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COMPONENTS FOR AN ULTRASONIC
ARC SCANNING APPARATUS

CROSS REFERENCE TO RELATED APPLICATION

The present application claims the benefits, under 35 U.S.C.§119(e), of U.S.
Provisional Application Serial Nos. 61/018,606 entitled “Innovative Components for an
Ultrasonic Arc Scanning Apparatus”, filed January 3, 2008; 61/022,449 entitled
“Innovative Components for an Ultrasonic Arc Scanning Apparatus”, filed January 21,
2008; 61/042,141 entitled “Innovative Components for an Ultrasonic Arc Scanning
Apparatus”, filed April 3, 2008; and 61/045,447 entitled “Innovative Components for an
Ultrasonic Arc Scanning Apparatus”, filed April 16, 2008, all of which are incorporated
herein by these references.

FIELD

The present invention relates to ultrasonic imaging of biological materials such as
the cornea and natural lens of the eye and in particular relates to components, such as a
scan head, transducer positioning apparatus and an eyepiece, for an ultrasonic arc
scanning apparatus.

BACKGROUND

Ultrasonic imaging has found use in accurate measurement of structures of the eye,
such as, for example, the cornea. Such measurements provide an ophthalmic surgeon
valuable information that he can use to guide various surgical procedures performed on
the cornea, one of the principal ones being the LASIK procedure for correcting refractive
errors. They also provide diagnostic information after surgery has been performed to
assess the geometrical location of corneal features such as the LASIK scar. This allows
the surgeon to assess post surgical changes in the cornea as the cornea heals and to take
steps to correct problems that can develop.

Ultrasonic imaging of the cornea presents a problem not generally encountered in
other types of tissue. The corneal surfaces are necessarily smooth and spherically shaped
to perform the optical function of focusing light rays. Because the corneal structures are
smooth and regular, ultrasonic energy is reflected only in specific directions. In particular,
an ultrasound beam from a transducer will only be reflected directly back to that
transducer when the beam is aligned perpendicular to the corneal surface. This kind of

reflective property is called specular reflection.
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Because of the specular property of corneal surfaces, it will be appreciated that
special care must be taken to align the transducer with the cornea at each position from
which a partial image is to be formed. Ultrasonic imaging of large portions of the cornea
can be accomplished by scanning the transducer along the cornea surface while
continually adjusting the alignment of the transducer to provide a beam that is always
directed toward the cornea’s center of curvature.

Corneal imaging and measuring of corneal dimensions require that the scanning
motion of the transducer be smooth and precisely aligned. Departures, even as small as
5 microns, of the transducer position from a circular path or of the beam’s direction from
the center of curvature can significantly degrade the resulting image. Mechanisms for
performing the requisite scan alignment are described in US 6,491,637 and US 5,331,962
which are incorporated herein by reference. The reference “Ultrasonography of the Eye
and Orbit”, Second Edition, Coleman et al, published by Lippincott Williams & Wilkins,
2006 contains an excellent historical and technical summary of ultrasonic imaging of the
eye and is incorporated herein by this reference.

While ultrasonic imaging may be used by ophthalmologists for quantitative
analysis of laser refractive surgery, it may also be used for implantation of corneal and
phakic lenses, implantation of intraocular lenses and specialty procedures such as
glaucoma and cataract treatment.

Except for on-axis measurements, dimensions of eye components behind the iris
cannot be determined by optical means. New procedures such as implantation of
accommodative lenses may provide nearly perfect vision without spectacles or contact
lenses. Implantation of accommodative lenses requires precision measurements of, for
example, the lens width for successful lens implantation. Ultrasonic imaging can be used
to provide the required accurate images of the lens especially where it attaches to the
ciliary muscle which is well off-axis and behind the iris and therefore not accessible to
optical imaging.

It must be appreciated that ultrasonic imaging requires a liquid medium to be
interposed between the object being imaged and the transducer, which requires in turn that
the eye, the transducer, and the path between them be at all times be immersed in a liquid

medium. Concern for safety of the cornea introduces the practical requirement that the
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liquid medium be either pure water or normal saline water solution. In either case, the
entire mechanism or major portions of it must be submerged in water for long periods.

Conventional mechanical components for guiding and controlling the motion of
the transducer, such as journal, ball or roller bearings, are ill-suited for underwater
operation. Films inevitably form on the bearing components, interfering with their smooth
operation. Anti-fouling solutions cannot be added to the water because they introduce an
unacceptable risk of injury to the patient’s eye even if the eye is separated from the main
body of the liquid by a thin, ultrasonically transparent barrier. Leaks through the barrier
film or accidental perforation of the barrier film are an ever present possibility in a
practical clinical device.

There remains, therefore, a need for a versatile scan head and transducer
positioning apparatus; a water-proof arc scanning motor; an accurate transducer locator
method; a fluid bearing method that can provide smooth scanning motion; and a
disposable eyepiece, all of which are necessary for an improved ultrasonic arc scanning
apparatus that can provide precision imaging for ophthalmology and optometry
applications.

SUMMARY

These and other needs are addressed by the present invention. The various
embodiments and configurations of the present invention are directed generally to
ultrasonic imaging of biological materials such as the cornea and lens of the eye and in
particular directed to components for an ultrasonic arc scanning apparatus such as a scan
head positioning apparatus, a water-proof arc scanning motor, a fluidic bearing and an
eyepiece, all of which can be used to, improve the accuracy, precision and ease of use of
an ultrasonic arc scanning apparatus.

In one embodiment, a compact scan head positioning apparatus is disclosed. The
function of this apparatus is to position the arc scanning assembly and ultrasonic
transducer so that the transducer head is continuously following an arc guide centrated at a
desired location. The arc guide has a radius of curvature that is approximately that of the
eye component to be scanned. A successful scan often requires that the center of
curvature of the arc assembly approximately match the center of curvature of the eye

component of interest and that the scan head positioning apparatus be well-positioned to
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take advantage of the precision of a high-frequency ultrasonic pulse. A portion of the scan
head positioning apparatus is installed in ambient air while a second portion of the scan
head positioning apparatus containing the arc scanning head is installed in a chamber that
is filled with water when operational. Thus, the scan head positioning apparatus should
have both translating and rotating seals that function over distances and angles required to
achieve the desired positioning of the arc scanning head relative to the component of the
patient’s eye to be scanned.

In another embodiment, a fluidic bearing mechanism is disclosed. The function of
the bearing is to allow smooth motion of the transducer carriage assembly along the arc
guide which has been positioned by a scan head positioning apparatus such as described
above. A successful scan normally requires that the transducer assembly move smoothly
along the arc guide to take advantage of the precision of a high frequency ultrasonic pulse.

In one configuration, the fluidic bearing mechanism is defined by a number of
liquid flow passages in one or more of the arcuate guide. The liquid is pressurized to flow
through the liquid passages and forms a liquid film along a selected interface between the
guide assembly and carriage. A distance between the guide guide and carriage at the
selected interface is greater than in the absence of the pressurized liquid.

In yet another embodiment, a motor capable of being operated safely under water
is disclosed. The function of the motor is to move a transducer carriage assembly rapidly
back and forth along a normally fixed arc guide so as to allow an ultrasonic scan of an eye
component to be made.

In one configuration, the motor includes one or more magnets in one of the
carriage and guide, and an iron-containing core surrounded by one or more electric coils
in the other of the carriage and guide. In a preferred implementation, first and second
magnets are in the carriage, and the electric coil and iron-containing core are in a guide
track. The first and second magnets are positioned side-by-side, with the north-south
polarities being opposed to one another. A long dimension of the electric coil(s) is
adjacent to a face of the magnets to substantially maximize a propelling force. In a
particularly preferred implementation, a mass of the carriage ranges from about 0.1 kg to
about 0.3 kg. The electric coil is formed by a number of coil segments, with each of a

number of subsets of the coil segments being powered selectively and independently by an
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electric circuit. A force caused by an electric current in a subset of the coil segments and
local B-fields of the first and second magnets are in a common direction.

In another embodiment, a carriage location sensing device is provided to determine
a location of the carriage relative to the guide assembly. The sensing device can have
numerous configurations. In one configuration, the location sensing device includes a
position encoder mounted on the carriage. The encoder senses a position of the carriage
by reading a magnetic strip positioned along a length of the guide track. In another
configuration, the location sensing device includes an optical encoder mounted on the
carriage. The optical encoder senses a position of the carriage by illuminating a length of
the guide track with light and sensing one or more of a refractive, diffractive, diffusive,
and reflective distribution of light. For example, the encoder can illuminate a bar code
positioned along a length of the arc guide. The bar code will produce a unique
distribution of reflected light at any position along the length of guide. In another
configuration, the locating sensing device includes a magnetic field sensor. The sensed
magnetic field is related to a position along the guide. In yet another configuration, the
location sensing device includes a mechanical counter. The mechanical counter produces
a count, which is related to dimensional units and to a position along the guide.

Knowing the position of the carriage as a function of time can provide benefits. In
a carriage motor having one or more magnets and an iron-containing core surrounded by
electric coil segments, a controller, for example, can, at a selected point in time,
selectively energize an electric coil segment in proximity to a sensed position of the
carriage. The controller can, additionally or alternatively and at a selected point in time,
selectively energize the transducer in response to a sensed position of the carriage to
produce a non-uniform, desired physical spacing of ultrasound pulses. Position tracking is
particularly beneficial where the carriage has a non-uniform velocity and/or acceleration
along the guide. Simply put, the sensing device can provide precise position of the
transducer carriage along the arc guide assembly which, in turn, allows for a precise and
accurate ultrasonic scan to be made.

In yet another embodiment, three configurations of an eyepiece are disclosed.
These all provide an acoustic path for ultrasonic scanning and separate the water in which

the patient’s eye is immersed, from the water in the chamber in which the positioning and
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arc guide assembly are contained. These configurations are relatively free from annoying
leakage problems, are comfortable to the patient and can be manufactured for a low cost as
the eyepiece should be replaced for every new patient. The different configurations
incorporate different attachment and sealing mechanisms.

By way of example, a first configuration of an imaging device includes:

(a) an eyepiece for receiving an eye of a patient;

(b) a first liquid chamber in contact with an ultrasonic transducer;

(c) a second liquid chamber in contact with the patient’s eye to be imaged by the
ultrasonic transducer; and

(d) a barrier separating the first and second liquid chambers, wherein at least one
of the following is true:

(D1) the second liquid chamber comprises a drain port to drain liquid from
the first liquid chamber; and

(D2) the barrier is permeable to the liquid but impermeable to selected
biological microbes, the microbes being selected from the group consisting of bacterium,
virus, and fungus.

In another embodiment, a second configuration of an imaging device includes an
eyepiece that includes a separate face seal ring. The face seal ring is filled with a liquid to
better conform to a patient’s face.

The following definitions are used herein:

An A-scan is representation of the reflected amplitudes of ultrasonic pulses emitted
by an ultrasonic transducer as a function of time.

An accommodative lens, also known as a presbyopic lens or presby lens, is an
intraocular lens implant that changes its focal distance in response to contraction of the
ciliary muscle. When successfully implanted, an accommodative lens reverses
presbyopia, the inability of the eye to change its focal distance from far to near.

Aligning means positioning the transducer and transducer carriage guide preferably
accurately and reproducibly in space with respect to a feature of the eye component of
interest (such as the center of curvature or boundary of the cornea, lens, retina, etcetera).

The anterior chamber comprises the region of the eye from the front of the eye to

the iris.
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The anterior segment comprises the region of the eye from the front of the eye to
just beyond the back of the lens.

An arc scanner 1s a scanning device where the sensor moves in a substantially
precise arc about the center of the area to be scanned with its beam constantly directed
through a central point.

Arc scanning transducer center of curvature 1s the same as the center of curvature
of the arc scanning guide.

Auto-centering means automatically, typically under computer control, causing
centration of the arc scanning transducer with the eye component of interest.

A B-scan 1s representation of data as a by converting A-scan data using acoustic
velocities to an image of the eye using grayscales which correspond to A-scan amplitudes.

A canthus is the angular junction of the eyelids at either corner of the eye where
the upper and lower eyelids meet.

Centration means substantially aligning the center of curvature of the arc scanning
transducer in space with the center of curvature of the eye component of interest (such as
the cornea, lens, retina, etcetera) such that rays from the transducer pass through both
centers of curvature. A special case is when both centers of curvature are coincident.

The ciliary body is the circumferential tissue inside the eye composed of the ciliary
muscle and ciliary processes. There are three sets of ciliary muscles in the eye, the
longitudinal, radial, and circular muscles. They are near the front of the eye, above and
below the lens. They are attached to the lens by connective tissue called the zonule of
Zinn, and are responsible for shaping the lens to focus light on the retina. When
the ciliary muscle relaxes, it flattens the lens, generally improving the focus for farther
objects. When it contracts, the lens becomes more convex, generally improving the focus
for closer objects.

Fixation means having the patient focus an eye on an optical target such that the
eye’s optical axis is in a known spatial relationship with the optical target. In fixation, the
light source is axially aligned in the arc plane with the light source in the center of the arc
S0 as to obtain maximum signal strength such that moving away from the center of the arc
in either direction results in signal strength diminishing equally in either direction away

from the center.
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A guide 1s an apparatus for directing the motion of another apparatus.

Haptics are little curved hair-like protrusions extending from the outer diameter of
some types of artificial lenses. These haptics attach these lens to the ciliary muscle by
protruding into the ciliary sulcus and allow the lens to accommodate in response to the
action of the ciliary muscle.

An intraocular lens is an artificial lens that is implanted in the eye to take the place
of the natural lens.

LASIK is a procedure performed on the cornea for correcting refractive errors, such
as myopia, hyperopia, and astigmatism. Commonly, an excimer laser selectively removes
tissue from the inside of the cornea, after exposing it by cutting a thin flap, so as to
reshape the external shape of the cornea.

A meridian is a plane that cuts through a portion of a three-dimensional component
such as the cornea or natural lens of the eye and its angle is expressed relative to a horizon
defined by the canthi.

The natural lens (also known as the aquula or crystalline lens) is a transparent,
biconvex structure in the eye that, along with the cornea, helps to refract light to be
focused on the retina. The lens, by changing shape, functions to change the focal distance
of the eye so that it can focus on objects at various distances, thus allowing a sharp real
image of the object of interest to be formed on the retina. This adjustment of the lens is
known as accommodation. The lens is located in the anterior segment of the eye behind
the iris. The lens is suspended in place by the zonular fibers, which attach to the lens near
its equatorial line and connect the lens to the ciliary body. The lens has an ellipsoid,
biconvex shape whose size and shape can change due to accommodation and due to
growth during aging. The lens is comprised of three main parts: namely the lens capsule,
the lens epithelium, and the lens fibers. The lens capsule forms the outermost layer of the
lens and the lens fibers form the bulk of the interior of the lens. The cells of the lens
epithelium, located between the lens capsule and the outermost layer of lens fibers, are
generally found only on the anterior side of the lens.

Ocular means having to do with the eye or eyeball.

Ophthalmology means the branch of medicine that deals with the eye.

Optical as used herein refers to processes that use light rays.

-8-
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The optical axis of the eye is the line of best fit joining the centers of curvature of
the refracting surfaces (the anterior and posterior surfaces of the cornea and lens).

Pachymetery or corneal pachymetery is technically referred to as Time Domain
Reflectometry ultrasound. A pulse of ultrasonic energy is sent toward the cornea and the
time spacing of the returning echoes are used to arrive at corneal thickness.

Phakic intraocular lenses, or phakic lenses, are lenses made of plastic or silicone
that are implanted into the eye permanently to reduce a person's need for glasses or
contact lenses. Phakic refers to the fact that the lens is implanted into the eye without
removing the eye's natural lens. During phakic lens implantation surgery, a small incision
is normally made in the front of the eye. The phakic lens is inserted through the incision
and placed just in front of or just behind the iris.

The posterior chamber comprises the region of the eye from the back of the iris to
the front of the lens.

The posterior segment comprises the region of the eye from the back of the lens to
the rear of the eye comprising the retina and optical nerve.

Presbyiopia is typically caused by a loss of clasticity of the natural lens inside the
eye. This occurs as part of the ageing process and, although it cannot be 'cured’, it can be
corrected by wearing glasses or implanting an artificial lens.

Refractive means anything pertaining to the focusing of light rays by the various
components of the eye.

Registration means aligning.

Sector scanner is an ultrasonic scanner that sweeps out a sector like a radar. The
swept area is pie-shaped with its central point typically located near the face of the
ultrasound transducer.

A specular surface means a mirror-like surface that reflects either optical or
acoustic waves. For example, an ultrasound beam emanating from a transducer will only
be reflected directly back to that transducer when the beam is aligned perpendicular to a
specular surface.

The ciliary sulcus 1s the groove between the iris and ciliary body. The scleral
sulcus is a slight groove at the junction of the sclera and cornea.

A track is an apparatus along which another apparatus moves.

9.
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Ultrasonic means sound that is above the human ear’s upper frequency limit.
When used for imaging an object like the eye, the sound passes through a liquid medium,
and its frequency is many orders of magnitude greater than can be detected by the human
car. For high-resolution acoustic imaging in the eye, the frequency is typically in the
approximate range of about 5 to about 80 MHz.

The visual axis of the eye is the line joining the object of interest and the fovea and
which passes through the nodal points.

Zonules are tension-able ligaments extending from near the outer diameter of the
crystalline lens. The zonules attach the lens to the ciliary body which allows the lens to
accommodate in response to the action of the ciliary muscle.

As used herein, “at least one”, “one or more”, and “and/or” are open-ended
expressions that are both conjunctive and disjunctive in operation. For example, each of
the expressions “at least one of A, B and C”, “at least one of A, B, or C”, “one or more of
A, B, and C”, ”one or more of A, B, or C” and “A, B, and/or C” means A alone, B alone,
C alone, A and B together, A and C together, B and C together, or A, B and C together.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic of the main elements of a human eye.

Figure 2 illustrates two different types of scanning strategies for ultrasonic
scanners.

Figure 3 is a schematic of an arc scanning device.

Figure 4 illustrates an isometric view of a compact arc scanning head positioning
mechanism.

Figure 5 further illustrates a compact arc scanning head positioning mechanism.

Figure 6 illustrates a magnetic positioning system.

Figure 7 illustrates a fluidic bearing operative between a fixed arc assembly and a
moving transducer assembly.

Figure 8 is an isometric schematic of a linear induction motor to move a transducer
assembly along a fixed arc assembly.

Figure 9 shows a schematic of the currents and magnetic forces that propel a
transducer carriage along an arc guide track.

Figure 10 illustrates an embodiment of an eyepiece for an arc scanner.

-10-
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Figure 11 illustrates an alternate embodiment of an eyepiece for an arc scanner.

Figure 12 illustrates another alternate embodiment of an eyepiece for an arc
scanner.

Figure 13 illustrates the sealing method for the eyepiece of Figure 12.

DETAILED DESCRIPTION

The embodiments described herein provide a superior design to prior art arc
scanners. The embodiments disclose a scanning mechanism that is normally more tolerant
of the underwater environment than prior art arc scanners. According to certain of the
embodiments, an ultrasonic transducer is mounted to a transducer carriage that moves
along a circularly curved guide. The carriage is typically guided by a guide, which is
preferably configured as a track, so that the transducer beam axis is continuously directed
towards a fixed center point regardless of the carriage’s position along the guide. The
guide assembly and the carriage have one or more smooth and precisely conforming
surfaces that face one another and support a liquid film between them as described below.

The embodiments described herein are illustrated by an arc scanner in which the
guide assembly is formed in the fixed shape of an arc that approximates the curvature of
the eye’s cornea or anterior lens surface. The guide may also have a variable shape such,
as for example, two or more arcs or any continuously curved shape including a linear
guide. The guide may also be flexible such that it can be controlled to conform to a
desired shape. This latter embodiment would be useful for positioning a transducer
carriage such that the transducer is aimed in a desired direction so as to better image any
specular or non-specular component in an eye. Such flexing and aiming can be made in
response to the changing shape of an eye component being imaged.
Ultrasonic Scanning Principles

Figure 1 is a schematic of the main elements of a human eye. The principal
refracting components are the cornea, iris and lens. The cornea, which is optically
transparent, is located at the front of the eye enclosing front of the anterior chamber. The
iris separates the anterior chamber from the posterior chamber. The front of the lens
encloses the back side of the posterior chamber. The natural lens sits directly behind the
iris. Only the central part of the lens, which is behind the pupil, can be seen optically

The anterior and posterior chambers comprise the anterior segment of the eye. The main
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volume or posterior segment of the eye lies behind the lens, with the retina and optical
nerve at the rear of the posterior segment of the eye. The composition of the eye’s
aqueous and vitreous humour are very close to that of water with a density of about
1,000 kg/m’, and this allows the eye to be a very good medium for the transmission of
acoustic energy.

Optical means are suitable for viewing the anterior chamber and for viewing along
the entire central axis of the eye. However, optical means cannot be used to view the
portions of the posterior chamber lying immediately behind the iris, which includes the
suspensory ligaments (called zonules), ciliary sulci and ciliary body. However, the eye
components that cannot be viewed optically, can be viewed with high-frequency acoustic
energy. As is well-known, acoustic frequencies in the ultrasonic range of about 10 MHz
to about 60 MHz can be used to provide very high resolution images of, for example, the
cornea and the lens.

Figure 2 illustrates two different types of scanning strategies for ultrasonic
scanners capable of imaging most regions of the interior of an eye. Fig. 2a illustrates the
arc scanning principle for producing an ultrasonic scan of a component of an eye 201. In
this type of scanner, which is described, for example, in US 6,315,727, US 6,491,637, US
6,887,203 and US 7,048,690, a transducer is moved in an arc whose center is set at a
location of interest in the eye. In Fig. 2a, an ultrasonic transducer 203 is shown in a
sequence of positions with the center of curvature of the arc guide 206 at approximately
the center of curvature 202 of the cornea. The transducer 203 is moved in an arc as shown
to produce many acoustic echoes (represented as rays 205) as it moves along the arc guide
which can then be combined to form a cross-sectional image of the eye features of interest.

Fig. 2b illustrates the sector scanning principle for producing an ultrasonic image
of a particular location with an eye 211. In this type of hand-held scanner, which is
described, for example, in US 6,198, 956, an ultrasonic transducer 213 is shown being
oscillated about a fixed position 212 so as to produce many acoustic echoes (represented
as rays 215). These echoes can then be combined to form of a localized region of interest
within the eye. The scanning principle illustrated in this figure is called sector scanning.

In both the arc and sector ultrasonic scanners, the transducer acts as both the

transmitter and receiver of acoustic signals. The transducer emits a short acoustic pulse
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and then receives the reflected acoustic signal. This technique is described, for example,
in US 5,293,871 and in “Ultrasonography of the Eye and Orbit”, Second Edition, Coleman
et al, published by Lippincott Williams & Wilkins, 2006.

A sector scanner can be used to measure the thickness of an eye component such
as, for example, the thickness of the cornea or the thickness of the lens along the optical
axis. A sector scanner cannot be used to measure the length of specular features that
extend laterally, such as, for example, the length of a LASIK scar, because only that small
portion of the cornea that is perpendicular to the acoustic beam and reflects acoustic
energy back to the transducer is visible to a sector scanner. With a sector scanner, the
patient is typically required to be supine.

An arc scanner, on the other hand, can be used to measure the thickness of an eye
component such as, for example, the thickness of the cornea or the thickness of a lens as
well as to measure the length of specular features that extend laterally, such as, for
example, the length of a LASIK scar or the lateral length of a natural or implanted lens. In
an arc scanner, the patient is typically looking downward at approximately 45 degrees
from horizontal. This is a preferred position and has relevance to the design of an
eyepiece described in Figures 10 through 12.

Both arc and sector scanners are discussed on page 35 of “Ultrasonography of the
Eye and Orbit”, Second Edition, Coleman et al, published by Lippincott Williams &
Wilkins, 2006.

Figure 3 shows the main elements of an arc scanning device illustrating
positioning of a transducer along an arc guide whose center of curvature is centered
approximately on the center of curvature of an eye component of interest. Figure 3 shows
fixation lights 321 and 322 that allow the patient to fixate his or her eye to maintain it in a
steady position during scanning. Figure 3 also shows an optical video camera 323 which
may be used by the operator of the arc scanner to monitor the position of the patient’s eye
and to determine whether the patient’s eye is open before a scan is initiated. The
transducer and its arc guide assembly are immersed in a chamber of water 302 to provide a
transmission path for the acoustic signals. The patient’s eye must also be immersed in
water to provide continuity of the transmission path for the acoustic signal. Figure 3 also

shows a hygienic barrier 306 which separates the water chamber 301 in which the
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transducer 305 and arc guide assembly 304 are contained from the water 310 in which the
patients eye is immersed. This barrier 306 provides the separation of water 302 in which
the transducer 305 and arc track assembly 304 are contained from the water 310 in which
the patients eye is immersed. The arc guide assembly and associated components may be
contaminated, for example, by particles from wearing mechanical components. The water
310 in which the patients eye is immersed may be contaminated by bacteria or virus
particles from the patient. As can be appreciated, the water 310 in which the patients eye
is immersed should be changed for every patient to prevent possible disease transmission.
As can be further appreciated, the hygienic membrane 306 must be substantially
transparent to ultrasound so as to maintain a clear acoustic transmission path between the
patient’s eye and the ultrasonic transducer. The hygienic membrane 306 is typically
formed as part of a disposable eyepiece such as described in Figures 10 through 12.

References are made herein to a medium suitable for conducting acoustic energy in
the form of ultrasound. There are reasons to prefer that the medium be pure water or
physiologic saline (also known as normal saline) but the embodiments do not exclude
other media suitable for conducting acoustic energy in the form of ultrasound. Most other
media present an increased danger to the patient’s eye, even with a barrier interposed
between the eye and the ultrasonic transducer. Barriers can leak or be breached, allowing
the liquids on either side to mix, thus bringing a potentially harmful material into contact
with the eye.

It should be appreciated, however, that non-harmful, less-corrosive media and
leakproof, impenetrable barriers might be developed or discovered. This might allow
different media than pure water or physiologic saline to be used in this invention. Nothing
about embodiments herein other than the hazards just described requires pure water or
physiologic saline to be present in the chamber containing the transducer. All references
to water in the following should accordingly be understood as referring to any suitable
liquid.

Figure 3 illustrates the continuity of an acoustic transmission path through water.
A chamber 301 of water 302 is shown with a positioning arm 303 and arc guide assembly
304 on which an ultrasonic transducer 305 is mounted. An ultrasonically transparent

barrier 306 separates chamber 301 from the interior of an eyepiece 308. The eyepiece 308
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contains a separate volume of water 310 which fills the interior of the eyepiece 308 and
contacts a patient’s eye surface 311. The eyepiece 308 is connected and sealed to the
main chamber 301of the arc scanning device, and is also sealed against the patient’s

face 312. As can be seen, there is a continuous path through water from the transducer 305
to the patient’s eye surface 311 for the efficient passage of acoustic energy. The barrier
306 readily passes acoustic energy without alteration, thus forming a portion of the
continuous path between the transducer 305 and the patient’s eye surface 311. Since the
acoustic impedance of the patient’s eye is approximately that of water, the acoustic energy
from the transducer can be efficiently transmitted into the eye and reflected back from an
eye component, such as for example, the surface of the cornea, to the transducer. Also
shown in Figure 3 are a water fill tube 307 for the main chamber 301 and a separate water
fill tube 309 for the eyepiece 308. As can be appreciated, the water used in the eyepiece
can be distilled or slightly saline to match the salinity of the eye, and the water used in the

eyepiece can be introduced at a temperature that is comfortable for the patient.

Components of the Present Invention

Scan Head Positioning Apparatus

The function of a scan head positioning apparatus is to position the arc scanning
head assembly and ultrasonic transducer so that the transducer head is continuously on an
arc guide that is positioned such that its center of curvature is at the approximate center of
curvature of the eye component to be scanned. A successful scan often requires that the
radius of curvature of the arc assembly approximately match the radius of curvature of the
eye component of interest and that the scan head positioning apparatus be accurately
positioned to take advantage of the precision of a high frequency ultrasonic pulse.

Figure 4 illustrates an isometric view of a compact scan head positioning
mechanism. An axial carrier frame 402 and mounting plate 403 are fixed to the main arc
scanner assembly. The scanner head mount arm 401 can move axially back and forth as
shown by arrow 413. The scanner head mount arm 401 can rotate about its axis as shown
by arrows 414. The scanner head mount arm 401 can move up and down as shown by

arrows 411 and back and forth as shown by arrows 412. The scan head, which is mounted
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on the scanner head mount arm 401, is not shown in this figure.

Figure 5 further illustrates a compact scan head positioning mechanism. Figure 5
shows an arc scanner head 509 with ultrasonic transducer 508 mounted on the end of a
scanner head mount arm 510. These components (scanner head mount arm 510, scanner
head 509 and ultrasonic transducer 508) are operative under water and are sealed from the
rear portion of the positioning mechanism by a translational seal 506 and a rotational seal
507. The translational seal 506 is preferably formed by a large rubber membrane that can
flex with the small x and y motions required by the scanning head positioner, though any
sealing mechanism may be employed. The z-axis seal and rotational seal 507 are
attached to a stationary plate 501 which is affixed to the main arc scanner assembly. The
z-axis and rotational seal 507 is typically formed by a circumferential groove type sealing
mechanism with the groove facing into the water, though any sealing mechanism may be
employed. The seal is preferably a commercially available seal from SealScience, model
810V. It allows both rotation and axial translation of the center tube while maintaining a
water tight seal. The cross section of the seal is such that increased water pressure acts on
the seal in a way that increases radial sealing force. The sealing surfaces are preferably
anodized aluminum. Stationary plate 502 is also affixed to the main arc scanner assembly.
The scanning head can be moved back and forth axially (the z-direction) by axial piston
503 or another suitable mechanism. The scanning head can be rotated (the beta-direction)
about the z-axis by a rotary stepping motor (not shown) or another suitable device. The
scanning head can be moved up and down (the y-direction) by piston 505 or another
suitable mechanism. The scanning head can be moved from side to side (the x-direction)
by piston 504 or another suitable mechanism. The components to the left or rear of
stationary plate 501 remain in ambient air while the components to the right or font of
stationary plate 501 are in immersed in water when the arc scanner is operational.

Magnetic Sensing System

The carriage can be moved along the arc guide using any of a number of motive
methods. In the preferred embodiment, the guide track contains windings arranged so that
they together with the magnets in the carriage form a linear motor (described below in
Figures 8 and 9). Also in the preferred embodiment, there is a position encoder,

preferably incremental and magnetic, borne by the guide track and the carriage, that
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allows external circuitry to sense the position of the carriage along the track. The
positional information is used to control which windings are energized as the carriage
moves along the track. It is also used to trigger the sending of ultrasonic pulses so as to
provide, for example, a uniform physical spacing of the pulse-echo tracks in an ultrasound
B-scan image. As can be appreciated, the positional information can be used to trigger the
sending of ultrasonic pulses so as to provide a non-uniform but desired physical spacing of
the pulse-echo tracks in an ultrasound B-scan image.

Figure 6 illustrates a magnetic positioning system. This positioning system
provides precise position information for the transducer carriage along the arc guide
assembly which, in turn, allows for a precise and accurate ultrasonic scan to be made.
Figure 6 shows a scan head mounted on a scan head positioning assembly described
previously. The scan head consists of an arc guide assembly 602 and a transducer carriage
assembly 601. Transducer 603 has been described previously. An OTS magnetic encoder
(such as for example a Siko MSK5000) is contained in a housing 604 mounted on the side
of the transducer carriage assembly 602. The magnetic encoder senses its position by
reading a magnetic strip 605 (shown as a black strip underneath the housing 604) which is
attached to the arc guide track. The magnetic strip 605 is a flexible magnetic material
with alternating north/south poles and with a distance between poles known to the
encoder. The encoder then outputs standard quadrature encoder pulses as it moves along
the magnetic strip. This model of encoder with the recommended magnetic strip delivers
a 1 micron resolution or about 0.0005 degrees at the radius of the arc scanner.

The magnetic positioning system is based on a home position on the arc guide
track for the arc carriage and a series of magnetic combs installed along the arc guide
track and whose spacings are accurately known. A coil in the arc carriage then counts
current pulses as the carriage passes over the magnetic combs to determine a precise
position of the carriage along the arc guide track. Other position sensing systems are
possible. These include optical systems (optical bars replace the magnetic combs),
mechanical systems and electrical systems (such as a potentiometer). The magnetic
sensing system is preferred over the optical system which requires periodic cleaning and
the mechanical system which is subject to buildup of mineral and other deposits.

Fluidic Bearing
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A bearing mechanism is another component of an arc scanner. The function of the
bearing is to allow smooth motion of the transducer assembly along the arc guide
assembly which has been positioned by a scan head positioning apparatus such as
described above in Figures 4 and 5. A successful scan normally requires that the
transducer assembly move smoothly and without jitter or jerk along the curved arc guide
assembly to take advantage of the precision of a high frequency ultrasonic pulse (in
physics, jerk is the rate of change of acceleration; more precisely, the derivative of
acceleration with respect to time, the second derivative of velocity, or the third derivative
of displacement).

The carriage has a set of liquid passages that communicate with a source of liquid
under pressure. The liquid passages also communicate with ports located on the smoothly
conforming aspect of the carriage that meets a matching surface on the arc guide track to
form a fluidic bearing. The liquid flows from the source through the passages to and
through the ports, forming a liquid film between the carriage and the arc guide track. The
pressure from the ports and in the liquid film urges or forces the carriage and the arc guide
track apart, causing them to separate, reaching an equilibrium position with a thin film of
liquid flowing out from between them. Following known practice in fluidic bearings, the
size of the passages is chosen to make the pressure at each port largely independent of the
flow through the other ports to provide stability to the fluidic bearing. It is preferred that
the passages and exit ports are in the transducer carriage rather than in the arc guide track
so that the ports are always covered, an arrangement that reduces the liquid mass flow
requirement.

As will be described below, a linear motor is used to propel the transducer carriage
along the arc guide. The permanent magnets in the transducer carriage attract the carriage
to the arc guide with considerable force. This makes it possible to use a fluidic bearing
system as the fluid pressure generated force can be made to approximately balance the
magnetic attraction force. This minimizes any mechanical drag of the transducer carriage
on the arc guide and allows the system to move smoothly and without jitter.

Figure 7 illustrates a fluidic bearing operative between a fixed arc guide assembly
704 and a moving transducer carriage assembly 702. It is understood that once the arc

guide assembly 704 has been moved into position and secured by the positioning
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mechanism described in Figures 4 and 5, the motion of the transducer carriage assembly
702 is constrained to be along the arc guide assembly 704 for subsequent scanning
operations. The view shown in Figure 7 is a normal section through the arc guide
assembly 704 and a moving transducer carriage assembly 702, with the rest 701 of the arc
guide assembly 704 curving upward in the background. The arc guide assembly 704
contains linear motor coil elements 706 and their iron cores 720 which will be described
further in Figures 8 and 9. The moving transducer carriage assembly 702 includes an
ultrasonic transducer 703, a transducer mount 709 and a magnetic sensor housing 705. A
water hose (not shown) is connected via fluid coupling 70. An electrical conduit that
transmits electronic signals to and from the transducer and transmits electronic signals to
and from a position sensing means is not shown but is also attached to the transducer
carriage assembly 702. The position sensing means for determining the relative position
between the moving transducer carriage assembly 702 and the arc guide assembly 704
may be, for example, a magnetically coded strip along the arc guide assembly 704 and a
magnetic sensing element on the moving transducer carriage assembly 702, such as
described in Figure 6.

The ability to accurately detect the relative position between the moving
transducer carriage assembly 702 and the arc guide assembly 704 can be important
because it can accommodate non-uniform motion of the moving transducer carriage
assembly 702. For example, the transducer carriage assembly 702 may accelerate from
rest at one end of the arc guide, reach a maximum velocity which may be maintained
briefly near the center of the arc guide and then decelerate to rest at the opposite end of the
arc guide. As a result of knowing the transducer carriage assembly 702 position along the
arc guide, the pulsing and receiving periods of the transducer 703 can be programmed to
correlate with the motion the transducer 703 along the arc guide so that a coherent image
may be formed. The ability to operate with a non-uniform transducer carriage assembly
702 motion is enabled by the smooth acceleration and deceleration allowed by the fluidic
bearing. Figure 7 shows the bearing surfaces 711, 712, 713 and 714 between the arc guide
assembly 704 and the moving transducer carriage assembly 702.

Since the entire arc scan head assembly is under water, it is natural to use a fluid

bearing where the fluid is also water. The fluid is pressurized by a small pump mounted
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on the transducer carriage assembly 702 and water is pumped through small holes located
at regular intervals along the bearing surfaces 713 and 714 of the transducer carriage
assembly 702. The water in the main arc scan head chamber is commonly at
approximately 1 bar or ambient pressure. The pump delivers fluid at pressures typically in
the range of % to 2 bars above ambient pressure. The pressurized fluid then lifts the
transducer carriage assembly 702 about 5 to about 10 microns off the surface of the arc
guide assembly 704 and maintains this separation while fluid is continuously pumped
through the small holes located along the bearing surfaces 713 and 714 of the transducer
carriage assembly 702.

As has been shown experimentally, the linear motor cannot move the transducer
carriage assembly 702 until the fluid bearing is activated because of the strong attractive
force between magnets 707 and iron cores 720. Once the fluid is being pumped through
the small holes located along the bearing surfaces 713 and 714 of the transducer carriage
assembly 702, the transducer carriage assembly 702 rises to achieve a separation of a few
microns and moves freely and without jerk along the arc guide track.

Linear Motor

The function of the motor is to move a transducer carriage assembly along an arc
guide assembly so as to allow an ultrasonic scan of an eye component to be made. The
linear motor must be able to be operated safely under water since the entire arc scanning
head is immersed in water.

The following descriptions assume that the linear motor has magnets in the
carriage and windings in the circular track. It should be noted that this could have been
reversed, with the magnets in the circular track and the windings in the carriage, without
changing the fundamental operation of the scanning system. Placing the magnets in the
carriage represents the preferred embodiment and the best mode known to the inventors.

The transducer carriage has one or more magnets affixed to it, and the track is
made of or contains magnetic material such as iron. The magnets are arranged in the
carriage so that the resulting magnetic field urges or attracts the carriage toward the track.
Because the entire track and the carriage must be submerged in water during normal
operation, the magnetic components are protected from corrosion by either choosing the

exposed iron material to be a magnetic stainless steel or by sealing the iron in a material
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such as epoxy to protect it from water exposure.

The transducer carriage assembly typically weighs in the range of about 0.1 kg to
about 0.3 kg. This range of carriage assembly mass is light enough to allow rapid
acceleration and deceleration yet heavy enough to provide sufficient inertia to filter out
extraneous mechanical jitter in the motion of the transducer carriage along the arc guide
track. The location of the center of mass of the transducer carriage is also important as it
is desired that the carriage be reasonably balanced on the guide track.

Figure 8 is an isometric schematic of an apparatus containing a linear induction
motor to move a transducer carriage assembly 803 along an arc guide assembly 801.
Figure 8 shows a transducer assembly 803 with an ultrasonic transducer 804. The
ultrasonic transducer 804 is mounted such that it always points at the center of curvature
of the arc defined by the radius of curvature of arc guide assembly 801. The transducer
carriage assembly 803 moves along an arc guide assembly 801, propelled by a linear
induction motor arrangement. The motion of the transducer carriage assembly 803 may be
non-uniform. For example, the transducer assembly 803 may accelerate from rest at one
end 810 of the arc guide assembly 801, reach a maximum velocity which may be
maintained briefly near the center 811 of the arc guide assembly 801 and then decelerate
to rest at the opposite end 812 of the arc guide assembly 801. In a preferred embodiment,
permanent magnets are installed in the transducer carriage assembly 803 and electrically
powered field coils are installed down a central groove formed in the in the fixed arc
assembly 801. An example of such a groove and field coils can be seen in Figure 7 with
field coils 706 positioned in a groove in the arc guide assembly 704.

Figure 9 shows a schematic of the currents and magnetic forces that propel a
transducer carriage along an arc guide assembly 903. A transducer carriage 902 is shown
with two permanent magnets 904 mounted side-by-side but with their north-south
polarities on opposite faces. The two permanent magnets 904 are preferably of equal size.
A carriage track 903 which forms an arc is shown with several wound conductive coils
905, wound around an iron core 906 which is also formed as an arc in this side view. The
coils 905 are approximately rectangular in cross section as shown, for example, in Figure
7 by callout 706. The long side of the rectangular coil windings is preferably adjacent to

the face of the magnets to maximize propelling force (this force is described below). The
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coils 905 may be made of any conductor material such, as for example, copper, aluminum
and the like. The coils 905 are preferably sized and spaced such that three adjacent coils
are approximately the same width as either one of the permanent magnets 904. Starting at
either end of the arc guide, cach set of three adjacent coils is powered by a 3 phase
electrical circuit. The 3 phase circuit voltages are controlled by a Pulse Width Modulated
(PWM) system that is in turn controlled by the position of the transducer carriage 902.
The position of the transducer carriage 902 relative to the arc guide 903 is determined, for
example, by a magnetic strip sensor system such as described in Figure 6. The
combination of PWM; an accurate location sensing system; a fluid bearing between the
arc guide and the transducer carriage (described in Figure 7); and the mass of the
transducer carriage provides a very smooth motion of the transducer carriage 902 which is
essential to making sharp, precision high-frequency acoustic measurements
(approximately 3 MHz to approximately 60 MHz).

In this application, it is preferable to embed the permanent magnets 904 in the
moving transducer carriage 902 and to embed the coils 905 in the arc guide assembly 903.
Embedding the permanent magnets 904 in the moving transducer carriage 902 adds mass
to the transducer carriage assembly 902 which helps to keep its motion along the arc guide
track smooth. Embedding the coils 905 in the arc guide assembly 903 reduces the motion
in the water of the electrical wires connecting the power source with the coils since the
motion from positioning the scan head is far less than the motion of the transducer
carriage back and forth along the arc guide track. This is a slightly less energy efficient
design for a linear motor since all the coils are energized by the 3 phase power supply.
However, motor efficiency is not a major concern in this application.

With the transducer carriage position shown in the example of Figure 9, the gap
between the permanent magnets 904 is lined up with the gap between two adjacent coils
905 such that three coils 905 are centered beneath each permanent magnet 904. The
current is at a maximum in the two coils centered beneath each permanent magnet but in
opposing directions as indicated by the current arrows represented by an end view of an
arrow feather and an end view of an arrow head. The current is low but in the same
direction in the coils adjacent to the coils carrying the maximum current, as indicated by

the smaller current arrows. In this position, there is a force exerted on each of the magnets
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904 along the same direction of the arc 903. Since the magnets 904 are embedded and
attached to the transducer carriage 902, the transducer carriage 902 is propelled along the
arc guide assembly.

In this example, the coils 905 are wound around an iron core which is
approximately rectangular in shape (although with rounded corners so as not to cut the
coil wire as shown for example in Figure 7 by callout 706). The propelling force arises
from the current in the coil elements adjacent to the permanent magnets interacting with
the local magnetic field of the permanent magnets according to the well-known equation:

dF=1dlXB

where dF is the differential force

I is the total current (number of windings times current in each
winding)

dl is a differential length of coil winding

X represents the cross-product between dl and B

and B is the local magnetic field of the permanent magnet

As can be seen, the force is orthogonal to both the direction of the current and the
direction of the local B-field and so the force on the permanent magnets is along the arc
guide assembly. It is noted that the force is caused by the current in the coil winding
elements adjacent to the permanent magnet. The force caused by the current in the coil
winding elements distant from the permanent magnet is in the opposite direction but is
very weak as it is effectively shielded by the iron core 906. The force caused by the
current in the coil winding elements normal to the arc track are largely parallel to the
magnetic field of the permanent magnets and so do not contribute to the propulsive force
on the transducer carriage 902.

The permanent magnets 904 are held in place with a back iron component whose
face is flush with the pole faces of the permanent magnets. The back iron with the two
permanent magnets 904 thus form, in essence, a horseshoe magnet and can in fact be
replaced by an appropriately shaped horseshoe magnet. A magnetic circuit is thus formed
by the back iron, the permanent magnets 904 and the iron core 906.

Eyepiece

An eyepiece serves to complete a continuous acoustic path for ultrasonic scanning,
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that path extending from the transducer to the surface of the patient’s eye. The eyepiece
also separates the water in which the patient’s eye is immersed from the water in the
chamber in which the arc track assembly are contained. Finally, the eyepiece provides a
steady rest for the patient and helps the patient to remain steady during a scan. To be
practical, the eyepiece should be free from frequent leakage problems, should be
comfortable to the patient and its manufacturing cost should be low since it should be
replaced for every new patient.

Figure 10 illustrates an embodiment of an eyepiece that satisfies these
requirements. The eyepiece consists of a mounting ring 1001 and an eye seal ring 1002.
The mounting ring 1001 is attached to and is typically a permanent part of the main arc
scanner assembly. As shown here the mounting ring 1001 has several attachment grooves
1006 which can accept attaching mechanisms 1007 on the eye seal ring 1002. In this
embodiment, the attaching mechanisms 1007 are pushed down 1012 into the attachment
grooves 1006 and then rotated 1011 into position to form a mechanical connection that
scals the eye seal ring 1002 against the mounting ring 1001 to prevent water leakage. This
is also known as a bayonet type connection. There may be a sealing ring 1005 which is
compressed as the attaching mechanisms 1007 are rotated 1011 into position. The eye
seal ring 1002 has a soft rubber or foam contoured face seal 1003 which is designed to
scal against a typical human face around the eye that is to be scanned. The eye seal ring
1002 is also shown with its water fill tube 1004 on the top and a water drain tube 1014 on
the bottom. A sealed hygienic barrier (not shown) is formed as part of the eye seal ring
1002 during manufacture and is typically located where the contoured face seal 1003 is
connected at location 1008 to the main body of the eye seal ring 1002.

The hygienic barrier or membrane may be permeable or semi-permeable to water
as long as it is impermeable to bacteria, viruses, fungi, and other potentially harmful
biological and chemical impurities. The membrane is preferably impermeable to water to
provide superior isolation from biological and non-biological impurities that may be
dissolved or carried in water. The membrane is preferably optically clear to allow a video
camera to view the eye (see Figure 3) through the membrane. The membrane preferably
passes acoustic pulses without significant energy absorption or reflection. These

conditions can be substantially met by a membrane that is thinner than an acoustic pulse
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wavelength. Eyepiece membranes have been made from materials such as, for example,
polyethylene, mylar, polypropylene; vinylidene chloride; polyvinylidene chloride; or
DuraSeal (made by Diversified Biotech) which is polyethylene based and free of and
adhesives,. A preferred material is medical grade polyethylene which has an acoustic
impedance only somewhat higher than that of water (about 2.33 million kg/m?-s compared
to 1.54 million kg/m*-s for water). The thickness of the membrane is preferably in the
range of about 10 to about 30 microns. This thickness is a small part of an acoustic
wavelength in water which is about 150 microns at 10 MHz and about 20 microns at 80
MHz.

Figure 11 illustrates an alternate embodiment of an eyepiece that also satisfies the
practical requirements described above. The eyepiece consists of a mounting ring 1101
and an eye seal ring 1102. The mounting ring 1101 is attached to and is typically a
permanent part of the main arc scanner assembly. As shown here the mounting ring 1101
it has several attachment grooves 1106 which can accept attaching mechanisms 1104 of an
eye seal ring 1102. In this embodiment, the attaching mechanisms 1104 are pushed down
1111 into the attachment grooves 1106 and then snapped into position to form a
mechanical connection that seals the eye seal ring 1102 against the mounting ring 1101 to
prevent water leakage. This is also known as a snap-on type connection. There may be a
sealing surface 1105 on the mounting ring 1101 and a matching sealing surface (not
shown) on the eye seal ring 1102 which is compressed when the attaching mechanisms
1104 are snapped into position. The eye seal ring 1102 has a soft rubber or foam
contoured face seal 1103 which is designed to seal against a typical human face around the
eye that is to be scanned. The eye seal ring 1102 is also shown with its water fill tube
1104 on the top and a water drain tube 1114 on the bottom. A sealed hygienic barrier
(not shown) is formed as part of the eye seal ring 1102 during manufacture and is typically
located where the contoured face seal 1103 is connected at location 1108 to the main body
of the eye seal ring 802.

Figure 12 illustrates yet another an embodiment of an eyepiece for an arc scanner.
The eyepiece consists of a mounting ring 1202 and an eye seal ring 1201. The mounting
ring 1202 is attached to and is typically a permanent part of the main arc scanner

assembly. As shown here the mounting ring 1202 has several attachment grooves, such as
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described in Figure 10, which can accept attaching mechanisms on the eye seal ring 1201.
In this embodiment, the attaching mechanisms are pushed down into the attachment
grooves and then rotated into position, such as described in Figure 10, to form a
mechanical connection that seals the eye seal ring against the mounting ring to prevent
water leakage. This is also known as a bayonet type connection. In the embodiment
disclosed in Figure 12, there is an additional sealing feature consisting of a groove 1203
molded as part of the eye seal ring 1201 and a matching tongue 1204 molded as part of the
mounting ring 1202. When the eye seal ring 1201 is rotated into position with the
mounting ring 1202, the tongue and groove form a threaded connection as described in
Figure 13 which compress as the parts are rotated into position. This is similar in sealing
action to a plastic bottle with a threaded top. Since both the eye seal ring 1201 and the
mounting ring 1202 are typically made from a plastic, the compliance of the plastic further
helps in forming a water tight seal. The eye seal ring 1201 has a soft rubber or foam face
seal (not shown here) which is designed to seal against a typical human face around the
eye that is to be scanned. A sealed hygienic barrier (not shown) is formed as part of the
eye seal ring 1201 and is typically located where the contoured face seal is connected to
the main body of the eye seal ring 1201.

Figure 13 shows a section side view illustrating the tongue and groove portion of
the sealing method for the eyepiece of Figure 12. Fig. 13a shows an eyepiece consisting
of a mounting ring 1302 and an eye seal ring 1301 is shown in sectional view with its
tongue and groove sealing system indicated by callout 1303.

Figl13 b illustrates a close up view of tongue and groove portion of the sealing
method for the eyepiece of Fig. 13a. The eyepiece mounting ring 1312 has a tongue 1314
molded into the eyepiece mounting ring 1312. The eye seal ring 1311 has a matching
groove 1313 molded into the eye seal ring 1311. When the eye seal ring 1311 is rotated
into position with the mounting ring 1312, the tongue 1314 and groove 1313 compress,
deform as necessary and form a tight seal as the parts are rotated into position.

As described previously, the eye seal ring typically includes a soft rubber or foam
contoured face seal which is designed to seal against a typical human face around the eye
that is to be scanned. The contoured face seal may also be made from a foam material

impregnated with, for example, mineral oil, to provide a superior sealing action against a
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typical human face around the eye. An alternative face sealing mechanism can also be
provided by a hollow soft rubber or soft plastic ring molded into the removable eye seal
ring that can be filled with water after the patient has placed their face against the
eyepiece. This would be a third separate water-filled component of an arc scanner and
would serve to better seal against the face around the eye for patient’s with irregular facial
features around the eye.

A number of variations and modifications of the inventions can be used. As will
be appreciated, it would be possible to provide for some features of the inventions without
providing others. For example, though the embodiments are discussed with reference to
an arc scanning device, it is to be understood that the various embodiments may be used
with other types of scanning devices, such as sector scanning devices.

The present invention, in various embodiments, includes components, methods,
processes, systems and/or apparatus substantially as depicted and described herein,
including various embodiments, sub-combinations, and subsets thereof. Those of skill in
the art will understand how to make and use the present invention after understanding the
present disclosure. The present invention, in various embodiments, includes providing
devices and processes in the absence of items not depicted and/or described herein or in
various embodiments hereof, including in the absence of such items as may have been
used in previous devices or processes, for example for improving performance, achieving
case and\or reducing cost of implementation.

The foregoing discussion of the invention has been presented for purposes of
illustration and description. The foregoing is not intended to limit the invention to the
form or forms disclosed herein. In the foregoing Detailed Description for example,
various features of the invention are grouped together in one or more embodiments for the
purpose of streamlining the disclosure. This method of disclosure is not to be interpreted
as reflecting an intention that the claimed invention requires more features than are
expressly recited in each claim. Rather, as the following claims reflect, inventive aspects
lie in less than all features of a single foregoing disclosed embodiment. Thus, the
following claims are hereby incorporated into this Detailed Description, with each claim
standing on its own as a separate preferred embodiment of the invention.

Moreover though the description of the invention has included description of one
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or more embodiments and certain variations and modifications, other variations and
modifications are within the scope of the invention, ¢.g., as may be within the skill and
knowledge of those in the art, after understanding the present disclosure. It is intended to
obtain rights which include alternative embodiments to the extent permitted, including
alternate, interchangeable and/or equivalent structures, functions, ranges or steps to those
claimed, whether or not such alternate, interchangeable and/or equivalent structures,
functions, ranges or steps are disclosed herein, and without intending to publicly dedicate

any patentable subject matter.
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What is claimed is:

1. An imaging device, comprising:
(a) an eyepiece for receiving an eye of a patient;
(b) a first liquid chamber in contact with an ultrasonic transducer;
(c) a second liquid chamber in contact with the patient’s eye to be imaged by the
ultrasonic transducer; and
(d) a barrier separating the first and second liquid chambers, wherein at least one
of the following is true:
(D1) the second liquid chamber comprises a drain port to drain liquid from
the first liquid chamber; and
(D2) the barrier is permeable to the liquid but impermeable to selected
biological microbes, the microbes being selected from the group consisting of bacterium,

virus, and fungus.

2. The device of claim 1, wherein (D1) is true and wherein the liquid is water.
3. The device of claim 1, wherein (D2) is true and wherein the liquid is water.
4. The device of claim 3, wherein the barrier comprises a polymer and/or

oligomer of at least one of ethylene, mylar, propylene, vinylidene chloride, and mixtures
thereof.

5. The device of claim 1, wherein the barrier passes acoustic energy without
substantial impedance, wherein a thickness of the barrier is less than an acoustic
wavelength in water, and wherein a thickness of the barrier ranges from about 10 to about
30 microns.

6. In an ultrasonic arc scanning device comprising an ultrasonic transducer, a
movable carriage engaging the transducer, and a guide along which the carriage moves,
the carriage, transducer, and guide being positioned in a liquid, an improvement
comprising:

a plurality of liquid passages in at least one of the guide and carriage, wherein the
liquid is pressurized to flow through the liquid passages and form a liquid film along a
selected interface between the guide and carriage, whereby a distance between the guide
and carriage at the selected interface is greater in the presence of the pressurized liquid

than in the absence of the pressurized liquid.
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7. The device of claim 6, wherein the liquid passages and pressurized liquid
form a fluidic bearing between the carriage and guide and wherein the liquid is water.

8. The device of claim 7, wherein a size of each passage is selected to cause a
pressure at each passage to be substantially independent of a flow of the liquid through the
other passages to provide stability to the fluidic bearing.

9. The device of claim 6, wherein the passages are positioned in the carriage.

10.  The device of claim 6, wherein the liquid is pressurized by a pump
mounted on the guide and wherein the pump delivers the liquid at a pressure of from about

0.5 to about 2 bars above an ambient pressure of the surrounding liquid.

11. The device of claim 6, wherein the distance ranges from about 5 to about
10 microns.
12. The device of claim 6, wherein the carriage is moved by a linear motor

comprising a magnet in one of the carriage and guide and an iron core surrounded by a
coil in the other of the carriage and guide.

13.  An ultrasonic arc scanning device, comprising an ultrasonic transducer, a
movable carriage engaging the transducer, and a guide along which the carriage moves,
the carriage, transducer, and guide being positioned in a liquid, an improvement
comprising:

a motor for moving the carriage along the guide, the motor comprising at least one
magnet in at least one of the carriage and guide and an iron-containing core surrounded by
at least one electric coil in the other of the carriage and guide.

14. The device of claim 13, wherein the at least one magnet is in the carriage
and the electric coil and iron-containing core is in the guide, wherein the at least one
magnet comprises first and second magnets positioned side-by-side with the north-south
polarities being opposed to one another, and wherein a long dimension of the at least one
electric coil is adjacent to a face of the magnets to substantially maximize a propelling
force.

15. The device of claim 14, wherein a mass of the carriage ranges from about
0.1 to about 0.3 kg, wherein the at least one electric coil comprises a plurality of coil
segments, with each of a plurality of subsets of the coil segments being powered

selectively and independently by an electric circuit, wherein a force caused by an electric
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current in a subset of the coil segments and a local B-fields of the first and second magnets
are in a common direction, and wherein the first and second magnets are connected by a
back iron to form a horseshoe-type shaped magnetic assembly.

16. The device of claim 13, further comprising;:

a translational seal to inhibit an ingress of water along a support for the guide, the
support being translatable along its length to position the transducer at a selected distance
from an eye of a patient.

17. The device of claim 13, further comprising;:

a rotational seal to inhibit an ingress of water along a support for the guide, the
support being rotatable to position the transducer at a selected orientation relative to an

eye of a patient.

18. The device of claim 17, wherein the rotational seal is attached to a
stationary plate.
19.  An ultrasonic arc scanning device, comprising an ultrasonic transducer, a

movable carriage engaging the transducer, and a guide along which the carriage moves,
the carriage, transducer, and guide being positioned in a liquid, an improvement
comprising:

a carriage location sensing device to determine a location of the carriage relative to
the guide.

20. The device of claim 19, wherein the location sensing device comprises a
position encoder mounted on the carriage, the encoder sensing a position of the carriage
by reading a magnetic strip positioned along a length of the guide.

21. The device of claim 19, wherein the location sensing device comprises an
optical encoder mounted on the carriage, the encoder sensing a position of the carriage by
illuminating a length of the guide with light and sensing at least one of a refractive,
diffractive, and reflective distribution of light.

22. The device of claim 21, wherein the encoder illuminates a bar code
positioned along a length of the guide, the bar code producing a unique distribution of
reflected light at any position along the length of guide.

23. The device of claim 19, wherein the locating sensing device comprises a

magnetic field sensor, a sensed magnetic field being related to a position along the guide.
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24, The device of claim 19, wherein the location sensing device comprises a
mechanical counter, the mechanical counter producing a count, the count being related to
a position along the guide.

25. The device of claim 19, further comprising:

a motor for moving the carriage along the guide, the motor comprising at least one
magnet in at least one of the carriage and guide and an iron-containing core surrounded by
a plurality of electric coil segments in the other of the carriage and guide; and

a controller operable, at a selected point in time, to selectively energize an electric
coil segment in proximity to a sensed position of the carriage.

26. The device of claim 19, further comprising:

a controller operable, at a selected point in time, to selectively energize the
transducer in response to a sensed position of the carriage to produce a non-uniform,
desired physical spacing of ultrasound pulses.

27.  The device of claim 19, wherein at least one of a velocity and acceleration
is non-uniform along the guide.

28.  In an ultrasonic scanning device comprising an ultrasonic transducer, the
transducer being positioned in a liquid, an improvement comprising:

an eyepiece comprising an eyepiece seal ring, the eyepiece seal ring having a face
seal ring and the face seal ring being filled with a liquid to conform to a patient’s face.

29.  The device of claim 28, wherein the face seal ring comprises a fill tube to
fill the ring with the liquid and wherein the liquid is water.

30.  The device of claim 28, wherein the eyepiece seal ring is removably
connected to a mounting ring of the eyepiece and wherein the eyepiece seal ring
comprises a hygenic barrier and wherein the barrier is permeable to the liquid but
impermeable to selected biological microbes, the microbes being selected from the group
consisting of bacterium, virus, and fungus.

31.  The device of claim 30, wherein a deformable sealing ring is positioned
between the eyepiece seal ring and mounting ring, whereby, when the eyepiece seal ring is
attached to the mounting ring, the sealing ring is deformed to provide an impermeable seal

to liquid leakage.
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