of 50-100 um is used to form the corneal incisions. The water jet is far
smaller in diameter than the thickness of a cutting blade, whereby the incisions
may be much finer, resulting in less tissue trauma, better healing, and greater
potential for success. The water jet is a linear “beam” which must be swept
through the corneal tissue to effect the necessary incisions. The mechanism to
etiect the beam movement consists generally of a track on which the water jet
nozzle i1s mounted 1n slidable fashion. However. it is recognized in mechanical
engineering that two slidable surfaces must have a clearance of approximately
*0.001 1inch, equal to 25.4 pm. Thus the free play of the sliding mechanism is
25%-50% of the cutting beam diameter, which substantially negates the
advantages of using a hydrojet as a fine cutting instrument. The prior art
demonstrates a need for an improved mechanism for guiding a hydrojet cutting

beam with greater resolution and control.
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summary of the Invention

The present invention generally comprises an apparatus for supporting and
guiding the movement of a high speed liquid jet used for cutting, particularly in
5  the formation of ophthalmic incisions. A salient feature of the apparatus is that it
eliminates the mechanical free play of prior art sliding or rolling devices, thereby
taking full advantage of the extremely fine cutting beam produced by a high
pressure cutting jet, and forming incisions of unprecedented planarity and
thinness.

10 The apparatus includes a fixture for removably securing the device with
respect to the apex of the cornea. At the distal end of the fixture, an opening is
provided, through which the cornea apex or crown may be extended. Surrounding
the opening 1s a suction ring to secure the fixture to the eyeball with the corneal
apex properly positioned in the opening. The distal end portion of the fixture is

I5  joined to a lateral bar, which in turn is secured to a rigid horizontal support. The
proximal portion of the fixture comprises a first flexible bracket provided with an
mternal cutout that is fashioned to permit resilient horizontal flexure of the
proximal portion while preventing vertical flexure. A first linear actuator is
secured to the horizontal support, and the armature of the actuator is connected to

20 the first flexible bracket, whereby the linear actuator may be operated to drive the
first flexible bracket to translate horizontally in precisely controlled motion.

Joined orthogonally to the first flexible bracket is a second flexible bracket,
which 1s provided with an internal cutout that permits resilient vertical flexure
while preventing horizontal movement. One end of the second flexible bracket is

25  secured rigidly to first flexible bracket, and a second linear actuator is joined to
the rigid end of the second flexible bracket. The armature of the second linear
actuator 1s joined to the other, movable end of the second flexible bracket,

whereby the linear actuator may be operated to move the second flexible bracket
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to translate vertically in precise control. The second linear actuator preferably
comprises a micrometer, and the armature position may be set with great accuracy
to select the thickness of the apical flap formed with the invention.

A high pressure liquid jet nozzle is supported on the movable end of the
second flexible bracket and directed generally horizontally toward the corneal
apex in the opening of the first bracket. A target receptacle 1s disposed 1n coaxial
alignment with the liquid jet, and connected to a vacuum line to remove the

volume of liquid released in the liquid jet. An applanation member extends from

the stationary end of the second flexible bracket, and 1s adapted to 1mpinge on the

corneal apex 1n closely spaced relationship to the liquid cutting jet. The vacuum
line 1s secured to the movable end of the second tlexible bracket, whereby the
target receptacle moves in concert with the cutting jet.

The apparatus of the invention is employed by first positioning the first
bracket so that the corneal apex extends through the opening thereof. and the
suction ring 1S connected to a low pressure source to secure the device to the
eyeball. The applanation member may be formed of a transparent material having
a reticle or other scale indicia to determine the proper applanation effect for the
procedure to be carried out. The surface of the applanation member that contacts
the cornea may be planar or may be provided with a predetermined curvature. In
the quiescent disposition, the jet nozzle is aligned so that the liquid jet cannot
contact the corneal tissue.

The liquid jet is then activated, creating a fine beam of extremely high
velocity liquid extending from the nozzle to the target receptacle. The first linear
actuator 1s then activated to translate the nozzle horizontally by bending the first
flexible bracket, whereby the liquid jet beam is translated horizontally through the
corneal tissue. Due to the fact that the diameter of the cutting jet 1s 50 wm or less,
and that there 1s no free play 1n the mechanism that translates the cutting jet, the

incision in the cornea is extremely planar and very thin. Thus the 1ncision is very
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smooth and removes an absolute minimum of tissue, so that rapid healing is
promoted and refractive characteristics are precisely controlled.

The micrometer may be actuated as required to set the vertical position of
the incision and determine the thickness of the apical flap. Thus the apparatus
may direct the cutting jet to perform all the incisions required for MKM or HRK.
Conversely, the apparatus may be used only to carry out the first planar incision
which forms the anterior apical corneal flap, setting the stage for the stromal

resection step which may be carried out by other surgical means.
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Brief Description of the Drawi

Figure 1 1s a perspective view of the apparatus for supporting and directing

a liquid cutting jet for refractive surgery.

Figure 2 is a side view of the apparatus shown in Figure 1 for supporting

and directing a liquid cutting jet for refractive surgery.

Figure 3 is a partially cutaway top view of the apparatus shown in Figures

10 1 and 2 for supporting and directing a liquid cutting jet for refractive surgery.

Figure 4 1s a partially cutaway end view of the apparatus shown in Figures

1-3 tor supporting and directing a liquid cutting jet for refractive surgery.
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Description of the Preferred Embodiment

The present invention generally comprises an apparatus for supporting and

guiding the movement of a high speed liquid jet used for cutting, particularly in
> the formation of ophthalmic incisions. With regard to the accompanying Fi gures

1-4, the apparatus 11 includes a plate-like fixture 12 adapted to engage the
anterior surface 14 of the eye. The lower surface of the fixture is provided with a
suction ring 13 for receiving and releasably securing the anterior surface 14. A
supply tube 10 extends to the suction ring to provide a low pressure source and

10 adhere the suction ring to the eyeball when required. An aperture 16 extends
through the upper surface of the fixture to communicate with the suction ring in
coaxial alignment, the aperture 16 being dimensioned to permit the corneal crown
or apex 17 to extend upwardly therethrough. The fixture 12 thus defines the
surgical site for corneal refractive or therapeutic procedures, and further provides

15> support and guidance for the hydrojet cutting instrument in a fixed relationship
with respect to the corneal apex, as described below.

The fixture 12 is joined rigidly to a lateral bar 21, which is secured to a
horizontal support 22 extending from a stable base structure (not shown). The
proximal end portion 23 of the fixture 12 comprises a first flexible bracket that is

20 free of attachment to the horizontal support 22 or support bar 21. An internal
opening 24 1s disposed in the portion 23. The opening 24 is a quadrilateral having
projecting rounded corners that define thin sidewall portions 26. The thin
sidewall portions 26 are resiliently flexible in the horizontal plane (the nominal
plane of the fixture 12); however, due to the vertical thickness of the structure. the

25  sidewall portions 26 are highly resistant to vertical flexure. Thus the
conformation of the opening 24 permits the first flexible bracket 23 to translate

horizontally with respect to the rigidly supported end of the fixture 12.
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Secured to the horizontal support 22 is a horizontal linear actuator 27. The
armature 28 of the hinear actuator 27 is coupled to the proximal end portion 23 of
the fixture, whereby operation of the actuator 27 drives the portion 23 to translate
horizontally. This translational motion may be controlled with great precision, as
there 1s no sliding or rolling surface contact required to effect the motion.

Extending generally orthogonally from the first flexible bracket 23 a
second piate-like flexible bracket 31. The bracket 31 is provided with an internal
opening 32 similar in conformation and function to the opening 24, whereby the
bracket 31 1s capable of resilient bending in the vertical plane while exhibiting
high rigidity in the horizontal plane. A rigid support bracket 33 is secured to the
movable portion 23 of the first flexible bracket to extend generally vertically
therefrom. One edge 34 of the second flexible bracket 31 is secured to a portion
of the bracket 33, while the opposed end portion 36 is free to translate vertically
in bending fashion.

Secured to the rigid support bracket 33 is a vertical linear actuator 41. The
armature 42 of the linear actuator 41 is coupled to the end portion 36 of the second
flexible bracket 31. Operation of the linear actuator 41 drives the end portion 36
to translate vertically in resilient bending motion. This translational motion may
be controlled with great precision. as there is no sliding or rolling surface contact
required to effect the motion. The vertical linear actuator preferably comprises a
micrometer, so that the vertical position of the jet nozzle and thus the thickness of
the apical flap formed by the mechanism may be selected with extremely high
precision.

A high pressure liquid jet nozzle 43 is supported on the movable end 36 of
the second flexible bracket 31. The liquid jet 44 is directed generally horizontally
toward the corneal apex in the opening 17 of the fixture 12. A target receptacle 46
1s disposed in coaxial alignment with the liquid jet 44, and connected to a vacuum

line 47 to.remove the volume of liquid released in the liquid jet. The vacuum line
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47 extends from the movable end 36 of the second flexible bracket 31, so that the
target receptacle moves in concert with the liquid jet to intercept the jet as the jet
1s directed by the vertical and horizontal linear actuators.

The apparatus also provides an applanation member 48, comprising a
planar tabular member disposed to impinge on the apical surface of the cornea
presented in the opening 16. The applanation member 48 is supported by
standotfs 49 on the fixed portion of the fixture 12. The planar member 48 is
closely spaced in the vertical direction to the liquid jet 44, and is stationary with
respect to the liquid jet to maintain a relatively constant spacing therefrom.

The jet nozzle 43 1s connected to a source of very high pressure liquid. and
1s designed to generate a liquid jet having extremely high velocity and a diameter
of 50 um or less. The jet defines a cutting beam that exhibits no significant
Increase 1n diameter in the distance it travels to the target receptacle. and the
cutting beam severs the interposed corneal tissue with ease. The apparatus 11 is
employed by first positioning the first bracket so that the corneal apex 17 extends
through the opening 16, and the suction ring 13 is actuated to secure the device to
the eyeball. The applanation member 48 may be formed of a transparent material
having a reticle or other scale indicia to determine the proper applanation effect
tor the procedure to be carried out. The surface of the applanation member 48 that
contacts the apex 17 may be planar or may be provided with a predetermined
curvature. It the quiescent disposition, the jet nozzle is aligned so that the liquid
jet cannot contact the corneal tissue.

The hquid jet 44 1s then 1nitiated, creating the beam of extremely high
velocity liquid extending from the nozzle 43 to the target receptacle 46. The first
linear actuator 27 is then activated to translate the nozzle 43 horizontally by
bending the first flexible bracket 23, whereby the liquid jet beam is translated
horizontally through the corneal tissue. Due to the fact that the diameter of the

cutting jet 1s 50 um or less, and that there is no free play in the mechanism that
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translates the cuttng jet, the incision in the cornea is extremely planar and very
thin. That 1s, the flexure mechanism of the apparatus takes maximum advantage
of the extremely fine cutting capability of the liquid jet. Thus the incision is very
smooth and removes an absolute minimum of tissue, so that rapid healing is
promoted and refractive characteristics are precisely controlled.

The second linear actuator 41 may be actuated as required to set the
vertical position of the incision, and this vertical position determines the thickness
(vertical depth) of the apical flap formed by the invention. It is noted that the
vertical deflection mechanism formed by the brackets 31 and 32 and actuator 41 is
supported entrely on the horizontal deflection mechanism. whereby the position
of the jet nozzle 43 is a summation of the vertical and horizontal translations
eftected by the apparatus 11.

The apparatus 11 may direct the cutting jet 44 to perform all the incisions
required for MKM. HRK, ALK, or the like. Conversely, the apparatus may be
used only to carry out the first planar incision which forms the anterior apical
corneal flap, setting the stage for the stromal resection step which may be carried
out by other surgical means.

It 15 noted that the incisions formed by the apparatus 11 may be carried out
not only with extreme precision, but with extreme rapidity. The formation of an
apical corneal flap may require only approximately 1-5 seconds, and a stromal
resection 1ncision may require approximately the same amount of time.

The foregoing description of the preferred embodiment of the invention has
been presented for purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise form disclosed, and many
modifications and variations are possible in light of the above teaching without
deviating from the spirit and the scope of the invention. The embodiment
described is selected to best explain the principles of the invention and its

practical application to thereby enable others skilled in the art to best utilize the

10
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Invention in various embodiments and with various modifications as suited to the

particular purpose contemplated. It is intended that the scope of the invention be

defined by the claims appended hereto.

11
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Claims

1. An ophthalmic surgical device, comprising:

fixture means for releasably engaging an anterior surface portion of an eye;

liquid jet nozzle means for generating a high velocity liquid jet capable of
cutting eye tissue;

bending means extending from said fixture means for undergoing
translational flexure without sliding contact;

saild liquid jet nozzle means extending from said bending means; and.

precision actuator means coupled to said bending means to flexibly
translate said bending means and direct said high velocity liquid jet in cutting the

eye tissue engaged in said fixture means.

2. The ophthalmic surgical device of claim 1, wherein said fixture means

includes an aperture dimensioned to receive the corneal apex of an eye extending

therethrough.

3. The ophthalmic surgical device of claim 2, wherein said fixture includes
a suction ring disposed concentrically with respect to said aperture to releasably
engage the anterior eye surface surrounding the corneal apex.

4. The ophthalmic surgical device of claim 1, wherein said bending means

includes a first flexible bracket extending from said fixture means.

5. The ophthalmic surgical device of claim 4, wherein said first flexible
bracket comprises a first plate-like member extending 1n a first plane, and further

including an interior opening formed in said plate-like member and extending

through said first plane.

12
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6. The ophthalmic surgical device of claim 5, wherein said interior
opening defines a plurality of thin sidewall sections in said first plate-like
member, said thin sidewall sections characterized by resiliently bending readily
in said first plane and strongly resisting bending out of said first plane.

7. The ophthalmic surgical device of claim 6, wherein said precision
actuator means includes a first linear actuator secured to said fixture means, said
linear actuator including a movable armature coupled to said first flexible
bracket to bend and translate said first flexible bracket in said first plane.

8. (Amended) The ophthalmic surgical device of claim 7, further
including a second flexible bracket operatively connected to said first flexible

bracket.

9. The ophthalmic surgical device of claim 8, wherein said second
flexible bracket comprises a second plate-like member extending in a second
plane, and further including an interior opening formed in said second plate-like

member and extending through said second plane.

10. The ophthalmic surgical device of claim 9, wherein said second plane

intersects said first plane.

11. The ophthalmic surgical device of claim 10, wherein said interior
opening defines a plurality of thin sidewall sections in said second plate-like
member, said thin sidewall sections characterized by resiliently bending readily

in said second plane and strongly resisting bending out of said second plane.
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12. The ophthalmic surgical device of claim 11, wherein said precision
actuator means includes a second linear actuator secured to said first flexible
bracket means, said second linear actuator including a movable armature coupled

to said second flexible bracket to bend and translate said second flexible bracket

in said second plane.

13. (Amended) The ophthalmic surgical device of claim 12, wherein said
liquid jet nozzle means is secured to said second flexible bracket means and
configured to be directed proximate to the anterior surface portion of the eye
engaged in said fixture means, whereby translational bending motions of said
first and second flexible brackets are imparted to said liquid jet nozzle means in

additive fashion.

14. The ophthalmic surgical device of claim 13, further including target
receptacle means supported on said second flexible bracket in spaced apart
relationship to said liquid jet nozzle means and disposed to receive said high
velocity liquid jet.

15. (Amended) The ophthalmic surgical device of claim 1, further

including applanation means for impinging on the anterior surface portion of the

eye engaged 1n said fixture means and imparting a predetermined conformal

- surface to the corneal apex of the eye.

16. The ophthalmic surgical device of claim 15, further including
standoff means extending from said fixture means for supporting said
applanation means in fixed relationship to the anterior surface portion of the eye

engaged 1n said device.

14
AMENDED SHzeT
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17. The ophthalmic surgical device of claim 16, wherein said applanation
means includes a planar surface disposed to impinge on the anterior surface

portion of the eye engaged in said device.

5 18. The ophthalmic surgical device of claim 13, wherein said second

linear actuator comprises a micrometer for precisely positioning said liquid jet

nozzle with respect to the plane of said first flexible bracket.

19. (Amended) A method for surgical treatment of an eye, comprising the
10 steps of:

providing a fixture and removably securing the fixture to the anterior
surface of the eye;

joining a flexible bracket assembly to the fixture and supporting a liquid
jet nozzle on the flexible bracket assembly;

15 joining a precision linear actuator to the fixture to engage the flexible
bracket assembly and selectively bend the flexible bracket assembly;

supplying high pressure liquid to the liquid jet nozzle to generate a high
velocity jet;
operating the precision linear actuator to bend the flexible bracket
20 assembly and translate the liquid jet nozzle to translate the high velocity jet

through the eye tissue and form an incision.

20. The method of claim 19, further including the step of 1mpinging a

non-movable applanation member on the anterior surface of the eye prior to

25  supplying high pressure liquid to the liquid jet nozzle, and thereafter translating
the high velocity jet through the eye tissue in a plane parallel to said applanation

member and spaced apart therefrom by a precisely predetermined dimension.
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