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An ultrasonic core including a longitudinally elongated, gen-
erally planar waveguide defining an aperture extending from
a first side of the waveguide toward a medial plane of the
waveguide, andhaving a transducer element sized and shaped
so as to substantially conform to the size and shape of the
aperture and to be at least partially embedded within the
waveguide. In other aspects, an ultrasonic core including a
longitudinally elongated, generally planar silicon waveguide
having at least one transducer element secured thereto and a
wedge-shaped acoustic horn including an inclined side sur-
face, characterized in that the inclined side surface is oriented
along the {1,1,1} crystallographic plane of the silicon mate-
rial. Also, methods of manufacturing the respective ultrasonic
cores and ultrasonic handpieces for an ultrasonic surgical
instruments incorporating such cores.
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Obtain a siicon wafer cut 50 as to have the {1,114} cryslallographio plane disposed at
a novezere acute angle with respact 1o a face of the waler,
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bearing a first pattern representative of the inclined side surface of the waveguide.
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1080
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Perform & hydroxide eloh to the silicon exposed by the oxide elch of the thermal
oxide coating 1022 until the exposed silicon is removed o a predetermingd
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acoustic horn portion §107 including an inclined side surface 570
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MICROMACHINED ULTRASONIC SCALPEL
WITH EMBEDDED PIEZOELECTRIC
ACTUATOR

FIELD

[0001] The various embodiments relate to ultrasonic surgi-
cal instruments and, more particularly, to transducer and
waveguide assemblies for ultrasonic surgical scalpels and
similar instruments having ultrasonically powered end effec-
tors.

BACKGROUND

[0002] Ultrasonic surgical scalpels and similar instruments
for the dissection and/or coagulation of patient tissue typi-
cally comprise an ultrasonic transducer assembly, a
waveguide assembly, and a surgical end effector. The ultra-
sonic transducer assembly generally comprises a piezoelec-
tric transducer element compressed between a pair of end
masses, with the fore-end mass being configured as an acous-
tic horn to create acoustic gain between the piezoelectric
transducer element and the waveguide assembly. In one
known example, the end masses are disposed at the opposite
ends of a shaft, and the piezoelectric transducer element
comprises a plurality of annular piezoelectric transducer
disks disposed along the shaft, with the plurality of disks
being compressed, for example, by tightening a threaded
connection between the shaft and at least one of the end
masses. The piezoelectric transducer element is subsequently
powered to establish at least one standing wave or mode of
vibration (which may include, without limitation, a longitu-
dinal mode of vibration, a lateral mode of vibration, a tor-
sional mode of vibration, and combinations thereof) which
propagates through the shaft and acoustic horn, through the
waveguide assembly, and into the ultrasonically powered end
effector for application to patient tissue. Exemplary end
effectors powered by such devices include ultrasonically
vibrated surgical scalpels for the dissection of patient tissue
and ultrasonically vibrated clamp devices for the apposition
and cauterization of patient tissue.

[0003] The applicant-assignee has recently disclosed vari-
ous ultrasonic surgical instruments which include transducer
elements affixed to longitudinally elongated, generally planar
waveguides. See U.S. patent application Ser. Nos. 12/857,373
and 12/857,399, both filed Aug. 16, 2010, the entirety of
which are incorporated herein by reference. Such instruments
may be constructed upon, for example, a silicon wafer, with
transduction and resonator portions taking the place of the
shaft and end masses of the aforedescribed ultrasonic trans-
ducer assembly. However, the transducer elements in such
devices cannot be secured between and compressed by
adjustable end masses like the ones in the aforedescribed
ultrasonic transducer assembly. Consequently, the applicant
and its associates have continued to seek and to develop
improved constructions for these novel and essentially mono-
lithic transducer-supporting waveguides.

SUMMARY

[0004] A first aspect of the invention is an ultrasonic core
for an ultrasonic surgical instrument. The ultrasonic core
includes a longitudinally elongated, generally planar
waveguide defining an aperture extending from a first side of
the waveguide toward a medial plane of the waveguide and a
transducer element secured to opposite walls of the aperture.
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The transducer element is sized and shaped so as to substan-
tially conform to the size and shape of the aperture and to be
at least partially embedded within the waveguide. In a first
embodiment, the aperture is an open-ended aperture extend-
ing to a second, opposite side of the waveguide. In a second
embodiment, the aperture is a blind or closed-ended aperture.
[0005] A second aspect of the invention is a method for
assembling the ultrasonic core of the aforementioned
embodiments. The method includes the steps of (a) obtaining
alongitudinally elongated, generally planar waveguide defin-
ing an aperture having a first length, and a transducer element
having a second length greater than the first length but
capable of being reversibly shrunk to a third length less than
the first length upon application of a drive current; (b) apply-
ing the drive current to the transducer element and inserting
the transducer element within the aperture; and (¢) removing
the drive current from the transducer element so that the
transducer element expands within the aperture. The resulting
assembly secures the transducer element within the aperture
either with or without the use of an intermediate glue layer.
[0006] A third aspect of the invention is an ultrasonic core
for an ultrasonic surgical instrument. The ultrasonic core
includes a longitudinally elongated, generally planar
waveguide; a transducer element secured to the waveguide,
and a clamp mechanism. The clamp mechanism includes a
base disposed proximally from the proximal end of the
waveguide, a pair of restraining arms projecting distally from
the base and configured so as to mutually oppose one another
across a channel housing the waveguide, and a clamp arm
projecting distally from the base between the pair of restrain-
ing arms. The base and the clamp arm are mechanically
engaged with one another so as to permit the distal end of the
clamp arm to be adjustably and securely positioned within the
channel, and each restraining arm includes a mount which
engages the waveguide at a node positioned distally from the
transducer element. The clamp arm may engage a proximal
end of the waveguide or a proximal end of a transducer
element secured to a proximal end of the waveguide.

[0007] A fourth aspect of the invention is an ultrasonic
handpiece for an ultrasonic surgical instrument. The ultra-
sonic handpiece includes a longitudinally elongated, gener-
ally planar waveguide, a transducer element secured to the
waveguide, a housing surrounding at least the transducer
element, and a clamp mechanism secured to the housing
proximate the transducer element. The clamp mechanism
engages the transducer element at a transducer node, and both
the clamp mechanism and the transducer element include
complementary electrical contacts for applying a drive cur-
rent to the transducer element.

[0008] A fifth aspect of the invention is an ultrasonic core
optionally including an surgical scalpel portion. The ultra-
sonic core includes a longitudinally elongated, generally pla-
nar silicon waveguide having a generally planar transduction
portion, with at least one transducer element secured to the
generally planar transduction portion, and a wedge-shaped
acoustic horn portion including an inclined side surface. The
ultrasonic core is characterized in that the inclined side sur-
face is oriented along the {1,1,1} crystallographic plane of
the silicon material. The wedge-shaped acoustic horn portion
may include a unitary surgical scalpel portion as a part of the
inclined side surface.

[0009] A sixth aspect of the invention is a method of manu-
facturing a silicon waveguide for an ultrasonic surgical instru-
ment where a wedge-shaped distal portion of the waveguide



US 2014/0081299 Al

includes an inclined side surface oriented along a {1,1,1}
crystallographic plane of the silicon material. The method
includes the ordered steps of: (a) obtaining a silicon wafer cut
$0 as to have the {1,1,1} crystallographic plane disposed at a
non-zero acute angle with respect to a face of the wafer; (b)
growing a thermal oxide coating upon the wafer; (¢) applying
aphotoresist coating to one face of the wafer; (d) exposing the
applied photoresist to a light shown through a photomask
bearing a pattern representative of the inclined side surface of
the waveguide; (e) performing an oxide etch upon the thermal
oxide coating exposed by the light-induced destruction of the
photoresist coating and then removing the residual photore-
sist coating; (f) performing a hydroxide etch upon the silicon
exposed by the oxide etch of the thermal oxide coating until
the silicon is removed to a predetermined maximum depth;
and (g) dicing the silicon wafer to create a longitudinally
elongated, generally planar waveguide having at least a
wedge-shaped acoustic horn including the inclined side sur-
face. Additional steps may be performed prior to the dicing of
the silicon wafer to create a longitudinally elongated, gener-
ally planar waveguide having a wedge-shaped acoustic horn
portion and a unitary surgical scalpel portion where both
portions include the inclined side surface.

[0010] Other aspects of the disclosed ultrasonic cores,
handpieces, and surgical instruments will become apparent
from the following description, the accompanying drawings,
and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a plan view of a waveguide for a first
embodiment of an ultrasonic core.

[0012] FIG. 2 is a sectional view of the waveguide of FIG.
1

[0013] FIG. 3 is a plan view of a first embodiment of an
ultrasonic core including a transducer element configured as
a “Langevin stack.”

[0014] FIG. 4 is a sectional view of the ultrasonic core of
FIG. 3.
[0015] FIG. 5 is a detail view of the interface between the

transducer element and the waveguide of the device of FIGS.
3and 4.

[0016] FIG. 6 is a plan view of a waveguide for a second
embodiment of an ultrasonic core.

[0017] FIG. 7 is a sectional view of the waveguide of FIG.
6.

[0018] FIG. 8 is a sectional view of a first example of a
second embodiment of an ultrasonic core.

[0019] FIG.9is a sectional view of a second example of a
second embodiment of an ultrasonic core.

[0020] FIG.10is anillustration of a method for assembling
the ultrasonic cores of the first and second embodiments
which specifically illustrates the assembly of an exemplary
device of the first embodiment.

[0021] FIG. 11 is plan view of a first example of a third
embodiment of an ultrasonic core which includes a clamp
mechanism for preconstraining a transducer element.

[0022] FIG.12is aplan view of asecond example of a third
embodiment of an ultrasonic core which includes a clamp
mechanism for preconstraining a transducer element

[0023] FIG. 13 is a partial sectional view of a third example
of a third embodiment of an ultrasonic core which includes a
clamp mechanism for preconstraining a transducer element.
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[0024] FIG. 14 is a partial sectional view of a fourth
example of a third embodiment of an ultrasonic core which
includes a clamp mechanism for preconstraining a transducer
element.

[0025] FIG. 15 is a sectional view of a first example of a
fourth embodiment of an ultrasonic core and handpiece.
[0026] FIG. 16 is a sectional view of a second example ofa
fourth embodiment of an ultrasonic core and handpiece.
[0027] FIG. 17 is a plan view of a fifth embodiment of an
ultrasonic core and surgical scalpel.

[0028] FIG. 18 is a sectional view of the ultrasonic core and
surgical scalpel of FIG. 17.

[0029] FIGS.19A-D illustrate a method for manufacturing
a waveguide for the devices of the fifth embodiment. Exem-
plary illustrations are sectional views of the silicon wafer
unless otherwise indicated.

DETAILED DESCRIPTION

[0030] Before explaining the several embodiments in
detail, it should be noted that the embodiments and expres-
sions are not limited in their application or use to the details of
construction and arrangement of parts illustrated in the
accompanying drawings and description. The illustrative
embodiments and expressions may be implemented or incor-
porated in other embodiments, expressions, variations, and
modifications, and may be practiced or carried out in various
ways. Furthermore, unless otherwise indicated, the terms and
expressions employed herein have been chosen for the pur-
pose of describing the illustrative embodiments for the con-
venience of the reader, and are not for the purpose of limiting
the invention.

[0031] Ttis further understood that any one or more of the
following-described embodiments, expressions, examples,
etc. may be combined with any one or more of the other
following-described embodiments, expressions, examples,
etc. Such modifications and variations are intended to be
included within the scope of the claims.

[0032] A firstembodiment is shown in FIGS. 1-5. The first
embodiment is an ultrasonic core 100 for an ultrasonic sur-
gical instrument, and includes a longitudinally elongated,
generally planar waveguide 110. The waveguide material is
preferably a single crystal or polycrystalline material, princi-
pally silicon, although germanium, diamond, or sapphire may
also be used. In alternate constructions, the generally planar
waveguide 110 may instead be manufactured from glass,
ceramic, titanium, stainless steel, or aluminum. Although
typically illustrated as having only a single layer, it will be
understood that the waveguide may be a laminated structure
including a plurality of planar layers. For example, for a
silicon waveguide 110, the opposing sides of adjacent layers
may be bonded by known silicon fusion processes to form a
waveguide having a desired thickness. For further example,
for a titanium waveguide 110, the edges of adjacent layers
may be bonded by known laser welding techniques to form a
waveguide having a desired thickness. Composite structures,
such as a laminated silicon-glass-silicon waveguide, may be
bonded by related processes such as anodic bonding. For sake
of clarity in this discussion and the appended claims, the term
“end” will be understood as referring to a longitudinal bound-
ary, or a surface representing such a boundary; the term
“edge” will be understood as referring to a lateral boundary,
or surface representing such boundary, in a direction within
the plane of the waveguide; and the term “side” will be under-
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stood as referring to a lateral boundary, or surface represent-
ing such a boundary, in a direction perpendicular to the plane
of the waveguide.

[0033] The ultrasonic core 100 also includes a transducer
element 120. The transducer element is preferably formed
from a lead-free piezoelectric material, such as barium titan-
ate, or a magnetostrictive material, such as nickel or “GAL-
FENOL” (gallium-iron alloys marketed by ETREMA Prod-
ucts, Inc. of Ames, lowa), so that the ultrasonic surgical
instrument may be both inexpensive enough to be employed
as a single use device and suitable for disposal as ordinary
medical waste, as opposed to lead-bearing hazardous waste.
Other transducing materials, including ceramic PZT materi-
als and electrostrictive materials, as well as single crystal
materials, may also be used. As shown in FIGS. 4 and 5, the
transducer element 120 may include a plurality of discrete
transducing subelements configured as a “Langevin stack.”
However, it will be understood that the transducer element
120 may instead be a unitary transducer element like those
illustrated in other figures.

[0034] As detailed in FIGS. 1 and 2, the planar waveguide
110 defines an aperture 112 extending from a first side 114 of
the waveguide 110 to a second, opposite side 116 of the
waveguide. The aperture 112 may be formed by laser cutting
the waveguide 110, or through alternate methods such as
water jet cutting, depending upon the materials involved. As
detailed in FIGS. 3 and 4, the transducer element 120 is sized
and shaped to substantially conform to the size and shape of
the aperture 112 (with respect to a length between ends and a
length between edges, but not necessarily a depth or thickness
between sides), and may be secured within the aperture 112
by a glue layer 118 disposed between the transducer element
120 and opposite walls of the aperture 112. In a first expres-
sion of the first embodiment, suitable for use in a device
employing a longitudinal mode of vibration, the glue layer
118 may be disposed at opposite end walls 1124 of the aper-
ture 112. In a second expression of the first embodiment,
suitable for use in a device employing a lateral mode of
vibration, the glue layer 118 may be disposed at opposite edge
walls 1125 of the aperture 112. Preferably, the glue layer 118
is disposed about the entire periphery of the aperture 112 so as
to completely secure the transducer element 120 within it.
Disposition about the entire periphery of the aperture 112 will
advantageously support the transmission of longitudinal, lat-
eral, and torsional modes of vibration to the planar waveguide
110.

[0035] In a variation of the first embodiment, detailed in
FIG. 5, the glue layer 118 may include a plurality of rigid
beads 119. The rigid beads 119 serve to increase the apparent
modulus of elasticity of the glue layer 118 by interposing a
substantially more rigid structure between the end walls
112a, edge walls 1125, and/or periphery of the aperture 112
and the ends, edges, and/or periphery of the transducer ele-
ment 120. The glue of the glue layer 118 then serves as a
matrix to substantially fix the position of the rigid beads 119
between respective portions of the aperture 112 and the trans-
ducer element 120. In a first expression of the embodiment,
the rigid beads 119 may be non-conductive glass beads. In a
second expression of the embodiment, the rigid beads 119
may be conductive beads, such as glass beads coated with a
metallic layer, metallic beads, or the like. In the second
expression, electrical power may be transferred between the
planar waveguide 110 and the transducer element via the rigid
beads 119, with the beads serving as a hot pole and/or a
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ground pole depending upon the particular configuration of
the glue layer 118 (e.g., disposed only at opposite walls of the
aperture 112 50 as to be configurable as two poles, or about the
entire periphery of the aperture 112 so as to be configurable as
a single pole). In either expression of the embodiment, the
glue of the glue layer 118 may be conductive and serve as a as
a hot pole and/or a ground pole apart from, or as a comple-
ment to, the rigid beads 119. Preferably, the rigid beads 119
are sized to form a single layer between the walls of the
aperture 112 and the transducer element 120. Preferably, the
rigid beads 119 make up between 10 percent and 65 percent,
by volume, of the glue layer 118.

[0036] In contrast to a planar waveguide having a trans-
ducer element glued to a side of the waveguide, where move-
ment is transmitted between the transducer element and the
waveguide through an “elongation-propagation”-type action,
the structures of the first embodiment provide a transducer
element 120 embedded within the waveguide 110, permitting
movement to be transmitted between them in a “push-pull”-
type action. This change in transmission characteristics
enhances the coupling and coupling efficiency between the
structures by changing the principal forces acting across the
bonding layer from shear forces to compressive forces, as
well as permitting the use of improved bonding materials.
Also, in contrast to a planar waveguide having transducer
elements glued to opposite sides of the waveguide, the struc-
tures of the first embodiment eliminate the need to precisely
align opposing transducer elements (in order to avoid undes-
ired modes of vibration).

[0037] A second embodiment is shown in FIGS. 6-10. The
second embodiment is an ultrasonic core 200 for an ultrasonic
surgical instrument which includes a similar longitudinally
elongated, generally planar waveguide 210 and a similar
transducer element 220. As detailed in FIGS. 6 and 7, the
planar waveguide 210 defines at least one aperture 212
extending from a first side 214 of the waveguide 210 toward
amedial plane of the waveguide “M.” However, in contrast to
the first embodiment, the aperture is a blind or closed-ended
aperture 212 as opposed to an open-ended aperture 112. In
many devices, such as the exemplary devices discussed
below, the planar waveguide 210 also defines an opposing
aperture 212 extending from a second, opposite side 216 of
the waveguide toward the medial plane “M” and/or additional
apertures 212 positioned along a longitudinal axis of the
waveguide “L.” Each aperture 212 may be formed by machin-
ing or chemically etching the waveguide 210. Additionally or
alternately, where more substantial transducer element thick-
nesses are required, the waveguide 210 may be a laminated
structure including a plurality of planar layers. A principal
layer or layers may constitute the transduction and resonator
portions of the waveguide 210 and, optionally, a truncated
auxiliary layer or layers may define the sides of the aperture
212. Each aperture 212 may then be formed by cutting,
machining, and/or chemically etching one or more layers,
eitherindividually or in combination. As indicated earlier, the
various layers may be bonded by silicon fusion processes,
anodic bonding processes, laser welding processes, and other
known techniques appropriate for use with the waveguide
material(s).

[0038] As detailed in FIG. 8, each transducer element 220
is sized and shaped to substantially conform to the size and
shape of its corresponding aperture 212, and may be secured
within that aperture 212 by a glue layer 218 (not specifically
shown) disposed between the transducer element 220 and
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opposite walls of the aperture 212. The transducer element
220 may also be secured to the closed end of the aperture 212
by glue layer 218, or by an alternate bonding material serving
to temporarily position and secure the transducer element
within the aperture 212 prior to introduction of the glue layer
218. In expressions of the second embodiment, the glue layer
218 may be disposed at the ends 212a of the aperture 212
and/or the edges 2145 (not shown) of the aperture 212. Pref-
erably, the glue layer 218 is disposed about the entire periph-
ery of the aperture 212 so as to completely secure the trans-
ducer element 220 within it. Disposition about the entire
periphery of the aperture 212 will advantageously support
longitudinal, lateral, and torsional modes of vibration trans-
mission to the planar waveguide 210. In a variation of the
second embodiment, the glue layer 218 may include a plural-
ity of rigid beads 219 (not illustrated for sake of clarity) like
those described in the first embodiment and/or conductive
components like those described in the first embodiment.

[0039] Incontrast to a planar waveguide having transducer
elements glued to opposite sides of the waveguide, the struc-
tures of the second embodiment provide transducer elements
220 at least partially embedded within the waveguide 210
itself. Each aperture 212 serves to positively locate a corre-
sponding transducer element 220 with respect to an opposing
transducer element disposed across the medial plane and/or a
serial transducer element disposed at another predetermined
(typically, longitudinal) location, and may be precisely posi-
tioned with respect to the waveguide 210 during manufactur-
ing of the waveguide out of, for example, a silicon wafer or a
titanium sheet. This change in structural characteristics
reduces the difficulty in precisely aligning opposing trans-
ducer elements across the medial plane “M” in order to avoid
undesired modes of vibration. This change in structural char-
acteristics also reduces the difficulty in precisely positioning
serial transducer elements at predetermined locations, e.g., at
nodes of a desired mode of vibration, in order to avoid undes-
ired modes of vibration and/or destructive interference
between the elements of the series.

[0040] Ina first example of the second embodiment, shown
in FIG. 8, the waveguide 210 is a laminated structure includ-
ing a plurality of planar layers 210qa, 2108, etc. of material.
Two adjoining principal layers, 2105 and 210¢, define a lon-
gitudinal channel or other internal void which may serve, for
example, as an internal lumen 211. Two truncated auxiliary
layers, 210a and 2104, each define a blind aperture 212, with
the apertures being disposed in mutual opposition across the
medial plane “M.” A pair of opposing transducer elements
220 are disposed within the apertures 212 and secured by glue
layers 218 as described above. The first example conse-
quently provides a structure suitable for use as an ultrasonic
surgical scalpel which may be cooled by an irrigation fluid
pumped through the internal lumen 211 in order to prevent the
cauterization of dissected patient tissue.

[0041] In a second example of the second embodiment,
shown in FIG. 9, the waveguide 210 is a laminated structure
including a plurality of planar layers 210a, 2105, etc. of
material. Three adjoining principal layers, 2105, 210¢, and
210d, define a longitudinal channel or other internal void
which may serve, for example, as an internal lumen 211. In
contrast to the first example, where the principal layers would
be etched or otherwise machined to include partially penetrat-
ing voids defining the internal lumen 211, only the central
principal layer 210¢ must be cut, machined, or otherwise
shaped to provide a channel or void space, leaving the adjoin-
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ing principal layers 2105 and 2104 to serve as the sides of the
internal lumen 211. Two truncated auxiliary layers, 210a and
210e, each at least partially define a plurality of blind aper-
tures 212 serially disposed along the longitudinal axis of the
device, with the pluralities being disposed in mutual opposi-
tion across the medial plane “M.” The adjoining principal
layers, 2105 and 210d, may further partially define the
respective apertures 212 so as to provide reference points for
locating the truncated auxiliary layers, 210 and 210e, during
lamination of the various layers. Opposing transducer ele-
ments 220 are disposed within the apertures 212 and option-
ally secured by glue layers as described above. The second
example provides a structure suitable for use as a cooled
ultrasonic surgical scalpel, but also efficiently increases the
amplitude of displacement of the waveguide and end effector
by enabling the precise positioning of multiple smaller trans-
ducer elements in series. Those of skill in the art will appre-
ciate that examples of the first embodiment may similarly
employ a plurality of open-ended apertures 112 serially dis-
posed along the longitudinal axis of the device to provide
improved ultrasonic surgical scalpels and similar instru-
ments.

[0042] As illustrated in FIG. 10, in a method of assembling
the devices of the first and second embodiments, the trans-
ducer element(s) 120, 220 may be sized and shaped to sub-
stantially conform to the size and shape of the aperture(s) 112,
212 after inversely powering the transducer element to shrink
the length of the transducer element to a length which is
shorter than a corresponding length ofthe aperture. In step 10,
one obtains a longitudinally elongated, generally planar
waveguide 110 defining an aperture 112 having a first length
113, and a transducer element 120 having asecond length 121
greater than the first length 113 but capable of being revers-
ibly shrunk to a third length 122 less than the first length 113
upon application of a drive current. In step 20, one applies the
drive current to the transducer element 120 and inserts the
transducer element 120 within the aperture 112. In optional
step 30, one may dispose a glue layer 118 between the trans-
ducer element 120 and opposite walls of the aperture 112. As
discussed above, such a glue layer 118 may include a plurality
of rigid beads 119 which may serve to increase the apparent
modulus of elasticity of the glue layer 118 and/or to ensure a
constant glue layer thickness between the transducer element
120 and the opposite walls of the aperture 112. In step 40, one
removes the drive current from the transducer element 120 so
that the transducer element 120 expands within the aperture
112. Upon completion, the transducer element 120 is com-
pressionally secured within and preconstrained by the oppo-
site walls of the aperture 112. This preconstraint serves to
increase the amplitude of displacement of the waveguide and
end effector.

[0043] A third embodiment is shown in FIGS. 11-14. The
third embodiment is an ultrasonic core 300 for an ultrasonic
surgical instrument which includes a longitudinally elon-
gated, generally planar waveguide 310, a transducer element
320 secured to the waveguide 310, and a clamp mechanism
330. The waveguide 310 may include an aperture 312, as
shown in FIG. 11, with the transducer element 320 sized and
shaped to substantially conform to the size and shape of the
aperture 312 and secured to opposite walls of the aperture
312. However, the transducer element 320 may alternately be
secured to the proximal end of the waveguide 310, as shown
in FIG. 12, by a bonding material 324.
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[0044] The clamp mechanism 330 may include a base 332
disposed proximally from the proximal end of the waveguide
310, a pair restraining arms 334a, 3345 projecting distally
from the base 332 and configured so as to mutually oppose
one another across a channel 336 housing the waveguide 310,
and a clamp arm 338 projecting distally from the base 332
between the pair of restraining arms 334a, 33454. Those of
skill in the art will appreciate that the clamp mechanism may
be an internal component of a handpiece for an ultrasonic
surgical instrument, as shown in FIGS. 11 and 12, or be a
unitary or integrated part of a handpiece housing 350 sur-
rounding the transducer element 320, as shown in FIGS. 13
and 14. The base 332 and the clamp arm 338 may be mechani-
cally engaged with one another so as to permit the distal end
of the clamp arm 338 to be adjustably and securely positioned
within the channel 336. For example, the base 332 may
include an aperture 333 and the clamp arm 338 may include a
sawtooth-ribbed section 339 enabling a ratchet-like advance-
ment of the clamp arm 338 relative to the base 332. For further
example, the base 322 may include a threaded aperture 333'
(not specifically shown) and the clamp arm 338 may include
a threaded section 339" (not specifically shown) enabling a
screw-like advancement of the clamp arm 338 relative to the
base 332. In other examples, the base 332 may include an
aperture, channel, or groove, and the clamp arm may be
adhered, soldered, or welded into the aperture, channel, or
groove while the clamp arm 338 is secured to preconstrain the
transducer element 120.

[0045] The restraining arms 334a, 3345 each include a
mount 335 which engages the waveguide 310 at a node 340
positioned distally from the transducer element 320. In a first
expression of the third embodiment, shown in FIGS. 11 and
12, each mount includes a hook 3354, and the waveguide 310
includes complementary hooks 3424 disposed proximate the
node 340 and engaging the mount hooks. In a second expres-
sion of the third embodiment, shown in FIG. 13, each mount
includes a slot 3355, and the waveguide includes projections
342h extending outwardly from the edges of the waveguide
310 proximate the node 340 and engaging the mount slots. In
athird expression of the third embodiment, shown in F1G. 14,
each mount includes a pin or screw 335¢ projecting into the
channel 336, and the waveguide includes sockets 342c
extending inwardly from the edges of the waveguide 310
proximate the node 340 and engaging the mount pins or
screws.

[0046] A fourth embodiment is shown in FIGS. 15 and 16.
The fourth embodiment is an ultrasonic handpiece 400 for an
ultrasonic surgical instrument which includes a longitudi-
nally elongated, generally planar waveguide 410, a trans-
ducer element 420 secured to the waveguide 410, a housing
450 surrounding at least the transducer element 420, and a
clamp mechanism 460 secured to the housing 450 proximate
the transducer element 420 and engaging the transducer ele-
ment at a transducer node 444. The clamp mechanism 460
may principally secure the planar waveguide 410 and trans-
ducer element 420 within the housing 450 by applying a
transverse compressional force to these structures, but may
also engage a groove, aperture, or other locating structure
with complementary structure such as a tongue or post. The
complementary structure may be at least partially elastomeric
(e.g., include an elastomeric tip or cushion) so as to vibra-
tionally isolate the housing 450 from the transducer element
420. The clamp mechanism 460 and the transducer element
420 include complementary electrical contacts 466, 426 for
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applying a drive current to the transducer element 420. The
clamp mechanism electrical contacts 466 may be electrically
connected to a remote ultrasound generator via a handpiece
cable 467, and the transducer element electrical contacts 426
may be electrically connected to a plurality of electrodes 428
(not shown for sake of clarity) disposed upon and within the
transducer element 420.

[0047] In a first example of the fourth embodiment, shown
in FIG. 15, a transducer element 420 is secured to the first side
414 of the waveguide 410 without an opposing transducer
element being secured to the second, opposite side 416 of the
waveguide. The clamp mechanism 460 may include a first
clamp arm 462 engaging the transducer element 420 at the
transducer node 444 and a second clamp arm 464 engaging
the waveguide 410, specifically the second, opposite side 416
of the waveguide, at the transducer node 444. The clamp
mechanism electrical contacts 466 are then disposed on the
first clamp arm 462. A joint 468, such as an O-ring or similar
generally annular elastomeric part, may engage the
waveguide 410 at a node 440 positioned distally from the
transducer element 420 to increase the stiffness of the
waveguide 410 and to prevent contaminants from entering the
housing 450.

[0048] In a second example of the fourth embodiment,
shown in FIG. 16, a first transducer element 4204 is secured
to the first side 414 of the waveguide 410 and a second,
opposing transducer element 4205 is secured to the second,
opposite side 416 of the waveguide. The clamp mechanism
460 may include a first clamp arm 462 engaging the first
transducer element 420a at the transducer node 444 and a
second clamp arm 464 engaging the second transducer ele-
ment 4204 at the transducer node 444. The clamp mechanism
electrical contacts 466 may then be disposed on both the first
clamp arm 462 and the second clamp arm 464 for engagement
with the complementary electrical contacts 426 of the respec-
tive transducer elements. Again, a joint 468, such as an O-ring
or similar generally annular elastomeric part, may engage the
waveguide 410 at a node 440 positioned distally from the
transducer elements 420a and 4205 to increase the stiffness of
the waveguide 410 and to prevent contaminants from entering
the housing 450.

[0049] A fifth embodiment is shown in FIGS. 17 and 18.
The fifth embodiment is an ultrasonic core 500 which
includes a longitudinally elongated, generally planar silicon
waveguide 510 having a generally planar transduction por-
tion 510", with at least one transducer element 520 secured to
the generally planar transduction portion 510", and a wedge-
shaped acoustic horn portion 510" including an inclined side
surface 570. The fifth embodiment is characterized in that the
inclined side surface 570 is oriented along the {1,1,1} crys-
tallographic plane of the silicon material. The edges of the
inclined side surface, 572a¢ and 572b, may also converge
toward a central longitudinal axis of the waveguide “L” so as
to provide a three-dimensionally varying acoustic horn. In a
first example of the fifth embodiment, shown in FIGS. 17 and
18, the edges of the inclined side surface 572a and 5726 may
linearly converge toward the central longitudinal axis “L” in
the acoustic horn portion 510". In a second example of the
fifth embodiment, partially shown in FIG. 19C, the edges of
the inclined side surface 5724 and 572b may curvilinearly
converge toward the central longitudinal axis “L” in the
acoustic horn portion 510",
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[0050] In a variation of the fifth embodiment, the acoustic
horn portion 510" may include a unitary surgical scalpel
portion.

[0051] Although the following discussion focuses upon a
method of manufacturing a waveguide for the ultrasonic core
of the fifth embodiment, it is expressly contemplated that the
generally planar transduction portion 510' may take the form
of any one of'the first through fourth embodiments and com-
binations thereof, and that the waveguide 510 of the fifth
embodiment may be a laminated structure having a pair of
mutually opposing principal layers, each including a wedge-
shaped acoustic horn portion 510", adjoined such that the
inclined side surfaces 570 of the respective layers are dis-
posed on opposite sides of the waveguide 510. For sake of
clarity in this discussion and the appended claims, the term
“ordered” will be understood as referring to a set of steps that,
with respect to each other, are carried out in the stated order,
but shall not be interpreted as precluding or excluding the
possibility of some other step or steps being performed
before, during, or after a recited step nor of some other step of
steps being performed between recited steps. Rather. the per-
formance of each recited step serves as a prerequisite to
performance of the next.

[0052] As illustrated in FIGS. 19A through 19D, in a
method of manufacturing a silicon waveguide for an ultra-
sonic surgical instrument, a silicon wafer is serially coated,
etched, and diced in a number of ordered steps so as to
manufacture at least one waveguide 510 having an inclined
side surface 570 oriented along a {1,1,1} crystallographic
plane of the silicon material. In step 1010, one obtains a
silicon wafer cut so as to have the {1,1,1} crystallographic
plane disposed at a non-zero acute angle with respect to a face
of the wafer. Preferably, the {1,1,1} crystallographic plane is
disposed at an angle o of between 1 degrees and 10 degrees
with respect to this face. In step 1020, one grows a thermal
oxide coating 1022 upon the silicon wafer; in step 1030, one
applies a photoresist coating 1032 to one face of the silicon
wafer; and in step 1040, one exposes the applied photoresist
coating 1032 to a light shown through a photomask bearing a
first pattern representative of the inclined side surface 570 of
the waveguide 510. In step 1050, one performs an oxide etch,
such as a buffered hydrofluoric acid etch (BHF etch) or
plasma etch, to the thermal oxide coating 1022 exposed by the
light-induced destruction of the photoresist coating 1032, and
then removes the residual photoresist coating 1032.

[0053] In step 1060, one performs a hydroxide etch, using
etchants such as potassium hydroxide or tetramethylammo-
nium hydroxide, to the silicon exposed by the oxide etch of
the thermal oxide coating 1022. The silicon oriented along the
{1,1,1} crystallographic plane of the material and having
edges protected by the thermal oxide will be comparatively
resistant to the etching process, whereas the silicon oriented
along other crystallographic planes such as the {1,0,0} plane
and having edges exposed to the etchant will be compara-
tively susceptible to the etching process. For example, in a
KOH etching process the relative ratio of etching rates for the
material in the {1,1,1} and {1,0,0} planes will be approxi-
mately 1:100, creating a V-like notch in the silicon material
having a ‘long’ leg or side oriented along the {1,1,1} crystal-
lographic plane and a ‘short’leg or side where silicon material
is being more rapidly removed. The hydroxide etch is per-
formed until the exposed silicon is removed to a predeter-
mined maximum depth, creating an inclined surface oriented
along the {1,1,1} crystallographic plane of the silicon mate-
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rial. Preferably the predetermined maximum depth is just less
than the depth of the silicon wafer so as to form an acoustic
horn and unitary ultrasonic surgical scalpel projecting dis-
tally therefrom. Alternately, the predetermined maximum
depth is a non-zero depth, substantially less than the depth of
the silicon wafer, so as to form an acoustic horn providing a
stud for the attachment of an ultrasonic end effector. In the
latter instance, in step 1065, one may dice the silicon wafer to
vield a waveguide 510 or waveguide layer having a wedge-
shaped acoustic horn portion 510" including the inclined side
surface 570. It will be appreciated that the silicon exposed by
the hydroxide etching and, potentially, dicing operation may
be converted to a thermal oxide coating so as to improve the
strength of the acoustic horn portion. An ultrasonic end effec-
tor could later be glued to the distal end of the formed acoustic
horn, or fused to the distal end of the formed acoustic horn by
known silicon fusion processes, anodic bonding processes, or
the like to yield an ultrasonic surgical instrument with an
acoustic horn which tapers in both transverse dimensions,
like the machined fore-end mass acoustic horns of conven-
tional ultrasonic transducer assemblies.

[0054] Inthe former instance, where one seeks to manufac-
ture a unitary ultrasonic surgical scalpel, further processing
steps are performed. In step 1070, one removes and then
regrows the thermal oxide coating 1022 upon the silicon
wafer; and, in step 1080, one applies a photoresist coating
1082 to the opposite face of the silicon wafer. In step 1090,
one exposes the applied photoresist coating to a light shown
through a photomask bearing a second pattern representative
of the edges 572a and 572b and distal end 574 of the inclined
side surface 570 of the waveguide 510. In step 1100, one
performs an oxide etch, such as a plasma etch, to the thermal
oxide coating exposed by the light-induced destruction of the
photoresist coating. In step 1110, one performs a DRIE etch
to etch the edges 572a and 572b and distal end 574 of the
inclined side surface 570 through the silicon wafer. Then, in
step 1120, one optionally removes and then regrows the ther-
mal oxide coating upon the silicon wafer so as to improve the
strength and biocompatibility of the surgical scalpel portion;
and, in step 1130, one dices the wafer to yield a waveguide
510 or waveguide layer having a wedge-shaped acoustic horn
portion 510" and surgical scalpel portion both including the
inclined side surface 570.

[0055] The wedge-shaped acoustic horn with inclined side
surface enables the manufacturer to produce an acoustic horn
which tapers in both transverse dimensions, like the
machined fore-end mass acoustic horns of conventional ultra-
sonic transducer assemblies, and to deliver enhanced ultra-
sonic gain due to the narrowing of the waveguide material
along the inclined side surface. In constructions like that of
the fifth embodiment, where the wedge-shaped distal portion
of the waveguide includes an acoustic horn portion and a
unitary surgical scalpel portion, both portions may include
the inclined side surface. The inclined side surface conse-
quently serves to provide enhanced ultrasonic gain to the
surgical scalpel and to provide a very sharp distal-most edge,
as well as to provide a smooth transition from the acoustic
horn portion to the surgical scalpel portion. The method of
manufacturing the waveguide takes advantage of the fact that
silicon etching processes can be anisotropic, with the struc-
tures of the crystal planes being etched at different rates so as
to preferentially remove silicon across the {1,0,0} and {1,1,
0} crystallographic planes while intrinsically forming a sur-
face aligned with the {1,1,1} crystallographic plane. Thus, an
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essentially monolithic essentially monolithic transducer-sup-
porting waveguide can be manufactured to provide superior
acoustic gain to a distal end without requiring expensive and
complete three dimensional machining equipment and tech-
niques, and ultrasonic handpieces employing such
waveguides can be manufactured with smaller ultrasonic
cores for a desired amount of end effector displacement.
[0056] While aspects of the invention have been illustrated
by the description of several embodiments, it is not the inten-
tion of the applicant to restrict or limit the spirit and scope of
the appended claims to such detail. Numerous variations,
changes, and substitutions will occur to those skilled in the art
without departing from the scope of the invention. Moreover,
the structure of each element associated with the present
invention can be alternatively described as a means for pro-
viding the function performed by the element. Accordingly, it
is intended that the invention be limited only by the spirit and
scope of the appended claims.

What is claimed is:

1. An ultrasonic core for an ultrasonic surgical instrument,
the ultrasonic core comprising:

a longitudinally elongated, generally planar waveguide
having an aperture extending from a first side of the
waveguide toward a medial plane of the waveguide; and

a transducer element secured to opposite walls of the aper-
ture, wherein the transducer element is sized and shaped
to substantially conform to the size and shape of the
aperture.

2. The ultrasonic core of claim 1, wherein the transducer
element is secured to the opposite walls of the aperture by a
glue layer disposed between the transducer element and the
opposite walls of the aperture.

3. The ultrasonic core of claim 2, wherein the glue layer is
disposed at the ends of the aperture.

4. The ultrasonic core of claim 3, wherein the glue layer is
disposed about the entire periphery of the aperture.

5. The ultrasonic core of claim 2, wherein the glue layer
includes a plurality of rigid beads.

6. The ultrasonic core of claim 5, wherein the rigid beads
are glass beads.

7. The ultrasonic core of claim 1, wherein the aperture
extends from the first side of the waveguide to a second,
opposite side of the waveguide.

8. The ultrasonic core of claim 1, wherein the aperture is a
blind aperture having a closed end.

9. The ultrasonic core of claim 8, wherein the transducer
element is secured to the closed end of the aperture by a glue
layer.

10. The ultrasonic core of claim 1, wherein the waveguide
is a laminated structure including a plurality of planar layers.

11. A method of assembling an ultrasonic core including a
longitudinally elongated, generally planar waveguide, the
method comprising the steps of:

obtaining a longitudinally elongated, generally planar
waveguide defining an aperture having a first length, and
atransducer element having a second length greater than
the first length but capable of being reversibly shrunk to
a third length less than the first length upon application
of a drive current;

applying the drive current to the transducer element and
inserting the transducer element within the aperture;

removing the drive current from the transducer element so
that the transducer element expands within the aperture,
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whereby the transducer element is compressionally secured
within and preconstrained by the opposite walls of the aper-
ture.

12. The method of claim 11, further comprising the step of
disposing a glue layer between the transducer element and
opposite walls of the aperture prior to removing the drive
current form the transducer element.

13. The method of claim 12, wherein the glue layer is
disposed at the ends of the aperture.

14. The method of claim 13, wherein the glue layer is
disposed about the entire periphery of the aperture.

15. The method of claim 12, wherein the glue layer
includes a plurality of rigid beads.

16. The method of claim 15, wherein the rigid beads are
glass beads.

17. An ultrasonic core for an ultrasonic surgical instru-
ment, the ultrasonic core comprising:

a longitudinally elongated, generally planar waveguide;

a transducer element secured to the waveguide; and

a clamp mechanism including a base disposed proximally

from the proximal end of the waveguide, a pair of
restraining arms projecting distally from the base and
configured so as to mutually oppose one another across
a channel housing the waveguide, and a clamp arm pro-
jecting distally from the base between the pair of
restraining arms,

wherein the base and the clamp arm are mechanically

engaged with one another so as to permit distal end of the
clamp arm to be securely positioned within the channel;
and

wherein each restraining arm includes a mount which

engages the waveguide at a node positioned distally
from the transducer element.

18. The ultrasonic core ofclaim 17 wherein the pair of arms
are unitary members of a handpiece housing surrounding the
transducer element.

19. The ultrasonic core of claim 17, wherein the base
includes an aperture and the clamp arm includes a sawtooth-
ribbed section for engagement with the aperture.

20. The ultrasonic core of claim 17, wherein each mount
includes a hook, and the waveguide includes complementary
hooks disposed proximate the node and engaging the mount
hooks.

21. The ultrasonic core of claim 17, wherein each mount
includes a slot, and the waveguide includes projections
extending outwardly from the edges of the waveguide proxi-
mate the node and engaging the mount slots.

22. The ultrasonic core of claim 17, wherein each mount
includes a pin or screw projecting into the channel, and the
waveguide includes sockets extending inwardly from the
edges of the waveguide proximate the node and engaging the
mount pins or sCrews.

23. An ultrasonic handpiece for an ultrasonic surgical
instrument, the ultrasonic handpiece comprising:

a longitudinally elongated, generally planar waveguide;

a transducer element secured to the waveguide;

a housing surrounding at least the transducer element; and

a clamp mechanism secured to the housing proximate the

transducer element and engaging the transducer element
at a transducer node;

wherein the clamp mechanism and the transducer element

include complementary electrical contacts for applying
a drive current to the transducer element.
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24. The ultrasonic handpiece of claim 23, wherein the
transducer element is secured to a first side of the waveguide,
and wherein the clamp mechanism includes a first clamp arm
engaging the transducer element at the transducer node and a
second clamp arm engaging a second, opposite side of the
waveguide at the transducer node.

25. The ultrasonic handpiece of claim 23, wherein the
transducer element is a first transducer element secured to a
first side of the waveguide, and further comprising:

asecond, opposing transducer element secured to a second,
opposite side of the waveguide;

wherein the clamp mechanism includes a first clamp arm
engaging the first transducer element at the transducer
node and a second clamp arm engaging the second trans-
ducer element at the transducer node.

26. An ultrasonic core comprising:

a longitudinally elongated, generally planar silicon
waveguide having a generally planar transduction por-
tion, with at least one transducer element secured to the
generally planar transduction portion, and a wedge-
shaped acoustic horn portion including an inclined side
surface,

characterized in that the inclined side surface is oriented
along the {1,1,1} crystallographic plane of the silicon
material.

27. The ultrasonic core of claim 26, wherein the edges of
the inclined side surface converge toward a central longitudi-
nal axis of the waveguide in at least the wedge-shaped acous-
tic horn portion.

28. The ultrasonic core of claim 27, wherein said edges
linearly converge toward the central longitudinal axis of the
waveguide.

29. The ultrasonic core of claim 27, wherein said edges
curvilinearly converge toward the central longitudinal axis of
the waveguide.

30. The ultrasonic core of claim 26, wherein the wedge-
shaped acoustic horn portion includes a unitary surgical scal-
pel portion, and wherein both the wedge-shaped acoustic
horn portion and surgical scalpel portion include the inclined
side surface.

31. A method of manufacturing a silicon waveguide for an
ultrasonic surgical instrument having an inclined side surface
oriented along a {1,1,1} crystallographic plane of the silicon
material, the method comprising the ordered steps of:

obtaining a silicon wafer cut so as to have the {1,1,1}
crystallographic plane disposed at a non-zero acute
angle with respect to a face of the wafer;
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growing a thermal oxide coating upon the silicon wafer;

applying a photoresist coating to one face of the silicon

wafer;

exposing the applied photoresist to a light shown through a

photomask bearing a first pattern representative of the
inclined side surface of the waveguide;

performing an oxide etch upon the thermal oxide coating

exposed by the light-induced destruction of the photo-
resist coating;

performing a hydroxide etch upon the silicon exposed by

the oxide etch of the thermal oxide coating until the
silicon is removed to a predetermined maximum depth;
and

dicing the silicon wafer to yield a longitudinally elongated,

generally planar waveguide having at least a wedge-
shaped acoustic horn portion including the inclined side
surface,

whereby the inclined side surface is oriented along a {1,1,

1} erystallographic plane of the silicon material.

32. The method of manufacturing of claim 31, further
comprising the ordered steps, performed after the step of
performing a hydroxide etch and priorto the step of dicing the
silicon wafer, of:

removing and then regrowing the thermal oxide coating

upon the silicon wafer;

applying a photoresist coating to the opposite face of the

silicon wafer;

exposing the applied photoresist to a light shown through a

photomask bearing a second pattern representative of
the edges and distal end of the inclined side surface of
the waveguide;

performing an oxide etch upon the thermal oxide coating

exposed by the light-induced destruction of the photo-
resist coating;

performing a DRIE etch upon the silicon exposed by the

oxide etch of the thermal oxide coating to etch the edges
and distal end of the inclined side surface through the
silicon wafer.

33. The method of manufacturing of claim 32, wherein the
a wedge-shaped acoustic horn portion has a unitary surgical
scalpel portion projecting distally therefrom, and wherein
both the wedge-shaped acoustic horn portion and surgical
scalpel portion include the inclined side surface.

34. The method of manufacturing of claim 32, wherein the
predetermined maximum depth is just less than the depth of
the silicon wafer.
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