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Description

TECHNICAL FIELD

[0001] The present disclosure relates generally to sur-
gical devices, and more particularly to forward scanning
optical probes.

BACKGROUND

[0002] Optical imaging techniques generate images of
targets such as portions of a body, e.g., the interior of an
eye. Examples of such techniques include interferomet-
ric imaging (e.g., optical coherence tomography (OCT)),
spectroscopic imaging (e.g., fluorescence), Raman im-
aging, diffuse-wave optical imaging, and two-photon im-
aging techniques. Certain techniques, such as the inter-
ferometric imaging techniques, use a scanning system
to scan a light ray across the target to image the target.
Optical elements such as mirrors and lenses may be used
to move the light ray.
[0003] The present state of the art is represented by
US 6,485,413 B1, US 6,239,895 B1, US 2007/066871
A1, and US 2012/310042 A1.

BRIEF SUMMARY

[0004] According to the invention, a probe with a scan-
ning system includes a cannula, optical elements and a
movement system. The optical elements include an op-
tical fiber and a gradient-index (GRIN) lens. The optical
fiber has a fiber axis that extends to an imaginary fiber
axis, and is configured to transmit a light ray. The GRIN
lens has a GRIN perimeter and a GRIN lens optical axis,
and is configured to refract the light ray. The movement
system moves a first optical element relative to a second
optical element in a closed path such that the GRIN lens
optical axis substantially aligns with the imaginary fiber
axis at at least one point of the path and the GRIN pe-
rimeter intersects the imaginary fiber axis at at least two
points of the path.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Exemplary embodiments of the present disclo-
sure will now be described by way of example in greater
detail with reference to the attached figures, in which:

FIGURE 1 illustrates an example of a probe with a
scanning system that scans according to certain em-
bodiments;
FIGURES 2A-2C illustrate an example of a scanning
system that scans according to certain embodi-
ments;
FIGURES 3A-3D illustrate an example of a move-
ment system that scans according to certain embod-
iments; and
FIGURE 4 illustrates an example of a method of

scanning that a scanning system may implement ac-
cording to certain embodiments.

DESCRIPTION OF EXAMPLE EMBODIMENTS

[0006] Referring now to the description and drawings,
example embodiments of the disclosed apparatuses,
systems, and methods are shown in detail. The descrip-
tion and drawings are not intended to be exhaustive or
otherwise limit or restrict the claims to the specific em-
bodiments shown in the drawings and disclosed in the
description. Although the drawings represent possible
embodiments, the drawings are not necessarily to scale
and certain features may be exaggerated, removed, or
partially sectioned to better illustrate the embodiments.
[0007] FIGURE 1 illustrates an example of a probe 10
with a scanning system 28 that scans according to certain
embodiments. In the illustrated embodiment, probe 10
includes a light source 20 and a housing 26 coupled as
shown. A scanning system 28 is disposed within housing
26. Scanning system 28 include one or more optical el-
ements 29 (including optical fiber 22) and a movement
system 30. In an example of operation, light source 20
provides a light ray 34 that is transmitted through optical
fiber 22 to other optical elements 29. Movement system
30 moves one or more of the optical elements 29 in order
to output a scanning light ray 34.
[0008] Light source 20 may be a laser that generates
light. Examples of laser include gas lasers, dye lasers,
metal vapor lasers, solid state lasers, semiconductor la-
sers, fiber lasers, and supercontinuum lasers. The light
may have any suitable spectral range, e.g., 750 nanom-
eters (nm) to 950 nm.
[0009] Housing 26 (which is a cannula) may have any
suitable shape and size. The housing may have a tubular
(or cylindrical) shape with any suitable length and diam-
eter, such as a length in the range of one to two inches,
an outer diameter (OD) in the range of 0.05 to 0.02 inches,
and an inner diameter (ID) in the range of 0.04 to 0.01
inches (but of course can be larger or smaller). The size
may depend on the gauge (ga) of the cannula. For ex-
ample, 20ga cannulas may be approximately 0.0365" in
OD and 0.031" in ID; 23ga cannulas may be approxi-
mately 0.0255" in OD and 0.021" in ID; and 25ga cannu-
las may be approximately 0.0205" in OD and 0.0156" in
ID. This disclosure contemplates even smaller (higher
gauge) cannulas.
[0010] Scanning system 28 receives light ray 34 and
scans light ray 34 to output a scanning light ray 34. Scan-
ning system 28 includes one or more optical elements
29 and movement system 30. An optical element 29 may
be any suitable optical element that can reflect, refract,
and/or diffract light. Examples of optical elements include
optical fibers (e.g., optical fiber 22), lenses (e.g., a gra-
dient-index (GRIN) lens), prisms, mirrors, or other ele-
ments that can reflect, refract, and/or diffract light. An
optical element 29 has an optical axis. For example, op-
tical fiber 22 has a fiber axis. To aid in the description of
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relative movement among optical elements 29, the opti-
cal axis of an optical element 29 may be regarded as
extending past the physical boundaries of the element
as an imaginary axis. For example, the fiber axis may be
described as extending to an imaginary fiber axis. In cer-
tain embodiments, an optical axis of an optical element
29 may have specific features. For example, light rays
passing through the optical axis of a GRIN lens may be
output with zero degrees of refraction.
[0011] Optical fiber is generally a transparent fiber that
operates as a waveguide to transmit light from a laser
source 20. Optical fiber 22 may include an optically trans-
missive fiber core surrounded by a cladding material hav-
ing a generally low index of refraction relative to the fiber
core. Optical fiber 22 may comprise any suitable material,
e.g., glass and/or plastic. Optical fiber 22 may include
additional layers depending on the requirements of a par-
ticular application. Optical fiber 22 has a fiber axis that
is typically the optical axis of the fiber core.
[0012] Movement system 30 may move an optical el-
ement 29 in any suitable manner. For example, the op-
tical element may be translated, rotated about an axis,
or orbited around an axis. A translational movement is
generally linear motion. A rotational movement of an ob-
ject is movement about an axis of the object. An orbital
movement of an object is movement around an axis ex-
ternal to the object. Movement system 30 may move an
optical element in a closed path in which the starting point
of the path substantially coincides with the ending point.
[0013] Movement system 30 may move an optical el-
ement 29 using any suitable movement mechanism. As
an example, an electric motor (e.g., a piezoelectric motor)
may be used to move an optical element 29. As another
example, electrostatic plates may be used to move an
optical element 29 treated with a metalized material. As
yet another example, an optical element 29 may be
moved with a pneumatic device and/or one or more
springs. In certain embodiments, movement system 30
may be controlled by one or more computer readable
media encoded with a computer program.
[0014] FIGURES 2A-2C and 3A-3D illustrate an exam-
ple of a scanning system 28 and a movement system 30
that may implement the example of a scanning method
illustrated in FIGURE 4 according to certain embodi-
ments. In the illustrated example, scanning system 28
includes optical elements 29 and movement system 30.
Optical elements 29 include optical fiber 40 and GRIN
lens 42. Optical fiber 40 transmits light ray 34 to GRIN
lens 42. Optical fiber 40 has a fiber axis 44 that extends
to an imaginary fiber axis 46. GRIN lens 42 has a GRIN
lens optical axis 48 and a GRIN perimeter 50.
[0015] Movement system 30 is coupled to at least one
of the optical elements 29 and moves a first optical ele-
ment 29 relative to a second optical element 29 in a
closed path 52 to yield a light ray that scans a 2-dimen-
sional pattern on a target. Movement system 30 may
move optical fiber 40 and/or GRIN lens 42. For example,
movement system 30 may move GRIN lens 42 relative

to optical fiber 40 and/or move optical fiber 40 relative to
GRIN lens 42.
[0016] In the example of FIGURES 3A-3D, movement
system 30 includes a cylinder 33 that rotates about a
cylinder axis 35. GRIN lens 42 is disposed within cylinder
33 such that cylinder axis 35 is substantially parallel to
GRIN lens optical axis 48, but separated from GRIN lens
optical axis 48. Cylinder 33 may have any suitable size.
For example, cylinder 33 may be approximately the same
length as GRIN lens 42 and have a radius 37 that is larger
than, e.g., approximately two times larger than, the radius
39 of GRIN lens 42. In certain embodiments, GRIN lens
42 is coupled to the inner surface of cylinder 33.
[0017] Closed path 52 may have any suitable shape,
e.g., circular or elliptical. In addition, GRIN lens 42 may
be moved along closed path 52 at any suitable speed.
In certain examples, GRIN lens 42 may be moved at a
constant speed, which may be expressed as a number
of paths per unit of time, i.e., path/time. The path/time
may have any suitable value, e.g., a value in the range
of 10 hertz (Hz) to 100 Hz.
[0018] According to certain scanning methods, GRIN
lens optical axis 48 substantially aligns with (e.g., coin-
cides with) imaginary fiber axis 46 at at least one point
of the path and GRIN perimeter 50 intersects the imag-
inary fiber axis 46 at at least two points of path 52. For
example, in a particular scanning method, the method
starts as movement of GRIN lens 42 is initiated relative
to optical fiber 40 along closed path 52. At step 110
(shown in FIGURES 2A, 3A, and 4), GRIN lens 42 is at
the upper scan range where a first point of GRIN perim-
eter 50 intersects imaginary fiber axis 46. At this point,
light ray 34 hits GRIN lens 42 at a point away from GRIN
lens optical axis 48, near or at GRIN lens perimeter 50.
The off-center contact yields light ray 34 that exits the
distal surface of GRIN lens 42 at an angle 54. In general,
angle 54 decreases to zero as light ray 34 approaches
GRIN lens optical axis 48, and increases as light ray 34
approaches GRIN perimeter 50.
[0019] At step 112 (shown in FIGURES 2B, 3B, and
4), GRIN lens 42 is at the middle scan range where GRIN
lens optical axis 48 is aligned with imaginary fiber axis
46. Light ray 34 travels along GRIN lens optical axis 48.
At step 114 (shown in FIGURES 2C, 3C, and 4), GRIN
lens 42 is at the upper scan range where a second point
of GRIN perimeter 50 intersects imaginary fiber axis 46.
At this point, light ray 34 hits GRIN lens 42 away from
GRIN lens optical axis 48, near or at GRIN lens perimeter
50. The off-center contact yields light ray 34 that exits
the distal surface of GRIN lens 42 at an angle 54. Angle
54 at step 114 is opposite to angle 54 at step 110. FIG-
URE 3D illustrates a portion of closed path 52 at which
light ray 34 does not pass through GRIN lens 42.
[0020] In this above example, GRIN lens 42 moves
relative to optical fiber 40. In other examples, optical fiber
40 may move relative to GRIN lens 42 or both GRIN lens
42 and optical fiber 40 may move.
[0021] A component (e.g., scanning system 28 and/or
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movement system 30) of the systems and apparatuses
disclosed herein may include an interface, logic, memory,
and/or other suitable element, any of which may include
hardware and/or software. An interface can receive input,
send output, process the input and/or output, and/or per-
form other suitable operations. Logic can perform the op-
erations of a component, for example, execute instruc-
tions to generate output from input. Logic may be encod-
ed in memory and may perform operations when execut-
ed by a computer. Logic may be a processor, such as
one or more computers, one or more microprocessors,
one or more applications, and/or other logic. A memory
can store information and may comprise one or more
tangible, computer-readable, and/or computer-executa-
ble storage medium. Examples of memory include com-
puter memory (for example, Random Access Memory
(RAM) or Read Only Memory (ROM)), mass storage me-
dia (for example, a hard disk), removable storage media
(for example, a Compact Disk (CD) or a Digital Video
Disk (DVD)), database and/or network storage (for ex-
ample, a server), and/or other computer-readable media.
[0022] In particular embodiments, operations of the
embodiments (e.g., control of scanning of light ray 34)
may be performed by one or more computer readable
media encoded with a computer program, software, com-
puter executable instructions, and/or instructions capa-
ble of being executed by a computer. In particular em-
bodiments, the operations may be performed by one or
more computer readable media storing, embodied with,
and/or encoded with a computer program and/or having
a stored and/or an encoded computer program.
[0023] Although this disclosure has been described in
terms of certain embodiments, modifications (such as
changes, substitutions, additions, omissions, and/or oth-
er modifications) of the embodiments will be apparent to
those skilled in the art. Accordingly, modifications may
be made to the embodiments without departing from the
scope of the invention. For example, modifications may
be made to the systems and apparatuses disclosed here-
in. The components of the systems and apparatuses may
be integrated or separated, and the operations of the
systems and apparatuses may be performed by more,
fewer, or other components. As another example, mod-
ifications may be made to the methods disclosed herein.
The methods may include more, fewer, or other steps,
and the steps may be performed in any suitable order.
[0024] Other modifications are possible without de-
parting from the scope of the invention. For example, the
description illustrates embodiments in particular practical
applications, yet other applications will be apparent to
those skilled in the art. In addition, future developments
will occur in the arts discussed herein, and the disclosed
systems, apparatuses, and methods will be utilized with
such future developments.
[0025] The scope of the invention should not be deter-
mined with reference to the description. In accordance
with patent statutes, the description explains and illus-
trates the principles and modes of operation of the inven-

tion using exemplary embodiments. The description en-
ables others skilled in the art to utilize the systems, ap-
paratuses, and methods in various embodiments and
with various modifications, but should not be used to de-
termine the scope of the invention.
[0026] The scope of the invention should be deter-
mined with reference to the claims and the full scope of
equivalents to which the claims are entitled. All claims
terms should be given their broadest reasonable con-
structions and their ordinary meanings as understood by
those skilled in the art, unless an explicit indication to the
contrary is made herein. For example, use of the singular
articles such as "a," "the," etc. should be read to recite
one or more of the indicated elements, unless a claim
recites an explicit limitation to the contrary. As another
example, "each" refers to each member of a set or each
member of a subset of a set, where a set may include
zero, one, or more than one element. In sum, the inven-
tion is capable of modification, and the scope of the in-
vention should be determined, not with reference to the
description, but with reference to the claims and their full
scope of equivalents.

Claims

1. A probe (10) with a scanning system (28) comprising:

a plurality of optical elements (29) comprising:

an optical fiber (22,40) having a fiber axis
(44) that is the optical axis of the fiber, the
optical fiber configured to transmit a light
ray (34), the fiber axis (44) extending to an
imaginary fiber axis (46) that is in a same
direction as the fiber axis; and
a gradient-index (GRIN) lens (42) having a
GRIN perimeter (50) and a GRIN lens opti-
cal axis (48), the GRIN lens configured to
receive the light ray from the optical fiber
and refract the light ray; and

a movement system (30) comprising a cylinder
(33) having a cylinder axis (35), the GRIN lens
(42) disposed in an offset manner within the cyl-
inder such that the cylinder axis is substantially
parallel to but separated from the GRIN lens op-
tical axis (48), characterized in that
the probe comprises a cannula (26);
the plurality of optical elements (29) and the
movement system (30) are disposed within the
cannula (26); and
the movement system (30) is configured to ro-
tate the cylinder (33) about the cylinder axis (35)
to move the offset GRIN lens separately from
the optical fiber in a substantially circular closed
path (52) such that the GRIN lens does not rotate
about the GRIN lens optical axis (48), but in-
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stead the GRIN lens optical axis substantially
aligns with the imaginary fiber axis (46) at at least
one point of the path and the GRIN perimeter
(50) intersects the imaginary fiber axis (46) at at
least two points of the path (52).

2. A probe scanning method using the probe of claim
1, the method comprising:

transmitting a light ray (34) through an optical
fiber (22,40); initiating rotation of cylinder (33)
about the cylinder axis (35), thereby moving the
offset GRIN lens (42) along a substantially cir-
cular closed path (52) relative to and separately
from the optical fiber such that the GRIN lens
does not rotate about the GRIN lens optical axis
(48), but instead the GRIN lens optical axis sub-
stantially aligns with the imaginary fiber axis (46)
at at least one point of the path and the GRIN
perimeter (50) intersects the imaginary fiber axis
(46) at at least two points of the path (52).

3. The scanning system of Claim 1, wherein the GRIN
lens is moved at a path / time in the range of 10 Hz
to 100 Hz.

4. The scanning method of Claim 2, wherein the GRIN
lens moved at a path / time in the range of 10 Hz to
100 Hz.

Patentansprüche

1. Sonde (10) mit einem Abtastsystem (28), das Fol-
gendes umfasst:

mehrere optische Elemente (29), die Folgendes
umfassen:

eine optische Faser (22, 40) mit einer Fa-
serachse (44), die die optische Achse der
Faser ist, wobei die optische Faser dazu
konfiguriert ist, einen Lichtstrahl (34) zu
übertragen, wobei sich die Faserachse (44)
zu einer imaginären Faserachse (46) er-
streckt, die sich in einer gleichen Richtung
wie die Faserachse befindet; und
eine Gradientenindex (GRIN) -Linse (42)
mit einem GRIN-Umfang (50) und einer op-
tischen Achse (48) der GRIN-Linse, wobei
die GRIN-Linse dazu konfiguriert ist, den
Lichtstrahl von der optischen Faser zu emp-
fangen und den Lichtstrahl zu brechen; und
ein Bewegungssystem (30), das einen Zy-
linder (33) mit einer Zylinderachse (35) um-
fasst, wobei die GRIN-Linse (42) innerhalb
des Zylinders auf eine versetzte Art ange-
ordnet ist, so dass die Zylinderachse im We-

sentlichen parallel zu der optischen Achse
(48) der GRIN-Linse, aber von dieser ge-
trennt ist,
dadurch gekennzeichnet, dass
die Sonde eine Kanüle (26) umfasst;
die mehreren optischen Elemente (29) und
das Bewegungssystem (30) innerhalb der
Kanüle (26) angeordnet sind; und
das Bewegungssystem (30) dazu konfigu-
riert ist, den Zylinder (33) um die Zylinder-
achse (35) herum zu drehen, um die ver-
setzte GRIN-Linse getrennt von der opti-
schen Faser auf einem im Wesentlichen
kreisförmigen geschlossenen Pfad (52) zu
bewegen, so dass sich die GRIN-Linse
nicht um die optische Achse (48) der GRIN-
Linse dreht, sondern sich die optische Ach-
se der GRIN-Linse stattdessen bei wenigs-
tens einem Punkt des Pfades im Wesentli-
chen mit der imaginären Faserachse (46)
ausrichtet und der GRIN-Umfang (50) bei
wenigstens zwei Punkten des Pfades (52)
die imaginäre Faserachse (46) schneidet.

2. Sondenabtastverfahren, das die Sonde nach An-
spruch 1 verwendet, wobei das Verfahren Folgen-
des umfasst:

Übertragen eines Lichtstrahls (34) durch eine
optische Faser (22, 40);
Einleiten einer Drehung eines Zylinders (33) um
die Zylinderachse (35) herum, wodurch die ver-
setzte GRIN-Linse (42) relativ zu der optischen
Faser und getrennt von dieser entlang eines im
Wesentlichen kreisförmigen geschlossenen
Pfades (52) bewegt wird, so dass sich die GRIN-
Linse nicht um die optische Achse (48) der
GRIN-Linse dreht, sondern sich die optische
Achse der GRIN-Linse stattdessen bei wenigs-
tens einem Punkt des Pfades mit der imaginären
Faserachse (46) ausrichtet und der GRIN-Um-
fang (50) bei wenigstens zwei Punkten des Pfa-
des (52) die imaginäre Faserachse (46) schnei-
det.

3. Abtastsystem nach Anspruch 1, wobei die GRIN-Lin-
se mit einem Pfad/Zeit-Wert im Bereich von 10 Hz
bis 100 Hz bewegt wird.

4. Abtastverfahren nach Anspruch 2, wobei die GRIN-
Linse mit einem Pfad/Zeit-Wert im Bereich von 10
Hz bis 100 Hz bewegt wird.

Revendications

1. Sonde (10) avec un système de balayage (28)
comprenant :
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une pluralité d’éléments optiques (29)
comprenant :

une fibre optique (22, 40) ayant un axe de
fibre (44) qui est l’axe optique de la fibre, la
fibre optique étant configurée pour trans-
mettre un rayon de lumière (34), l’axe de
fibre (44) s’étendant jusqu’à un axe de fibre
imaginaire (46) qui est dans une même di-
rection que l’axe de fibre ; et
une lentille à gradient d’indice (GRIN) (42)
ayant un périmètre GRIN (50) et un axe op-
tique de lentille GRIN (48), la lentille GRIN
étant configurée pour recevoir le rayon de
lumière en provenance de la fibre optique
et réfracter le rayon de lumière ; et
un système de déplacement (30) compre-
nant un cylindre (33) ayant un axe de cylin-
dre (35), la lentille GRIN (42) étant disposée
de manière décalée au sein du cylindre de
sorte que l’axe de cylindre soit sensible-
ment parallèle à mais séparé de l’axe opti-
que de lentille GRIN (48),

caractérisée en ce que
la sonde comprend une canule (26) ;
la pluralité d’éléments optiques (29) et le systè-
me de déplacement (30) sont disposés au sein
de la canule (26) ; et
le système de déplacement (30) est configuré
pour faire tourner le cylindre (33) autour de l’axe
de cylindre (35) pour déplacer la lentille GRIN
décalée séparément de la fibre optique dans un
chemin fermé sensiblement circulaire (52) de
sorte que la lentille GRIN ne tourne pas autour
de l’axe optique de lentille GRIN (48), mais plutôt
l’axe optique de lentille GRIN s’aligne sensible-
ment avec l’axe de fibre imaginaire (46) en au
moins un point du chemin et le périmètre GRIN
(50) coupe l’axe de fibre imaginaire (46) en au
moins deux points du chemin (52).

2. Procédé de balayage de sonde à l’aide de la sonde
de la revendication 1, le procédé comprenant :

la transmission d’un rayon de lumière (34) à tra-
vers une fibre optique (22, 40) ;
le lancement d’une rotation de cylindre (33)
autour de l’axe de cylindre (35), moyennant quoi
le déplacement de la lentille GRIN décalée (42)
le long d’un chemin fermé sensiblement circu-
laire (52) par rapport à et séparément de la fibre
optique de sorte que la lentille GRIN ne tourne
pas autour de l’axe optique de lentille GRIN (48),
mais plutôt l’axe optique de lentille GRIN s’ali-
gne sensiblement avec l’axe de fibre imaginaire
(46) en au moins un point du chemin et le péri-
mètre GRIN (50) coupe l’axe de fibre imaginaire

(46) en au moins deux points du chemin (52).

3. Système de balayage selon la revendication 1, dans
lequel la lentille GRIN est déplacée à un che-
min/temps dans la plage de 10 Hz à 100 Hz.

4. Procédé de balayage selon la revendication 2, dans
lequel la lentille GRIN est déplacée à un che-
min/temps dans la plage de 10 Hz à 100 Hz.
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摘要(译)

在某些实施例中，扫描系统包括光学元件和移动系统。光学元件包括光
纤和梯度折射率（GRIN）透镜。光纤具有延伸到假想光纤轴的光纤轴，
并配置成透射光线。 GRIN透镜具有GRIN周边和GRIN透镜光轴，并且被
配置为折射光线。移动系统使第一光学元件相对于第二光学元件在闭合
路径中移动，使得GRIN透镜光轴在路径的至少一个点处基本上与虚拟光
纤轴对准，并且GRIN周边与虚拟光轴相交。至少有两点路径。
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