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LASER PRINTED LENSED OPTICAL FIBERS AND ASSOUIATED METHODS

PRIORITY APPUCATION
[6003]  This application claims the benefit of priority of LS, Provisional Application No.
63/053,466, filed on July 17, 2020, the content of which is relied upon and incorporated herein

by reference in its entirety.
FIELD OF THE DISCLOSURE

[0002] This disclosure refates to assembling lensed optical fibers and more particularly, to

assembling lensed optical fibers with a laser printing technigue.

BACKGROUND OF THE DISCLOSURE
[0003]  Optical fibers are useful in a wide variety of applications, including the
telecormmunications industry for voice, video, and data transmissions. Ina
telecommunications system that uses optical fibers, there are typically many locations where
fiber optic cables that carry the optical fibers connect to equipment or other fiber aptic cables.
[0004] Research and development in multi-fiber single-mode expanded beam {(EB} or lensad
interconnect components have experienced significant growth in recent years, driven by their
potential applications in hyperscale data centers. One example application is in inter-building
connectivity, which requires high fiber count cables. In particular, at the transition point inside
the data center buildings, the outside plant cables are conventionally fusion spliced to indoor
cables in the field, which is time consuming and expensive. Cables pre-terminated with high
fiber count connectors can replace fusion splicing in the field and reduce the deployment time.
[6005] Compared with conventional physical contact single-mode interconnects, EB optical
connectors {e.g., splicing of gradient index {GRIN) lens and single mode {SMF) fiber, lensed
connectors) have many unigue advantages, including reduced mating force, reduced need for
maintenance, cleaning, less sensitive to the debris, and increased lateral alignment tolerance.
[3008] ER connectors for data center applications are already commaercially available for
multimode fibers. Multimode EB connectors can tolerate about 5 um lateral positioning error
between the optical fiber and the lens. For a single mode EB connection, the tolerance must
be reduced to less than 1 wm to avoid excessive optical loss. Maintaining such an accuracy
over a fensed {expanded beam) optical fiber array or a lensed optical fiber connactor is difficult

for injection molded lenseas.
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[0007] Previous approaches to adding lenses onto optical fiber arrays include using a lens array
and building a fiber array separately. Then, subseguent processes involve actively aligning and
permanently bonding the lens array and the fiber array. However, precisely matching the
pitches between the fiber array and the lens array can be difficult due to different fabrication
processes for the fiber array and the lens array.

SUMMARY OF THE DISCLOSURE

[0008] The present disclosure relates to methods of assembling a lensed optical fiber array
by printing in situ a lens onto each optical fiber of an optical fiber array with an ultrafast laser
system where the lens can be shaped to the opticsl fiber end face to reduce pitch mismatch. In
some embadiments, optical fiber{s} of the optical fiber array can be cleaved, and the lens can

be shaped to the optical fiber end face to reduce pitch mismatch.

[0009] In one embodiment, a method of fabricating a lensed array is provided. The method
comprises: inserting a fiber array that comprises optical fibers into channels of a glass substrate
such that a portion of the fiber array is within the glass substrate and uncovered; and printing
in situ a lens onto each optical fiber of the fiber array via two photon polymerization {TPP)
using an ultrafast laser system to form a lensed array; wherein a pitch mismatch between the
lensed array and the fiber array is less than 0.1 pum.

[0010] in some embodiments, the ulirafast laser system is operated at s wavelength ranging
between 500 nm and 1000 nm, a pulse width ranging between 90 fs and 150fs, and a
repetition rate of between 15 MHz and 100 MHz. In some embodiments, the ultrafast laser
system is operated at a wavelength of 780 nm, a pulse width of 120 fs, and a repetition rate of
80 MHz. In some embodiments, the fiber array is a two dimensional fiber array. insome
embodiments, the method further includes cleaving each optical fiber of the fiber array at an
angle ranging between §° and &° relative to a plane perpendicular to a central axis of the
optical fiber, wherein the angle has an angle variation of about 0.5°. iIn some embodiments,
the method further includes printing a coating on each of the lenses, wherein the coating is
selected from the group consisting of: acrylic-based resists, epoxy based resists, and positive
and negative resists. In some embodiments, the method further comprises splicing a coreless
fiber onto each optical fiber of the fiber array prior to printing the lens on the optical fiber. In
some embodiments, the ultrafast laser system is operated at a wavelength of 800 nm, a pulse

width of 300 s, and a repetition rate of 830 MHz.
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[0011] In one embodiment, a lensed connector is provided, The lensed connecior comprises: a
glass substrate comprising a plurality of channels; a fiber array comprising optical fibers
inserted into the channels of the glass substrate, wherein each optical fiber of the at least one
optical fiber has a cleaved end face at an angle ranging between 0° and 8° relative to a central
axis of the optical fiber; at least one coreless fiber spliced onto the optical fibers of the fiber
array; a lens applied onto each of the at least one coreless fiber or an end face of the optical
fibers to create a fensed array, wherein a pitch mismatch between the lensed array and the
fiber array is between 0.05 nm and 0.1 um; wherein the lens is applied onto the at least one
optical fiber by an ultrafast laser system via two photon polymerization; and wherein the
lensed connector has an angular misalignment ranging between 0.1° and 0.5° when coupled to
ancther lensed connactor.

[0012] in some embodiments, the lens has a sag height ranging between at least 100 nm to 20
um relative to an interface between the coreless fiber and the lens. In some embodiments, the
lens has a height ranging between 10 um and 600 um relative to the end face of the at least
one optical fiber. In some embodiments, the lens includes a resin selected from the group
consisting of: acrylic-based resists, epoxy based resists, and positive and negative rasists. In
same embodiments, the resin has a refractive index ranging bhetween 1.4 and 1.7,

[0013] iIn one embodiment, a method of assembling a lensed connector is provided. The
method comprises:inserting a fiber array comprising optical fibers into channels of a glass
substrate such that a portion of the fiber array is within the glass substrate and uncovered;
determining the shape of a respective lens for each of the inserted optical fibers based on a
pointing angle of each of the inserted optical fibers of the fiber array within the glass substrate
relative to a reference fiber of the fiber array; and printing in situ the respective lens onto each
end face of each optical fiber of the fiber array via two photon polymerization {TPP) using an
ultrafast laser system to form a lensed array; wherein a pitch mismatch between the lensed
array and the fiber array is between 0.05 nm and 0.1 um.

[0014] in some embodiments, the lensed optical connector has an angular misalignment
ranging between 0.1° and 0.5 when coupled to ancther lensed optical connector. In some
embodiments, the ultrafast laser system is operated at a wavelength ranging between 500 nm
and 1000 nm, a pulse width ranging between 30 fs and 150 fs, and a repetition rate of between
15 MHz and 100 MHz. In some embodiments, the ultrafast laser system is operated at a

wavelength of 780 nm, a pulse width of 120 f5, and a repetition rate of 80 MMz, Insoms
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embodiments, the method further includes cleaving each optical fiber of the fiber array at an
angle ranging between {7 and 8° relative to a plane perpendicular to a central axis of the
optical fiber, wherein the angle has an angle variation of about 0.5°. In some embodiments,
the method further includes printing a coating on the lens, wherein the coating is selected
fram the group consisting of: acrylic-based resists, epoxy based resists, and positive and
negative resists. In some embodiments, the method further comprises splicing a coreless fiber
onto each optical fiber of the fiber array prior to printing the lens on the optical fiber. In some
embodiments, the fiber array is a two-dimensional fiber array. In some embodiments, the
ultrafast laser system is operated at a wavelength of 800 nm, a pulse width of 300 fs, and a
repetition rate of 80 MHz.

[G015] In one embodiment, a lensed optical fiber connector formead by the method is provided.
The method comprises: inserting a fiber array that comprises optical fibers into channels of a
glass substrate such that a portion of the fiber array is within the glass substrate and
uncovered; and printing in situ a lens onto each optical fiber of the fiber array via two photon
polymerization {TPP} using an ultrafast laser system to form a lensed array; wherein the lensed
optical fiber includes a coreless fiber spliced onto the optical fiber, wherein the coreless fiber is
positioned between the lens and the at least one optical fiber; wherein the lens has a height
ranging between 10 um and 600 um relative to end faces of the optical fibers; wherein the
lensed array and the fiber array have a pitch mismatch of between 0.05 nm and 0.1 um; and
wherein the lensad optical fiber connector has an angular misalignment is less than 0.01° when
coupled to another lensed optical fiber connector.

[6016] In some ambodiments, the fiber array is a two dimensional fiber array. In some
embodiments, the lens includes a resin selected from the group consisting of: acrylic-based
resists, epoxy based resists, and positive and negative resists. In some embodiments, the
lensed optical fiber connector further comprises a coating printed on sach lens of the lens
array, wherein the coating is selected from the group consisting of: acrylic-based resists, epoxy
based resists, and positive and negative resists. In some embodiments, each optical fiber of
the fiber array is cleaved at an angle ranging between 0° and 8° relative to a plane
perpendicular to a central axis of the optical fiber, wherein the angle has an angle variation of
about 0.5°,

[0017] Additional features and advantages will be set out in the detailed description which

follows, and in part will be readily apparent to those skilled in the technical field of optical
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connectivity. 1t is to be understood that the foregoing general description, the following
detailed description, and the accompanying drawings are merely exemplary and intended to

provide an overview or framework to understand the nature and character of the claims.
BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The accompanying drawings are included to provide a further understanding, and are
incorporated in and constitute a part of this specification. The drawings ilustrate one or more
embodiment(s), and together with the description serve to explain principles and opsration of
the various embodiments. Features and attributes associated with any of the embodiments
shown or described may be applied to other embodiments shown, described, or appreciated

based on this disclosure.

[0019]  FIGS. 1A-1C are perspective views of an apparatus used to assemble lensed optical

fiber arrays in accordance with the present disclosure;

[0020] FIG. 2 is a perspective view of an assembled glass substrate in which assembled
lensed optical fiber arrays are housed after undergoing assembly in accordance with the
present disclosure;

[G023]  FIG. 3A0s a cross sectional view showing the lens printed onto an optical fiber of the

optical fiber array;

[6022]  FIG. 38 is a graph showing the variation of return loss in relation to the deave angle of

the lensed optical fiber of FIG. 3A;

[0023] FIG. 4 is a cross sectional view showing the lens printed onto an optical fiber of the

optical fiber array where the lens has an additional coating thereon;

[0024]  FIG. 5 is a side view of an alternate configuration of a lensaed optical fiber of the

lensed optical fiber array;

[G025]  FIG. 6 is a schematic of an alternate lens assembily apparatus in accordance with the
present disclosure; and
[B028]  FIG. 7 is a perspective view of a ferrule with a lensed optical fiber array inserted into

the ferrule in accordance with the present disclosure; and

[B027]  FIG. 8 is a graph Hhustrating varying pointing angles among optical fibers in an example

optical fiber array.

[83]
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DETAILED DESCRIPTION

[6028] Various embodiments will be clarified by examples in the description below. In
general, the present disclosure relates to methods of assembling a lensed optical fiber array by
printing in situ a lens onto each optical fiber of an optical fiber array with an ultrafast laser
system where the lens can be shaped o the optical fiber end face to reduce pitch mismatch. In
some embodiments, optical fiber{s} of the optical fiber array can be cleaved, and the lens can

be shaped to the optical fiber end face to reduce pitch mismatch.

[0029] Referring first to FIGS. 1A-1C, a lens assembly apparatus 100 (FIG. 1B} is shown. Lans
assembly apparatus 100 includes glass substrate 104, a photoresist 105, and laser 112, Glass
substrate 104 is configured to receive optical fibers 102 of an optical fiber array 1024 as shown
in FIG. 1B and lens 108 as discussed in greater detail below. In particular, as shown in FIG. 14,
glass substrate 104 includes channels 106 extending throughout the thickness/body of glass
substrate 104. Channels 106 are configured to receive optical fiber 102 from below bottom
surface 1048 and are configured to receive lens 108 {emitted from laser 112} from above top
surface 104A. Stated another way, optical fiber 102 is partially inserted into channels 106 such
that an end face 103 of optical fiber 102 is recessed within channel 106, and as discussed in
greater detail below, lens 108 is printed onto optical fiber 102. To create channels 106 in glass
substrate 104, glass substrate 104 is subjected to laser irradiation which is followed by etching
via procasses known in the art. Glass substrate 104 has a coefficient of thermal expansion

{CTE) matching with optical fibers 102,

[6030]  As shown in FIG. 1B, a photoresist 105 is applied onto glass substrate 104, in
particular, photoresist 105 is applied on top of optical fiber array 1024 within glass substrate
104. insome embodiments, optical fiber array 1024 is polished within glass substrate 104
prior to the application of photoresist 105 onto end faces of optical fiber array 102A
Photoresist 105 is configured to focus laser beam 120 of laser 112 onto end faces 103 of optical
fibers 102 of optical fiber array 102A due to the non-linear effect and o initiate two photon

polymerization discussed below.

[6033]  As shown in FIG. 18, laser 112 is positioned above glass substrate 104 such that laser
112 can emit a laser beam 120 to 3D print lens 108 onto end face 103 of optical fiber 102 as
discussed hergin. In some embodiments, lens 108 is printed onto end face 103 of optical fiber
102 via a layer by layer application. In some embodiments, laser 117 is an ultrafast laser as

.
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discussed in greater detail below. However, it is contemplatad that in alternate embodiments,
a different suitable type of laser may be used. Laser 112 includes an objective lens 113, In
some embodiments, objective lens 113 has an objective lens range between 50X and 75X,
between 55X and 70X, or between 60X and 65X, In one embodiment, obiective lens 113 has an
objective lens of about 63X, In some embodiments, abjective lens 113 has a numerical
aperture {NA)} ranging between 1 and 5, between 1 and 3, or between 1 and 2.5, Inone

embodiment, the numerical aperture of objective lens 113 is about 1.4,

[0032] Laser 112 has a range of operating parameters in the context of the present
disclosure. In some embodiments, laser 112 emits a laser beam at a pulse width between 90
femtoseconds (fs) and 150 fs, 100 fs and 140 fs, or 110 fs and 130 fs. In one embodiment, the
pulse width of a laser beam emitted from laser 112 is 120 f5. In some embodiments, laser 112
emits a faser beam at a repatition rate ranging betwaen 15 megaherty (MHMz} and 100 MHz,
bhetween 20 MMz and 85 MHz, or between 25 MMz and 90 MMz, iIn one embodiment, laser 112
emits a laser beam at a repstition rate of 80 MHz. In some embodiments, laser 112 emits laser
bearn 120 at an output power ranging between 1 milliwatt {mW} and 300 mW, between 50
mW and 200 mW, or between 75 mW and 100 mW with a corresponding actual laser energy of
about 1 nancjoule {nl} per pulse. In one embodiment, laser 117 emits faser beam 128 at an
output power of 80 mW with a corresponding actual laser energy used for perforating an
optical fiber of about 1 nd per pulse. In some embodiments, laser 112 emits a laser beam 120
at a wavelength ranging between 500 nanometers {nm} and 1000 nm, between 600 nm and
300 nm, or between 700 nm and 800 nm. In one embodiment, laser 112 emits a laser beam at

a wavelength of 780 nm.

[0033] To assemble a lensad optical fiber array 110A {FIG. 1C), optical fibers 102 of optical
fiber array 102A are inserted into channels 106 through bottom side 109 such that a portion of
optical fiber 102 is within glass substrate 104, In some embodiments, optical fiber array 102A
is a two-dimensional array. However, it is within the scope of the present disclosure that
optical fiber array 102A can have other suitable array configurations, such as a one-
dimensional fiber array, for example. Then, laser 112 emits a laser beam into channels 106
{through top side 107} and onto end face 103 of optical fiber 102 such that a lens 108 is printed
onto end face 103 of optical fiber 102 resulting in the assembly shown in FIG. 2. in some

embodiments, lens 108 is deposited onto end face 103 of optical fiber 102 by two photon
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polymerization {TPP}. TPPis a precision direct-writing polymer-based fabrication technology.
TPP provides “printing” micron-to-mm sized components with nanoscale precision directly
from CAD-generated design files. Polymerization is initiated with simultaneous absorption of
two photons by a photo-initiator in a reactive monomer/oligomer resin and thus depends on
the square of the laser irradiance of laser beam 120 emitted from laser 112. Because two
photon absorption cross-sections are low, the probability of reaction initiation is negligible
except near the focus of laser beam 120. Stated another way, the TPP process initiates
polymerizate only at the peak of the focal irradiance profile of faser beam 120. Therefore, itis
possibie to achieve resolution beyond the diffraction limit. That is, the flexibility and high
spatial resolution of TPP produces almost arbitrary large-curvature optical quality surfaces in
an additive and tool-free way as discussed below. in particular, laser beam 120 is emitted from
laser 112, and laser beam 120 is focused onto end face 103 of optical fiber 102 by photoresist
105 due to the non-linear effect, which enables formation of high precision, high resolution 3D
structures inside photoresist 105, Then, the optical fiber sample {optical fibers 102 of optical
fiber array 102A) is developed and resinsed to form a microlens array 108 onto optical fiber

array 102A,

[0034] in alternate embodiments, a photoresist 105 is applied onto a bottom side 109 of
glass substrate 104, and optical fibers 102 are inserted into channels 106 via top side 107 of
glass substrate 104, Laser 112 then prints lens 108 onto end face 103 of optical fiber 102 by

emitting a laser beam into channels 106 through bottom side 109 and photoresist 105.

[0035]  insome embodiments, laser 112 emits a laser beam at a wavelength of 780 nm, a
repetition rate of 80 MHz, and a pulse width of 120 fs. After lens 108 is deposited onto end
face 103, glass substrate 104 is removed to form lensed optical fibers 110 of lensed optical

fiber array 110A.

[0036] Referring now to FIGS. 34, 4, 5, various embodiments of lensed optical fiber 110 are
shown. In general, iensed optical fiber 110 includes optical fiber 102 and lens 108 applied onto
end face 103 of optical fiber 102 {by laser 112 as discussed in the method above). In some
embodiments, optical fiber 102 is a single mode optical fiber. However, it is within the scope
of the present disclosure that other types of suitable optical fibers, such as multimode optical
fibers, may be used. As shown in FIGS. 3A, 4, and 5, optical fibers 102 include end face 103

onto which lens 108 is applied. In some embodiments, end face 103 is cleaved prior to

o]
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insertion into glass substrate 104, As shown in FIG. 34, optical fiber 102 is cleaved and has a
cleave angle o relative to central axis A. Stated ancther way, optical fiber 102 is cleaved and
has a cleave angle ¢ relative to a plane perpendicular to central axis A In some embodiments,

cleave angle ¢ ranges hetween 0° and 8°with an angle variation of about 0.5°,

(60371 As mentioned previously in the method above, lens 108 is applied onto end face 103
of optical fiber 102 by laser 112. In some embodiments, lens 108 is made of a polymerizable
material that may generally include monomers, photeinitiators, and stabilizers. Insome
embodiments, lens 108 is selected from the group consisting of: acrylic-based resists, epoxy
based resists, and positive and negative resists. In general, lens 102 includes both positive and
negative resists prone to polymerization upon supplving energy via laser radiation. In some
embodiments, the resin has low shrinkage and a viscosity ranging between 1 mPa s and 20,000
mPa s, or between 50 mPa s and 15,000 mPa s, or between 1000 mPa s and 15,000 mPas. In
some embodiments, the resin has a refractive index ranging between 1.4 and 1.7, Insome

embodiments, the resin has a refractive index of about 1.6.

[0038] Referring now to FIG. 4, in some embodiments, a coating 116 can be applied onto
lens 108 of lensed optical fiber 110. Coating 116 is applied onto lens 108 using laser 112 via
two photon photolithography. Coating 116 is an anti-reflective coating. in some
embodiments, coating 116 is an antireflective coating, and similar to lens 108, coating 116 is
made of a polymerizable material that may generally include monomaers, photoinitiators, and
stablizers. In some embodiments, coating 116 is selected from the group consisting of: acrylic-
based resists, epoxy based resists, and positive and negative resists. In general, coating 116
includes both positive and negative resists prone to polymerization upon supplying energy via

faser radiation.

[06039] Referring now to FIG. 5, an alternate embodiment of a lensed optical fiber 110 is
shown. Lensed optical fiber 110 has substantially the same configuration as lensed optical
fiber 110 except as noted below. Asshown, a coreless fiber 109 is positioned between optical
fiber 102 and lens 108, Stated another way, a coreless fiber 109 is spliced onto optical fiber
102 such that coreless fiber 109 contacts end face 103 of optical fiber 102, In particular,
coreless fiber 109 is spliced onto end face 103 of optical fiber 102; then, coreless fiber 109 is
cleaved to a desired length on optical fiber 102, In some embodiments, coreless fiber 109 is

printed onto end face 103 of optical fiber 102 by TPP as discussed above after which coreless
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fiber 109 is cleaved to a desired length. The presence of coreless fiber 109 expands the mode
field diameter of optical fiber 102. Lens 108 is then applied onto end face 111 of coreless fiber
109 via the methods described below. In some embodiments, corelessfiber 109 is made of
substantially the same materials of respactive claddings of optical fibers 102 of optical fiber
array 102A. In some embodiments, coreless fiber 109 has a refractive index of about 1.44 at a

reference wavelength of 1556 nm.

160401  Lensed optical fibers 110, 110" are configured to be installed into optical fiber
connactors {not shownl. In some embodiments, optical fiber connectors have a return loss
requirement of 55 decibels {dB). Referring now to FiG. 3B, optical fiber connectors with lensed
optical fiber 110 {FIG. 3A) with lens 108 having a refractive index of about 1.6 have varying
return loss data based on the cleave angle o of optical fiber 102, As shown, optical fiber 102 of

lensed optical fiber 110 can have a cleave angle of about 5° or more,

[0043]  In some embodiments, lens 108 of lensed optical fibers 110, 110 have a lens height
ranging between 10 wm and 700 um, between 15 um and 650 yum, or between 15 um and 600
um based on an expanded mode field diameter of optical fiber 102 {e.g., of about 74 um to-75
um}. in some embodiments, the iens height of lens 108 as applied onto optical fiber 102 or
coreless fiber 109 is about 596 um and about 16 um, respectively. As used herein, “lens
height” or “height” refers to the height of lens 108 {based on apex of lens 108) relative to end
face 103. For example, in FIG. 5, lens height is measured from end face 103 to the apex of lens
108 and includes coreless fiber 109. Similarly, in embodiments where coreless fiber 109 is not

present {e.g., FiG. 4), lens height is measured from end face 103 to the apex of lens 108.

[6042]  In some embuodiments, lens 108 of lensed optical fibers 110, 118 have a sag height
ranging between at least 100 nm and about 20 um. As used herein, “sag height” refers to the
distance from the apex of lens 108 to the surface onto which lens 108 is applied. For example,
in FIG. 5, the sag height of lens 108 would be the distance between the apex of lens 108 to end
face 111 onto which lens 108 is applied. Similarly, in embodiments where coreless fiber 109 is
not present {e.g., FIG. 4}, sag height is the distance from the apex of lens 108 to end face 103 of

optical fiber 102,

[6043]  In some embodiments, lensed optical fibers 110, 110 have a pitch among other

lensed optical fibers of lensed optical fiber array 110A ranging between 50 pm and 300 um,
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between 75 wum and 275 wum, or between 80 um and 250 um. In some embodiments, the pitch
of lensed optical fiber array 1104 is about 250 um for aptical fibers 102 or about 130 um to 180
um for thin coated optical fibers 102, As used herein, "pitch” refers to the distance between
the centers of optical fibers 102 of optical fiber 102A. Pitch can also refer to the distance

between the centers of lenses 108 of lens array 108A.

[6044]  In some embaodiments, lens 108 of lensed aptical fibers 110, 110 have a pitch
mismatch relative to end face 103 of optical fiber 102 ranging between 0.62 nm and C.25 um,
between 0.03 nm and 0.2 um, or between 0.05 nm and 0.1 wm. In some embodiments, the
pitch mismatch is about 0 nm or in some alternate embodiments, the pitch mismatch is about
+ 100 nm. As used herein, “pitch mismatch” refers to the difference between the pitch of a

fens array 108A {FIG. 2} and the pitch of optical fiber array 102A,

[0045]  Referring now to FiG. 6, an alternate lens assembly apparatus 200 is shown. Lens
assembly apparatus 200 is configured 1o apply lens{es) 108 onto optical fihers 102 of optical

fiber array 1024 based on characteristics of optical fibers 102 as discussed herein,

[0048]  Lens assembly apparatus 200 includes a laser 202, a shutter 204, a camera 2184, a

series of reflecting mirrors 20684, 2068, & Galvoscanner 208, and a stage 210. As shown in FIG.

discussed below) in the y-direction of the Cartesian coordinate system as defined in the Figure.
Laser bearn 220 has a wavelength in the range of 5300 nanometers {nm} and 2000 nm, 800 nm
and 1700 nm, or 700 nm and 1400 nm. In one embaodiment, laser beam 220 has a wavelength
of 300 nm. In some embodiments, laser 202 is an ultrafast laser. However, it is contemplated
that in alternate embodiments, a different suitable type of laser may be used. In some
embodiments, laser 207 emits faser beam 220 at a pulss width between 100 femtosaconds {fs)
and 500 fs, between 150 fs and 450 {5, or between 200 fs and 400 fs. In one embodiment, the
pulse width of laser beam 220 emitted from laser 202 is 300 fs. in some embaodiments, laser
202 emits laser beam 220 at a repetition rate ranging between 25 megahertz {MHz) and 200
MHz, between 35 MHz and 150 MHz, or between 50 MHz and 100 MHz. In one embodiment,
laser 202 emits laser beam 220 at a repetition rate of 80 MHz. In some embodiments, laser
202 emits laser beam 220 at an output power ranging between 1 milliwatt {mW) and 300 mW,
between 50 mW and 200 mW, or between 75 mW and 100 mW with a corresponding actual

faser energy of about 1 nanojoule {nl) per pulse. in one embaodiment, laser 202 emits laser

11
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beam 220 at an output power of 80 mW with a corresponding actual laser ensrgy used for

perforating an optical fiber of about 1 nl per pulse.

(00477 As mentioned praviously, laser beam 220 passes through shutter 204, Shutter 204 is
configured to control the exposure of laser beam 220 to the remainder of lens assembly
apparatus 200. When shutter 204 is opened, laser beam 220 passes through shutter 204 and

moves to reflecting mirrors 2004, 2068.

[06048]  Reflecting mirrors 2064, 2068 are configured to reflect laser beam 220 in a different
direction than the direction when emitted by laser 202, As shown, reflecting mirror 206A
reflects laser bearn 220 such that laser beam 220 moves in a direction that is substantially
perpendicular {or orthogonal) relative to the previous direction, and reflecting mirror 2068
reflects reflected laser beam 220 {from reflecting mirror 106A) in a direction that is
substantially paralle! to the original direction when emitted by laser 202 and into galvoscanner
208. Stated another way, as shown in FIG. §, laser beam 220 is moving in the y-direction and
upon cantacting reflecting mirror 106A, laser beam 220 moves in the z-direction until
contacting reflecting mirror 106B where {aser beam 220 moves in the y-direction into
galvoscanner 208, In alternate embodiments, other various angle reflections may be possible
relative to the incoming direction via reflecting mirrors 1064, 106B. In some embaodiments,
reflecting mirrors 1064, 1068 are dichroic mirrors. However, it is within the scope of the

present disclosure that other suitable types of mirrors may be used.

[0049]  Laser beam 220 then proceeds to galvoscanner 208, Galvoscannar 208 is configured
to direct laser beam 220 onto optical fiber 102 during the fabrication process discussed below.
Galvascanner 208 is a two-axis galvanometer scanner that includes at least two mirrors 2084,
208B and an cbjective iens 218 between mirrors 2084, 2088. Mirrors 2084, 2088 are moved
along the x-v plane of FIG. & such that mirrors 2084, 2088 can deflect laser heam 220 to any
position along sample 226 {i.e., optical fibers 102 of optical fiber array 102A). Objective lens
218 is canfigured to focus laser beam 220 onto sample 226 after faser beam 220 has been

deflected off mirrors 2084, 208E.

[0050]  Imaging system 228 includes a camera 2184 and a charge coupled device {CCD)} 2128,
a monitor 218C, and an imaging lens 218D, Camera 218Ais configured to generate far field

images of a light intensity profile of sample 226, The far field images generated by camera

12
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218A enable measurement of a pointing angle of sach optical fiber 102 of optical fiber array
1024 {e.g., two-dimensional optical fiber array 102A) prior to application of lens 108 onto
optical fibers 102 when placed on stage 210 as discussad hergin. In particular, camera 218A
cooperates with CCD 218B, imaging lens 2180, and reflecting mirrors 2064, 2068 to generate
images of sample 226 onto monitor 218C. In alternate embodiments, a non-contact far field
measurament setup can be integrated into laser system or laser 202 to measure a pointing
angle of sach optical fiber 102 of optical fiber array 102A {e.g., two-dimensional optical fiber
array 102A) prior to application of fens 108 onto optical fibers 102 when placed on stage 210
As used herein, “pointing angle” refers to the relative orientation of a light beam emitted from
an optical fiber channel with respect to a reference optical fiber. In some embodiments, the
reference optical fiber is the optical fiber in the middie reference channel. Referring briefly to
FIG. 8, a distribution of pointing angles are shown where the reference optical fiber is shown as
the optical fiber in channel four. The distribution of pointing angles are due to the tolerance
from micro-holes {e.g., channels 106 of glass substrate 104} and attributes of optical fibers 102,
in connection with imaging system 228, the far field measurement capability of imaging system
228 described above can monitor the pointing angle during the assembly process, and the
shape of lens 108 can be adjusted to accommuodate the different pointing angles of optical

fiber array 102A,

[0053] Camera 218As a far field camera that is positioned on a single axis stage 222, Single
axis stage 222 controls the positioning of camera 218A {along the y-axis as shown in FIG. 6) to
adjust the clarity of the generated images of optical fibers 102 of optical fiber array 102A {i.e.,
sample 228}, Single axis stage 222 is operably connected to computer 212 and driver 214 such
that computer 212 provides instructions to driver 214, and driver 214 moves single axis stage
222 according to such instructions. in this way, the darity of the generated images of optical
fibers 102 of optical fiber array 102A. In one embodiment, the velocity of single axis stage 222

is about 20 mm/s.

00527 CCD 2188, monitor 218C, and imaging lens 218D also generate images of optical fiber
102 of optical fiber array 102A {sample 228}, In particular, CCD 2188, monitor 218C, and
imaging lens 218D generate images of end face 103 of optical fiber 102 of optical fiber array
1624 to provide measurements regarding the shape and angle of end face 103 such that the

shape of fens 108 can be adjusted as appropriate prior to application of lens 108 onto end face

13
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103, in some embodiments, when sample 226 is placed onto stage 210, both camera 2184 and
CCD 2188, monitor 218C, and imaging lens 218D generate images of the light intensity profile
and end face 103 of optical fiber 102, respectively, prior to application of lens 108 onto end

face 103.

[G053]  As mentioned previously, sample 226 is placad onto stage 210 of apparatus 200, As
shown, stage 210 is below galvoscanner 208 and above illumination system 225, Stage 210 is
configured to move sample 226 such that sample 226 is in alignment with galvoscanner 208,
mirrors 2084, 2088, and objective lens 218 to receive laser beam 220 onto optical fibers 102 of
optical fiber array 102A {sample 226}, In some embodiments, stage 210 is a three axis stage
that is configured to move in any of the x, y, and z directions as defined in FIG. 6. However, itis
within the scope of the present disclosure that alternate suitable stages may be used, such as a
two-axis stage, for example. Computer 212 and driver 214 operate to move stage 210 along
any of the x, y, and z directions during operation of apparatus 200. In one embodiment, stage

210 has a velocity of about 20 mm/s.

[0054] Hiumination system 225 is provided below stage 210 as shown in FiG. 6. Hlumination
system 225 is configured to provide light onto stage 210 and sample 226 such that proper
imaging of sample 226 can be completed by imaging system 228. lllumination system 225 is
also configured to provide light onto stage 210 and sample 226 such that lens 108 can be
accurately applied onto optical fibers 102 of optical fiber array 102A thereby, reducing angular
misalignments between lensed connectors. In some embodiments, illumination system 225 is
a white light. In alternate embodiments, Hlumination system is a laser emitting diode {LED)
light or a laser source operated at either 1310 nm or 1550 nm. 1t is within the scope of the

present disclosure that alternate suitable illumination systems may be used.

[6058] To operate apparatus 200 and create fensed optical fiber 110, 1107 and lensed optical
fiber array 110A, sample 226 is placed onto stage 210. As mentioned previously, sample 226
includes an optical fiber array 162A. In some embodiments, sample 226 is a two dimensional
optical fiber array 162A. However, it is within the scope of the present disclosure that sampile
226 may include other types of optical fiber array arrangemaents, such as a one-dimensional
optical fiber array. Once sample 226 is placed onto stage 210, computer 212 operates to move
single axis stage 222, and camera 218A is operated 1o generate images of light intensity profiles

of an optical fiber 102 of optical fiber array 102A {sample 226). The images generated for
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optical fiber 102 enable calculations of a pointing angle of the core of optical fiber 102 relative
to the hore of the glass substrate 104 {e.g., ferrule} in which optical fiber 102 is housed. After
receiving the pointing angle measurement, the shape {curvature] of lens 108 is adjusted
accordingly to minimize angular misalignment when coupling lensed connectors having lens
108 applied onto optical fiber 102, Also, CCD 2188, monitor 218C, and imaging lens 218D
generate images of end face 103 such that the shape and angle of end face 103 can be

determined and the shape of lens 108 can be adjusted accordingly.

[0058]  Once the pointing angle and the shape of end face 103 are determined, computer
212 operates laser 202 to emit laser beam 220 and to print lens 108 onto end face 103 of
optical fiber 102 thereby, creating lensed optical fiber 110, 110°. In this way, by measuring and
compensating for the pointing angle of each optical fiber 102 of optical fiber array 1024 and
surface profife {shape and angle} of end face 103, angular misalignment between coupled
lensed connectors having lens 108 and optical fibers 102 of optical fiber arrays 102A can be
minimized and loss performance is thereby improved. In some embodiments, the angular
misalignment between lensed connectors ranges between 0.1° and 0.5°. in some
embodiments, the angular misalignment between lensad connectors is less than 0.1°. Insome

embodiments, the angular misalignment between lensed connectors is less than 6.01°,

[G057]  After application of lens 108, stage 210 maves sample 226 such that another optical
fiber 102 of optical fiber array 102A (sample 226) is centered and positioned under
galvoscanner 208 to receive lens 108 onto end face 103 based on the respective pointing angle
of the optical fiber 102, The process is repeated until all optical fibers 102 become lensad

optical fibers 110, 110 to form lensed optical fiber array 110A.

[0058] Once lensed optical fibers 110, 110 are created, fensed optical fibers 110, 110 can be
inserted into a ferrule {if lensed optical fibers 116, 110" were not already in a ferrule during the

lens preparation and application processes described above).

[0058] it is within the scope of the present disclosure that the above methods can be applied
to optical fibers 102 that are already positioned in a ferrule 300 as shown in FIG. 7. FIG. 7
shows an expanded fanout multicore fiber ferrule 300 {hereinafter referred to as “ferrule
3047}, As shown, ferrule 300 receives four optical fibers 102 of optical fiber array 102A. Lenses

108 are printed onto optical fibers 102 by the methods described above {laser lithography} in
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the present disclosure to create a lensed optical fiber array 110A {of lensed optical fibers 118,
110°}) within ferrule 300, In some embodiments, core bridges are printed onto end faces {not
shown} of optical fibers 102 and then lens 108 are printed onto core bridges by laser

lithography as described above.

[06060]  Advantageously, the methods of the present disclosure provide a straightforward,
efficient, and precise way to make lensed optical fibers 110, 110, lensed optical fiber arrays
1104, and lensed optical fiber connectors {lensed optical fiber arrays in a ferrule). In particular,
because lasers 112, 202 can deposit precise laser energy to a target location, the laser induced
polymerization can possess uniform surface feature or roughness of lens 108, precise lens
shape and curvature of lens 108, ultra-low positioning error with the help of high precision
motorized stages 210, 222, minimized pitch error between lenses 108 and optical fiber array

1024, and flaxible process for variety of photoresists with different refractive indices.

[06063] There are many other alternatives and variations that will be appreciated by persons
skilled in optical connectivity without departing from the spirit or scope of this disclosure. For
at least this reason, the invention should be construed to include everything within the scope

of the appended claims and their equivalents.
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What is claimed is:

1. A method of fabricating a lensed array comprising:
inserting a fiber array that comprises optical fibers into channels of a glass substrate
such that a portion of the fiber array is within the glass substrate and uncovered; and
printing in situ a lens onto each optical fiber of the fiber array via two photon
polymerization {TPP} using an ultrafast laser system to form a lensed array;
wherein a pitch mismatch between the lensed array and the fiber array is less

than 0.1 pm.

2. The method of claim 1, wherein the ultrafast laser system is operated at a wavelength
ranging between 500 nm and 1000 nm, a pulse width ranging between 90 fs and 1505, and a

repetition rate of between 15 MHz and 100 MHz

3. The method of claim 2, wherein the ultrafast laser system is operated at a wavelength

of 780 nm, a pulse width of 120 fs, and a repetition rate of 80 MHz.

4, The method of any of claims 1-3, whergin the fiber array is a two dimensional fiber
array.
5. The method of any of claims 1-4, further including cleaving each optical fiber of the

fiber array at an angle ranging between 0° and &° relative to a plane perpendicular to a central

axis of the optical fiber, wherein the angie has an angle variation of about 0.5°,
&. The method of any of claims 1-5, further including printing a coating on each of the
lenses, wherein the coating is selected from the group consisting of: acrylic-based resists,

epoxy based resists, and positive and negative resists.

7. The method of any of claims 1-6, further comprising splicing a corelass fiber onto sach

optical fiber of the fiber array prior to printing the lens on the optical fiber.

17
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3. The method of claim 2, wherein the ultrafast laser system is operated at a wavelength

of 800 nm, a pulse width of 300 fs, and a repetition rate of 80 MHz.

g, Alensed connector comprising:

a glass substrate comprising a plurality of channels;

a fiber array comprising optical fibers inserted into the channels of the glass substrate,
wherein each optical fiber of the at least one optical fiber has a cleaved end face at an angle
ranging between 0° and 8° relative to a central axis of the optical fiber;

at least one coreless fiber spliced onto the optical fibers of the fiber array;

a fens applied onto each of the at least one coreless fiber or an end face of the optical
fibers to create a iensed array, wherein a pitch mismatch between the lensed array and the
fiber array is between 0.05 nm and 0.1 um;

wherein the lens is applied onto the at least one optical fiber by an ultrafast
laser system via two photon polymerization; and

wherein the lensed connector has an angular misalignment ranging between 0.1° and

0.5° when coupled to another lensed connector,

10. The lensed connector of claim 9, wherein the lens has a sag height ranging between at

feast 100 nm to 20 wm relative to an interface between the coreless fiber and the lans.

11. The lensed connector of either claim 9 or claim 10, wherein the lens has a height

ranging between 10 wm and 600 um relative to the end face of the at least one optical fiber,
12. The lensed connector of any of claims 9-11, wherein the iens includes a resin selected
from the group consisting of: acrylic-based resists, epoxy based resists, and positive and

negative resists.

13 The lensed connector of claim12, wherein the resin has a refractive index ranging

between 1.4 and 1.7.

14, A method of assembling a lensed connector comprising:
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inserting a fiber array comprising optical fibers into channels of a glass substrate such
that a portion of the fiber array is within the glass substrate and uncoversd;

determining the shape of a respective lens for each of the inserted optical fibers based
on a pointing angle of each of the inserted optical fibers of the fiber array within the glass
substrate relative to a reference fiber of the fiber array; and

printing in situ the respective lens onto each end face of each optical fiber of the fiber
array via two photon polymerization {TPP) using an ultrafast laser system to form a lensed
array;

wherein a pitch mismatch between the lensed array and the fiber array is

between 0.05 nm and 0.1 um.

15, The method of claim 14, wherein the lensed optical connector has an angular
misalignment ranging between 0.1° and 0.5° when coupled to another lensed optical

connector.

16. The method of either claim 14 or claim 15, wherein the ultrafast laser system is
operated at a wavelength ranging betweean 500 nm and 1000 nm, a pulse width ranging

between 30 fs and 150 fs, and a repetition rate of between 15 MHz and 100 MHz

17. The method of cdaim 16, wherein the ultrafast laser system is operated at a wavelength

of 780 nm, a pulse width of 120 fs, and a repetition rate of 80 MHz.

18. The method of any of claims 14-17, further including cleaving each optical fiber of the
fiber array at an angle ranging between 0° and 8° relative to a plane perpendicular to a central

axis of the optical fiber, wherein the angle has an angle variation of about 0.5°.

19 The method of any of claims 14-18, further including printing a coating on the lens,
wherein the coating is selected from the group consisting of: acrylic-based resists, epoxy based

resists, and positive and negative resists.

20. The method of any of claims 14-19, further comprising splicing a coreless fiber onto

each optical fiber of the fiber array prior to printing the lens on the optical fiber.

19
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21 The method of any of claims 14-20, wherein the fiber array is a two-dimensional fiber
array.
22. The method of cdaim 16, wherein the ultrafast laser system is operated at a wavelength

of 800 nm, a pulse width of 300 fs, and a repetition rate of 80 MHz.

23, A lensed optical fiber connector formed by the method comprising:
inserting a fiber array that comprises optical fibers into channels of a glass substrate
such that a portion of the fiber array is within the glass substrate and uncovered; and
printing in situ a lens onto each optical fiber of the fiber array via two photon
polymerization {TPP} using an ultrafast laser system o form a lensed array;
wherein the lensed optical fiber includes a coreless fiber spliced onto the optical
fiber, wherein the coreless fiber is positioned between the lens and the at least one optical
fiber:
wherein the lens has a height ranging between 10 ym and 600 um relative to
end faces of the optical fibers;
wherein the lensed array and the fiber array have a pitch mismatch of between
0.05 nm and 0.1 um; and
wherein the iensed optical fiber connector has an angular misalignment is less

than 0.01° when coupled to another lensed optical fiber connector,

24. The lensed optical fiber connector of claim 23, wherein the fiber array is a two

dimensional fiber array.

25, The lensed optical fiber connector of 23 or 24, wherein the lens includes a resin
sefected from the group consisting of: acrylic-based resists, epoxy based resists, and positive

and negative resists.

26. The lensed optical fiber connector of any of claims 23-25, further comprising a coating
printed on each lens of the lens array, wherein the coating is selected from the group
consisting of: acrylic-based resists, epoxy based resists, and positive and negative resists.

-

20
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27. The lensed optical fiber connector of any of claims 23-28, wherein each optical fiber of
the fiber array is cleaved at an angle ranging between §° and 87 relative to a plane
perpendicular to a central axis of the optical fiber, wherein the angle has an angle variation of

about 0.5°,



WO 2022/015548 PCT/US2021/040683




WO 2022/015548 PCT/US2021/040683

fl
LY
kL A1l ——108A
1 i
[ L] A
g
T ] 104
Qj T
\\ Q//:\\QJ =T hee ’
[ [ \./ )/
~— N4~ 4
‘\_\ "\Y/i U ,/
~ N4 y
Ny Nt \_/ )/
5\\\\\ \/_/ "//
N )/
110 —
e 7”0
\\_' —
==




WO 2022/015548

A
”0\ 108 | a
|
1
103— :
|
|
|
i 1102
|
|
|
|
|
|
|
|
i
FIG. 3A
"0 N=1.6
120
100
= 80
(==}
= 60 //C/
E ),
40 —
c>——————<>”"”{
2
0
0 1 9 3 4 5
CLEAVE ANGLE (DEG.)

FiG. 38

PCT/US2021/040683

55dB



WO 2022/015548 PCT/US2021/040683

4f7
108 6
10—
103
1102

FIG. 4 109




PCT/US2021/040683

WO 2022/015548

144

01—

A X

4807 —

800

(444

002



WO 2022/015548 PCT/US2021/040683

&/7
300
HOA\ 110, 110 108
110, 110’ 110, 110’
7 108
110, 110’

110, 110°
108

110, 110°

108

110, 110’



WO 2022/015548 PCT/US2021/040683

/i

CHANNEL ID

o

(334930 -XX] 319NV INIINIOd

N =
c o

0.03
0.02
0.01



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2021/040683

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO2B6/26 GO2B6/32
GO3F1/00

B23K26/06 GO2F1/35 GO2B6/36

ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GO2B B23K GO2F GO3F

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2002/186922 Al (HAMANAKA KENJIRO [JP]) 1-27
12 December 2002 (2002-12-12)
paragraphs [0031] - [0032], [0043],
[0048]
figures 1,2,6,9
A US 2004/131326 Al (MILLER RANDALL [US] ET 1-27
AL) 8 July 2004 (2004-07-08)
abstract
paragraphs [0022] - [0024], [0050] -
[0052]
figures 1,3-5
A US 2003/174944 Al (DANNOUX THIERRY L A 1-27
[FR] ET AL) 18 September 2003 (2003-09-18)
abstract
paragraphs [0025] - [0085]
figures 1-14
- / -

See patent family annex.

Further documents are listed in the continuation of Box C.

* Special categories of cited documents : . . . . L
"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance

"E" earlier application or patent but published on or after the international

- "X" document of particular relevance; the claimed invention cannot be
filing date

considered novel or cannot be considered to involve an inventive

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

29 September 2021

Date of mailing of the international search report

13/10/2021

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Moroz, Alexander

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2021/040683

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

27 December 2002 (2002-12-27)
abstract

paragraphs [0005], [0006], [0022] -
[0033]

claim 10

figures 1-8

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A CN 108 398 854 A (UNIV BEIJING TECHNOLOGY) 1-27
14 August 2018 (2018-08-14)
abstract
claims 1,2
figures 1-4
A US 2005/244123 Al (HIRAO KAZUYUKI [JP] ET 1-27
AL) 3 November 2005 (2005-11-03)
abstract
paragraphs [0061] - [0066], [0109],
[0161] - [0167]
claim 1
figures 1,13,14
A WO 02/103424 Al (CORNING INC [US]) 1-27

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2021/040683
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2002186922 Al 12-12-2002  EP 1265087 A2 11-12-2002
JP 2002365508 A 18-12-2002
W 573138 B 21-01-2004
US 2002186922 Al 12-12-2002

US 2004131326 Al 08-07-2004 AU 2003301548 Al 13-05-2004
EP 1597206 A2 23-11-2005
US 2004131326 Al 08-07-2004
WO 2004037732 A2 06-05-2004

US 2003174944 Al 18-09-2003 AU 2003220148 Al 29-09-2003
JP 2005520202 A 07-07-2005
W 1230814 B 11-04-2005
US 2003174944 Al 18-09-2003
WO 03079082 A2 25-09-2003

CN 108398854 A 14-08-2018  NONE

US 2005244123 Al 03-11-2005 JP 2005292382 A 20-10-2005
US 2005244123 Al 03-11-2005
US 2007237446 Al 11-10-2007

WO 02103424 Al 27-12-2002  CN 1541340 A 27-10-2004
EP 1395863 Al 10-03-2004
JP 2005521069 A 14-07-2005
KR 20040015261 A 18-02-2004
US 2003053751 Al 20-03-2003
WO 02103424 Al 27-12-2002

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - wo-search-report
	Page 32 - wo-search-report
	Page 33 - wo-search-report

